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Abstract 

Conophytum N.E.Br. (Aizoaceae) is a genus of dwarf succulent plants endemic to western 

South Africa and southern Namibia. It is highly diverse, with 106 constituent species and 

is considered a model genus for the Succulent Karoo Biome, an arid region with uniquely 

high desiccation-tolerant (succulent) plant diversity, based on its variety of distribution 

types and growth forms. The aim of this project was twofold: to provide a clearer 

understanding of the patterns and drivers of speciation in the genus, and to identify 

conservation strategies that maximise the likely survival of these species, based on spatial 

ecological analyses of their current distributions. The biodiversity of the Succulent Karoo 

biome is increasingly vulnerable to a multitude of threats, mostly as a consequence of 

growing levels of human activity. The current and future conservation of Conophytum is 

dependent on evidence-based interventions that, in particular, help mitigate the effects 

of a changing climate and illegal collecting. 

First, an updated phylogeny was produced providing the foundation to many of the 

analyses undertaken in this thesis, beginning with an assessment of the drivers of 

diversification. For the first time, nuclear gene regions and sequences from almost all 

species in the genus (102 of 106) were included in the development of phylogenetic 

hypotheses. From there, a selection of 12 pertinent characters was mapped over the 

phylogeny and phylogenetic signal was calculated in a univariate and multivariate 

manner. This, along with correlations in character evolution, was used to infer potential 

drivers of diversification. Nocturnal flowering was found to characterise certain clades 

and was correlated with pollen type D and flower structure A2, suggesting an influence of 

pollinator specialisation on evolution, while windowed leaves characterised one 

particularly large, strongly supported clade in the phylogeny, and, through correlated 

evolution with other traits such as the presence of bladder cells, suggested a key 

influence of the abiotic environment in this clade’s formation.  

This abiotic influence on speciation was further investigated using spatial environmental 

data to determine differences in the abiotic preferences of individual Conophytum species 

and five large, strongly supported clades in the phylogeny. Geological, topographical and 

climatic variables were mapped onto the phylogeny, while differences in clade and 

species’ environmental preferences were assessed. Associations between environmental 

variables and the evolution of certain traits were also analysed. Variation in 

precipitation/moisture, elevation and slope were identified as key drivers of 
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diversification in the genus, with niche divergence prevalent in driving speciation. 

Additionally, some clades were characterised by both nocturnal flowering and certain leaf 

traits (e.g. very long trichomes, sunken stomata), suggesting a possible interaction 

between biotic and abiotic diversification drivers. These interactions were analysed 

mainly by calculating correlations between nocturnal flowering and abiotic variables. 

Nocturnal flowering was strongly correlated with a lower mean annual temperature, 

suggesting a possible climatic influence on pollinator assemblages potentially driving a 

greater likelihood of species in cooler locations to be nocturnally moth pollinated. 

After gaining a greater understanding of what drove diversity in Conophytum, attention 

switched to the vulnerability of this diversity to future changes in climate by projecting 

range change responses using species distribution models (SDMs). These analyses focused 

on the more broadly distributed species (a minimum of 20 occurrence points) to facilitate 

the building of statistically robust models, comparing climate change vulnerability at both 

the species- and clade-levels. For four of the five clades, and for the genus as a whole, 

range size reduction was prevalent, with a range contraction from the north occurring as 

conditions in the north of the genus’ range become unsuitable through lower winter 

rainfall and increased temperatures, while the more mesic southern reaches of South 

Africa remain unsuitable for Conophytum inhabitation. One clade, however, characterised 

by bladder cells and windowed leaves which give constituent species better adaptation to 

hotter conditions, may include some species that benefit from predicted future climate 

conditions. Two new regions were prioritised based on these projections for future 

protection, as these successfully cover the areas of high current and future diversity in 

the genus, along with protecting separate clades and thereby maintaining phylogenetic 

diversity. 

As SDMs excluded narrow endemics in the genus because of the low numbers of 

occurrence points available, a final assessment on the abiotic environmental preferences 

and trait associations of narrow endemic Conophytum species was performed to better 

understand their ecology and to aid their conservation. These taxa make up a sizable 

proportion of species in the genus (~33%) and are some of the most vulnerable 

Conophytum species through their small range and population sizes. This assessment 

demonstrated a preference of these species for more high-stress environments (steeper 

slopes, higher elevation and low moisture) compared to broadly distributed species, and 

identified that these taxa are predominantly diurnal flowering, although this was likely to 

be because narrow endemic distribution overlaps strongly with diurnal wasp pollinators. 

4



This study also identified an important region for the conservation of narrow endemics 

and these ecological findings will assist prioritising regions for protection or translocation. 

The findings of this project shed light on the evolution of Conophytum and its 

vulnerability to anthropogenic impacts and provide an improved basis for understanding 

of the genus’ ecology and biogeography. Based on these findings, Conophytum can now 

act as an ideal model genus for the Succulent Karoo, a uniquely biodiverse arid hotspot. 

An improved understanding of the evolution and vulnerability of Conophytum provides 

important evidence for drivers of rapid speciation in a region known for its diversifications 

and, perhaps even more importantly, highlights threats and important conservation 

strategies for the Succulent Karoo in an uncertain future. 
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Chapter 1 

General Introduction 

Evolution and diversification 

A biodiversity radiation is the rapid evolution of species diversity which involves the 

evolution of a common ancestor into different species inhabiting a wide variety of 

different environments (Schluter 2010). Adaptive biodiversity radiations have occurred 

throughout Earth’s history, largely through the mechanism of natural selection, which 

states that a small variation in a species’ trait, if useful for the particular biotic and abiotic 

environment in which that species occurs, is preserved (Darwin 1859). This occurs 

through trait heritability, whereby traits are passed down from parents to offspring 

(Huxley 1942), largely through Deoxyribonucleic Acid (DNA) (Avery et al. 1944). Global 

animal and plant diversification events include the radiative expansion of mammals 

before and after the Cretaceous-Paleogene extinction event (Archibald 2011; Wilson et al. 

2012), modern birds (Dyke and van Tuinen 2004), dinosaurs (Irmis 2011), and flowering 

plants (see Hernández-Hernández and Wiens 2020) among many other organism groups.  

Numerous drivers for these diversifications have been postulated. One major suggested 

driver of adaptive radiations is ecological opportunity, in which populations enter a newly 

created environment after a large extinction and ecological niches open into which 

species can evolve (Simpson 1944, 1953; Schluter 2000). In these vacant niche spaces, 

divergent natural selection is likely to be driven by competition for resources (Schluter 

2000). Linked to ecological opportunity and the opening of new niches, climatic niche 

divergence has helped drive rapid radiations in species-rich groups of terrestrial mammals 

and plants, underlining the importance of climatic differences in radiations (e.g. Schnitzler 

et al. 2012; Castro-Insua et al. 2018). These divergences are related to the fact that every 

species has a realised climatic niche that strongly influences where it can occur (Soberón 

2007), which may be important for ecological speciation. 

Some other drivers of diversifications include predation (Meyer and Kassen 2007), as 

predation drives prey diversification into a range of predator-resistant types, along with 

plant-pollinator specialisations (Van der Niet and Johnson 2012), such as for plants 

pollinated by ants (Lengyel et al. 2009) and hummingbirds (Serrano-Serrano et al. 2017), 

or Lepidoptera (Givnish et al. 2015). These specialisations have been suggested as a major 

driver of speciation (Vamosi and Vamosi 2010), and this has been further supported by 

Hernández-Hernández and Wiens (2020) who, in a broad study, found insect pollination 
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to be the best explainer of richness in flowering plants. Gene flow barriers are also 

important independent of local selective pressures, critically also inducing genetic drift 

(Silva et al. 2021). 

Physical properties of the study region 

The study region centres on the Succulent Karoo biome (Young and Desmet 2016) on the 

west coast of southern Africa, covering an area of over 100,000 km2 (Figure 1.1a) (Hilton-

Taylor 1996; Milton et al. 2004; Mucina et al. 2006a). The Succulent Karoo is a particularly 

arid biome, with mean precipitation ranging between 100-200 mm per annum (Figure 

1.2), falling mostly in winter (Mucina et al. 2006a). Precipitation is, however, predictable, 

despite being of a low quantity (Hoffman and Cowling 1987). Most precipitation is 

supplied by frontal systems delivered by the circumpolar westerly belt (Mucina et al. 

2006a). Hail is rare, but fog is common, particularly along the escarpment and 

Namqualand coast (Hilton-Taylor 1996; Cowling et al. 1999; Mucina et al. 2006a). Mean 

annual temperature for the biome is 16.8°C (Mucina et al. 2006a) (Figure 1.3), with 

temperature extremes tempered by its proximity to the cold Benguela current (Desmet 

and Cowling, 1999). A small proportion of the study region extends into the western 

Nama Karoo, which is characterised by higher (>200 mm PA), all-year precipitation 

(Mucina et al. 2006b), as well as the northern reaches of the Fynbos, characterised by 

even higher (>400 mm PA) precipitation (Rebelo et al. 2006). The most northerly section 

of the study region extends into the desert biome in southern Namibia, with rainfall 

generally much lower than 100 mm PA (Powrie 2021). 

The geology of the Succulent Karoo section of the study region is complex (Figure 1.4). 

The north-western Richtersveld is made up of a varied sequence of pre-Gondwanan 

rocks, into which intrusion occurred from the Granites and Gneisses of the Namaqua 

Metamorphic Province at least one billion years ago (Cowling et al. 1999; Mucina et al. 

2006a). After the granitic intrusions, sedimentary rocks of the Gariep, Numees and Nama 

Formations were deposited in a rift basin along the west coast of southern Africa 

between 900 and 500 million years ago (Martin, 1965). In the south-western and 

southern Cape, encompassing the Fynbos section of the study region, the geology is 

dominated by sandstones and shales of the Cape Fold Belt which is part of the greater 

Cape Supergroup (Mucina et al. 2006a, b). Mucina et al. (2006a) describe the soils of the 

Succulent Karoo section of the study region as complex. They state that the west coast, 

which is 30 km wide, is generally a flat plain consisting of sandy material of Aeolian origin. 
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The soils of the coastal region are generally calcareous and therefore alkaline. Directly 

inland of this, soils are deep, red, sandy, and calcareous (alkaline) in places. Adjacent to 

the coastal region is the mountainous region that makes up part of the Great Escarpment, 

and these soils are generally shallow and reddish coloured and are base-rich to 

calcareous. Inland of the escarpment region, on the plateau, soils are shallow to 

moderately deep, calcareous reddish sands on granite/gneiss parent material, and 

shallow, calcareous loams on shale parent material. In the southern Succulent Karoo and 

northern Fynbos, Cape Fold Mountain sandstones and quartzes support acidic, stony, 

shallow, sandy soils. In summary, soils of the Succulent Karoo Biome range from acidic 

towards the south where the biome extends parallel to the south coast (particularly 

where parent material is part of the Cape Fold Belt), to more alkaline further north where 

the biome occurs adjacent to the west coast. Most soils are shallow and sandy (therefore 

not particularly fertile), except for the soils on shale parent material on the plateau inland 

of the Great Escarpment, which are loamy and therefore likely to be more fertile. 

The most obvious topographical feature of the study region is the Great Escarpment, 

running parallel to the west coast (Hilton-Taylor 1996) (Figures 1.1, 1.5, 1.6). Dotted 

inselbergs (individual hills and mountains not part of a mountain range) are also prevalent 

in a region of interest for this study known as Bushmanland in the Nama Karoo, just to the 

east of the great escarpment, and just south of the Namibian border (Cowling et al. 1999; 

Mucina et al. 2006b). These act as ‘islands’ of Succulent Karoo vegetation in surrounding 

Nama Karoo, making them biogeographically interesting (Mucina et al. 2006b). 

The study region is an area of extremely high plant diversity and endemism (Hilton-Taylor 

1996; Cowling et al. 1999; Milton et al. 2004; Mucina et al. 2006a), particularly for an arid 

ecosystem (Hilton-Taylor 1996; Myers et al. 2000). The Succulent Karoo section, making 

up most of the study region, has 6356 species of vascular plant, with 26% of the species 

being strict endemics and 14% being near endemics (with a centre of distribution in the 

Succulent Karoo) (Driver et al. 2003). 17% (936 species) of Succulent Karoo plant species 

are red-data listed (Driver et al. 2003). 29% of the species are succulents (predominantly 

belonging to the Aizoaceae family) and 18% of them are geophytes (Driver et al. 2003). 

The Succulent Karoo and Fynbos are part of the Greater Cape Floristic Region (GCFR) as 

delimited by Born et al. (2006), denoting a broad region in western southern Africa 

characterised by winter rainfall. The GCFR is one of the most biodiverse temperate 

regions in the world with an estimated 11 423 native plant species (Snijman 2013). It is 

also significant in its level of endemism, having the second highest number of endemic 
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plant species in the world (when scaled to land area) behind New Caledonia (Kier et al. 

2009). 
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Plant diversification in the Succulent Karoo and broader GCFR 

The onset of a winter rainfall regime for the area 5-10 million years ago, thought to be 

linked to the establishment of the cold Benguela current (Siesser 1980; Diekmann et al. 

2003), led to a general rapid diversification of Succulent Karoo genera (Klak et al. 2004; 

Dupont et al. 2011). The Benguela establishment is thought to have caused climatic 

stability in the region, driving diversification as extinction rates remained low while 

speciation occurred rapidly (Cowling and Proches 2005; Schnitzler et al. 2011; Cowling et 

al. 2017; Colville et al. 2020). 

Diversification in the region is thought to have been driven in part by plant-pollinator 

specialisation (Esler 1999; Linder et al. 2010; Ellis et al. 2014). Further potential speciation 

drivers include the heterogeneity of the environment (Mucina et al. 2006a; Cowling et al. 

2009; Linder et al. 2010; Musker et al. 2021), as well as short generation times and the 

limited distance of seed dispersal (Mucina et al. 2006a; Musker et al. 2021). Cowling et al. 

(1998) note the evolutionary selection of short-lived, drought-sensitive leaf succulents as 

the predominant life-form in the Succulent Karoo which, in general, have poor seed 

dispersal capability leading to limited gene flow between populations. This limited gene 

flow critically forms gene flow barriers which, along with short generation time periods, is 

likely to induce rapid speciation independent of other selection drivers. 

Edaphic and geological complexity in the region have also been postulated as potential 

drivers of diversification (Mucina et al. 2006a; Schnitzler et al. 2011; Musker et al. 2021), 

as well as speciation through allopatry (Ellis et al. 2006). Klak et al. (2004) note some 

interesting morphological and anatomical features in the Ruschioideae, one of the most 

rapidly diversifying lineages in the region. They have wide-band tracheids in the cell walls, 

a cylindrical leaf shape and specialised hygrochastic capsules. All these adaptations confer 

an evolutionary advantage in highly arid conditions, allowing genera in this subfamily to 

diversify more rapidly than other genera endemic to the region. 

Along with a radiation of life, large extinction events have occurred regularly in the past 

and these have reduced biodiversity and opened up niche space for new species to 

evolve. 

Biodiversity extinction and conservation 

Raup and Sepkoski Jr. (1982) state that four statistically significant mass extinctions have 

occurred in Earth’s history, with one other major extinction also occurring, although it 
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was not considered statistically significant based on the data being used. There is 

widespread evidence for five major mass extinctions occurring in the late Ordovician 

(around 440 Ma), late Devonian (375-360 Ma), Permian-Triassic (252 Ma), Triassic-

Jurassic (201 Ma) and the Cretaceous-Paleogene (66 Ma). Recent research has, however, 

suggested many more periods in geological history with an increased extinction rate (e.g. 

Rampino et al. 2020). Bond and Grasby (2017) note the importance of volcanism in mass 

extinctions, evidenced by the temporal link between volcanic eruptions and at least half 

of the major mass extinctions. Volcanism produces proximal impacts on the environment 

including climate warming and cooling, oceanic acidification and anoxia, and ozone 

destruction, with all thought to be important in driving these extinction events (Bond and 

Grasby 2017). Interestingly, an impact event has only been directly linked to the 

Cretaceous-Paleogene mass extinction, suggesting these events are less important causes 

of mass extinctions (Bond and Grasby 2017). 

Many researchers propose that a sixth mass extinction is currently underway (e.g. Wake 

and Vredenburg 2008; Barnosky et al. 2011; Ceballos et al. 2015; McCallum 2015; 

Ceballos et al. 2017), caused largely by the influence of humans on biodiversity (Myers 

1990; Leakey and Lewin 1992; Pimm et al. 1995; Wake and Vredenburg 2008). Wilson 

(2001) produced the ‘HIPPO’ model which elucidated the human impact on biodiversity. It 

states the human impact is caused by the following factors: H-Habitat fragmentation, I-

Invasive species, P-Population growth, P-Pollution and O-Overexploitation of biological 

resources. These are, in part, driving biodiversity loss. The model does not address 

climate change, however, which in the interim has begun to introduce new abiotic 

pressures on biodiversity (Walther et al. 2002; Parmesan and Yohe 2003; Parmesan 

2006). 

The climatic changes currently occurring on Earth are irrefutably human induced (IPCC 

2014; 2018). They are largely caused by emissions of anthropogenic greenhouse gases 

such as carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), which are known to 

absorb heat and therefore increase global temperatures (IPCC 2014). These changes are 

already starting to have impacts on biodiversity distributions around the world (Parmesan 

and Yohe 2003; Parmesan 2006; Wang et al. 2017; Dyderski et al. 2018; Nunez et al. 

2019), and could potentially cause extinctions at a faster rate in the future, further 

supporting the argument that a sixth mass extinction is underway (Bellard et al. 2012).  

Threats to the study region 
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The Succulent Karoo biome, which forms the large majority of the study region, has 

numerous conservation challenges and threats including climate change, mining, 

agriculture and the uncontrolled ornamental collection of succulent plants (Milton et al. 

2004; Mucina et al. 2006a). It is poorly protected (~6% protection), heightening the 

potential impact of all the following threats (Driver et al. 2003). 

Mining is considered a large threat to biodiversity, with 3% of the biome’s natural habitat 

already lost from mining activity (Driver et al. 2003). Diamond mining is particularly 

problematic, as prospecting through trench excavation can have a large impact on 

biodiversity (Mucina et al. 2006a). Livestock overgrazing is also thought to be a large 

threat to plant diversity in the Succulent Karoo (Mucina et al. 2006a). Some recent studies 

note the compositional changes of vegetation in the biome when heavily grazed, with 

smaller and more transient species prevalent in overgrazed regions (Anderson and 

Hoffmann 2007; Todd and Hoffman 2009; Nenzhelele et al. 2018), potentially replacing 

perennial species and genera. Cropland expansion is also considered a potential future 

threat to the Succulent Karoo, with large areas possibly arable (Jonas 2004). A relatively 

recent threat in the biome is the poaching of novelty flora and fauna (Mucina et al. 

2006a), which is particularly problematic with species that have highly limited geographic 

ranges. This has been exacerbated by the economic hardship caused by the recent COVID-

19 pandemic, with hundreds of thousands of poached plants being confiscated by 

authorities monthly (BGCI 2020). 

Climate change is a large challenge, with, potentially, a hugely reduced area of suitable 

climate available for the dwarf succulent vegetation characteristic of this biome predicted 

for the future (Rutherford et al. 1999; Midgley and Thuiller 2007; Young et al. 2016; Guo 

et al. 2017). Vegetation typical of the Succulent Karoo originated during a much cooler 

global period in the late Miocene, Pliocene and Pleistocene, and climate change is 

expected to raise temperatures above the levels observed during these periods 

(Midgley and Thuiller 2007). Much of the future projected region suitable for the 

Succulent Karoo is disjunct from the current distribution of the biome, with rising 

temperatures making the current region unsuitable (Rutherford et al. 1999), particularly 

for dwarf succulents, as has been experimentally shown (Musil et al. 2004).  

Conophytum 

Conophytum N.E.Br. (Aizoaceae) is a genus of dwarf succulent which occurs through much 

of the Succulent Karoo (Young and Desmet 2016). The genus is one of the most species-

26



rich in the Succulent Karoo and Aizoaceae, with 165 recognised taxa, of which 106 are 

recognised as individual species (Hammer and Young 2017). The family Aizoaceae is a 

large family of flowering plants containing 135 genera and around 1800 species 

(Hartmann 2017). Members of the family occupy subtropical deserts, tropical coasts and 

sub-tropical mountains capped with snow, although most members of the family occur in 

semi-arid conditions with between 100 and 400 mm of rainfall per year (Hartmann 2017). 

Conophytum is placed in the subfamily Ruschioideae, one of the most recently 

diversifying subfamilies in the Aizoaceae, with radiation occurring since 8 Ma (Klak et al. 

2004; Valente et al 2014), thought to be related to the establishment of a summer-arid 

climate in south-western Africa (Valente et al. 2013). 

Species in the genus have fused succulent leaves forming a body, with short, brown and 

fibrous roots (Hammer 1993) and they grow at or slightly above ground level (Opel 2004). 

They have ‘sphaeroid’ habit, with each shoot apex producing two leaves per growing 

season, connate for all or most of their length, eventually forming a single, succulent 

vegetative body (Opel 2004). During summer, the old leaves form sheaths protecting new 

leaves (Hammer 1993). Conophytum leaf shapes vary, although generally they are 

obconical (narrow at the base and broader at the top) (Opel 2004). Conophytum flowers 

are trumpet-shaped, with sepals partially fused into a calyx-tube (Hammer 1993). Petal 

bases are also partially fused into a corolla-tube from the outermost series of petals 

(Hammer 1993). Stamens are normally placed within the innermost series of petals, with 

the ovary within or protruding from the body (Hammer 1993). See Figure 1.7 for 

numerous close-up views of species in the genus, providing a visualisation of this 

description. 

Species in the genus are adapted to the arid conditions in the Succulent Karoo through a 

miniaturised growth form and by using Crassulacean Acid Metabolism (CAM) 

photosynthesis (Young and Rodgerson 2017). They have a strong preference for winter 

rainfall and require regular shade to stop desiccation (Hammer 1993). For this reason, 

they are found in rock crevices, on the shady side of hills, under other larger succulents or 

within sheaths (Hammer 1993). They are most often found in rock crevices, where water 

collects from dew and fog, there is shade, as well as protection from gnawing animals 

(Hammer 1993). Species in the genus have been placed into 16 taxonomic subsections 

based on morphology, in particular (Hammer 1993, 2002), and these aid in the 

classification and identification of species (Table 1.1; Figure 1.7). 
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Table 1.1: Conophytum subsections and characteristics defining species in subsections. 

Information sourced from Hammer and Young (2017). 

Subsection Characteristics of species in the section 

Barbata Schwantes ex S.A. 

Hammer 

Species covered in long (up to 2mm), white hairs. 

Batrachia Opel and S.A. 

Hammer 

Sunken stomata, nocturnal flowering, black/purple 

to brown petals. 

Cataphracta (Schwantes) 

S.A.Hammer 

Deeply sunken stomata, spherical/cylindrical bodies. 

Cheshire-Feles S.A. Hammer Dwarf plants, bodies cylindrical, spherical or 

turbiniform, windowed. 

Conophytum Bodies cylindrical to turbiniform, dominates 

southernmost distribution of genus, nocturnally 

flowering. 

Costata Schwantes ex S.A. 

Hammer 

Bodies cylindrical to cubiform, species well 

camouflaged. 

Saxetana (Schwantes) S.A 

.Hammer 

Cylidrical bodies with bilobed apex. 

Biloba N.E.Br. ex Tischer Big plants with keeled leaves and strongly bilobed. 

Cylindrata Schwantes 

ex S.A.Hammer 

Leaves fused into a cylinder or sphere, usually found 

on granite or gneiss domes. 

Herreanthus (Schwantes) S.A. 

Hammer 

Leaves sharply apiculate, flowers large pink to white. 

Minuscula (Schwantes) Tischer 

ex S.A. Hammer 

Dwarf, leaves usually formed into cylinder, flowers 

small. 

Ophthalmophyllum (Dinter & 

Schwantes) Tischer 

Plant bodies sunken below soil surface, leaves 

windowed. 

Pellucida (Schwantes) Tischer ex 

S.A. Hammer 

Forms dwarf mats or cushions with age, always 

windowed. 

Subfenestrata Tischer ex S.A. 

Hammer 

Subterranean, bodies pyriform, conical to spherical. 

Verrucosa Schwantes ex S.A. 

Hammer 

Leaves fused into a cylinder or sphere and warty. 
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Wettsteinia (Schwantes) Tischer 

ex S.A.Hammer 

Leaves usually fused into a sphere or cone, usually 

spotted. 
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Phylogenetic evidence suggests that Conophytum has undergone an extensive, relatively 

recent adaptive radiation and many drivers for this have been postulated. Powell (2016) 

and Powell et al. (2019) suggest the formation of diverse, species-rich Conophytum 

communities over large geographic distances facilitated diversification within the genus. 

The formation of these communities is due to the potential for Conophytum seeds to be 

wind and water dispersed (Powell et al. 2019). A combination of dispersal leading to 

allopatric speciation, as well as sympatric and parapatric speciation within communities, 

particularly with regards to pollination timing and floral morphology, appear to have 

driven diversification within the genus (Powell 2016). 

As part of an analysis into diversification within Conophytum, Powell (2016) analysed 

genetic data for 59 species within the genus, and phylogenetic analysis supported 

Conophytum as a monophyletic group composed of 6 principal clades. Leaf epidermal 

windows, blunt papillae, trichomes, soft-leaved bodies, the absence of epidermal 

extensions and night flowering were found to have evolved independently several times 

across the genus. Autumnal flowering was recovered as a synapomorphy in the genus. 

Powell (2016) used six plastid gene regions for their phylogenetic work and, and while 

these regions provided robust phylogenetic data, the regions provided relatively poor 

resolution for the final phylogenetic trees. 

Conophytum species occupy a multitude of different environmental and climatic niches 

(Hammer 2002; Hammer and Young 2017), with all species in the genus occurring 

between mean annual temperatures (Bio 1) of 12.1°C and 22.8°C, a total annual rainfall 

(Bio 12) of between 18 mm and 936 mm and an elevation of between 10 masl and 1533 

masl. Species in the genus also have highly varied range sizes (Figure 1.8), with some 

spanning a large proportion of the Succulent Karoo, while others have ranges of less than 

10 km2 (Young and Desmet 2016). Minimum, maximum and mean values for a selection 

of environmental variables follow (Figure 1.9) denoting a simplified approximation of the 

environmental niche for each individual species. Worth noting is, other than for one or 

two species, Conophytum species prefer regions of low precipitation as is to be expected 

from the ecology of the genus (Figure 1.9J to R). 

 

 

 

31



 

Figure 1.8: The number of Conophytum species with specified range sizes. 
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Figure 1.9: Environmental niches for 106 Conophytum species determined from extracted 

environmental values from occurrence points. Top dot denotes maximum value, middle 

dot is mean value and bottom dot is minimum value for A) mean annual temperature (Bio 

1), B) mean of monthly max temp – min temp (Bio2), C) isothermality (Bio 3), D) 

temperature seasonality (Bio 4), E) max temp of warmest month (Bio 5), F) min temp of 

coldest month (Bio 6), G) temperature annual range (Bio 5-Bio 6) (Bio 7), H) mean 

temperature of warmest quarter (Bio 10), I) mean temperature of coldest quarter (Bio 

11), J) annual precipitation (Bio 12), K) precipitation of wettest month (Bio 13), L) 

precipitation of driest month (Bio 14), M) precipitation seasonality (Bio 15), N) 

precipitation of wettest quarter (Bio 16), O) precipitation of driest quarter (Bio 17), P) 

elevation, Q) moisture index (MI) R) moisture index arid quarter (MIAQ), S) moisture 

index moist quarter (MIMQ), T) potential evapotranspiration (PET), U) slope. MASL = 

Metres above sea level, 1 Conophytum achabense, 2. C. acutum, 3. C. albiflorum, 4. C. 

angelicae, 5. C. anotnii, 6. C. armianum, 7. C. arthurolfago, 8. C. auriflorum, 9. C. 

bachelorum, 10. C. bicarinatum, 11. C. bilobum, 12. C. blandum, 13. C. bolusiae, 14. C. 

breve, 15. C. brunneum, 16. C. bruynsii, 17. C. burger, 18. C. calculus, 19. C. caroli, 20. C. 

carpianum, 21. C. chauviniae, 22. C. chrisocruxum, 23. C. chrisolum, 24. C. comptonii, 25. 

C. concavum, 26. C. concordans, 27. C. confusum, 28. C. crateriforme, 29. C. cubicum, 30. 

C. cylindratum, 31. C. daniellii, 32. C. depressum, 33. C. devium, 34. C. ectypum, 35. C. 

ernstii, 36. C. ficiforme, 37. C. flavum, 38. C. francoiseae, 39. C. fraternum, 40. C. 

friedrichiae, 41. C. frutescens, 42. C. fuller, 43. C. globosum, 44. C. halenbergense, 45. C. 

hammeri, 46. C. hanae, 47. C. hermarium, 48. C. herreanthus, 49. C. hians. 50. C. hyracis, 

51. C. irmae, 52. C. joubertii, 53. C. jucundum, 54. C. khamiesbergense, 55. C. 

klinghardtense, 56. C. limpidum, 57. C. lithopsoides, 58. C. loeschianum, 59. C. 

longibracteatum, 60. C. longum, 61. C. luckhoffii, 62. C. lydiae, 63. C. marginatum, 64. C. 

maughanii, 65. C. meyeri, 66. C. minimum, 67. C. minusculum, 68. C. minutum, 69. C. 

mirabile, 70. C. obcordellum, 71. C. obscurum, 72. C. pageae, 73. C. pellucidum, 74. C. 

phoeniceum, 75. C. piluliforme, 76. C. pium, 77. C. praesectum, 78. C. pubescens, 79. C. 

pubicalyx, 80. C. quaesitum, 81. C. ratum, 82. C. reconditum, 83. C. regale, 84. C. 

ricardianum, 85. C. roodiae, 86. C. rugosum, 87. C. saxetanum, 88. C. schlechteri, 89. C. 

smaleorum, 90. C. smorenskaduense, 91. C. stephanii, 92. C. stevens-jonesianum, 93. C. 

subfenestratum, 94. C. subterraneum, 95. C. swanepoelianum, 96. C. tantillum, 97. C. 

taylorianum, 98. C. truncatum, 99. C. turrigerum, 100. C. uviforme, 101. C. vanheerdei, 
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102. C. velutinum, 103. C. verrucosum, 104. C. violaciflorum, 105. C. wettsteinii, 106. C. 

youngii. 

 

Climate change is expected to detrimentally impact the Succulent Karoo, as described 

above, and Conophytum shows similar trends. Young et al. (2016) found contractions in 

the range of suitable habitat by >90% for 10 of the 16 taxonomic subsections. More than 

80% of species in the genus are placed within these 10 subsections. Severe range 

dislocation is also projected, meaning new habitable regions for Conophytum in the 

future may be far removed from the current distribution of the genus. Conophytum is also 

one of the genera being specifically targeted by illegal plant collectors and, with some of 

the species having highly limited range sizes, the removal of a few individuals could 

threaten the existence of some species or subspecies in the wild. 

Conophytum is considered a model genus for the Succulent Karoo, owing to its 

distribution being centred over the biome (Young and Desmet 2016), and findings on 

Conophytum diversification and conservation could potentially be extrapolated to the full 

biome. An initial goal of this thesis is to add greater clarity and understanding to the 

genetic relationships between species in the genus and use that understanding, along 

with trait data, occurrence records and environmental variables to give a more complete 

picture of the drivers of diversification in the genus. Following from this, the future of the 

genus will be assessed using ecological preferences and climatic niches to assess the 

current and future vulnerability of Conophytum to anthropogenic impacts. Through the 

strong links between this genus and the Succulent Karoo, it is hoped the findings from this 

work can be extrapolated to the wider biome helping protect an arid region with uniquely 

high plant diversity. The aims and objectives of this project are as follows. 

1. To determine the drivers of diversification in the genus Conophytum. 

- Using the original chloroplast DNA datasets of Powell (2016), along with newly 

collected plastid DNA data and nuclear data for the first time, produce an 

expanded phylogeny for the genus with an enlarged sample of species 

(Chapter 2). 

- Infer the most likely drivers of speciation in the genus by mapping a suite of 

traits to the expanded phylogeny and evaluating phylogenetic signal and 

correlated evolution in these characters (Chapter 2). 
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- Assess differences in environmental preference for strongly supported clades 

and splits in the phylogeny in both a multivariate and univariate manner by 

mapping a suite of abiotic environmental variables onto the phylogeny 

(Chapter 3). 

- Assess how environmental variables have driven trait evolution and thereby 

helped induce speciation by evaluating associations between abiotic 

environmental preferences and Conophytum species’ traits. Through this, an 

investigation into possible abiotic and biotic speciation driver interactions will 

also be undertaken (Chapter 3). 

2. To assess the vulnerability of Conophytum to current and future anthropogenic 

impacts. 

- Assess the vulnerability of the genus to global environmental change using 

species distribution modelling (SDM) to project changes in the distribution of 

broadly distributed Conophytum species under a range of future climate 

change scenarios (Chapter 4). 

- Determine the effectiveness of the current protected area network for current 

and future protection of the narrowly and broadly distributed species in the 

genus (Chapters 4, 5). 

- Assess trait associations and environmental preferences of the highly 

threatened narrow endemic Conophytum species to better understand their 

ecology and therefore potential vulnerability to current and future human-

induced impacts (Chapter 5). 
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Chapter 2 

Drivers of diversification in Conophytum N.E.Br. (Aizoaceae) in a 

biodiversity hotspot in South Africa 

Abstract 

Conophytum N.E.Br (Aizoaceae) is a highly diverse and morphologically variable genus of 

dwarf succulent perennial plant species, widely distributed across the Succulent Karoo 

biome, a biodiversity hotspot in south western Africa. Previous studies have produced 

phylogenetic hypotheses for the genus based on either morphological traits or molecular 

data on a subset of species. Our study aimed (1) to produce a more comprehensively 

sampled and robust phylogenetic framework, particularly by attempting to include data 

from nuclear regions for the first time in a Conophytum phylogeny, and (2) to examine 

univariate, correlated and multivariate character evolution using this phylogeny to infer 

potential drivers of diversification in Conophytum. DNA sequences from seven plastid and 

two nuclear gene regions were attained, with separate nuclear and plastid trees produced 

using Maximum Likelihood and Bayesian Inference algorithms due to incongruence. The 

plastid data produced a better resolved phylogenetic tree than the nuclear data with 

similar clades recovered to those in the previous DNA-based analysis of Conophytum 

phylogeny. The main addition to the previous DNA-based phylogeny was the recovery of a 

new clade composed of C. roodiae, C. rugosum and C. youngii, as well as clades that 

comprise the 'windowed-leaf' and 'nocturnal flowering' species groups. Character 

evolutionary reconstruction highlighted correlated evolution of floral and leaf characters 

which inferred the respective importance of pollination competition and the abiotic 

environment in the genus’ evolutionary history. This study provides a refined and 

expanded phylogenetic hypothesis for Conophytum, highlighting both the opportunities 

for further resolution improvement, and the need to better quantify the interplay of 

abiotic and biotic processes in driving diversification.  

 

Introduction 

Conophytum N.E.Br is a highly diverse genus of dwarf succulent perennial plants in 

Aizoaceae, currently including 106 separate species (Opel 2004; Hammer and Young 

2017). Species diversification rates in Conophytum are similar to those seen across other 

genera in the the core-Ruschioideae group of the Aizoaceae, which are some of the 
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fastest observed for any continental or island Angiosperm lineages (Klak et al. 2004, 2017; 

Valente et al. 2013). The distribution of these arid and semi-arid adapted plants is 

strongly associated with the Succulent Karoo biome in western South Africa, a 

biodiversity hotspot with high levels of plant endemism and more leaf succulent plants 

(~1700) than any other desert in the world (Driver et al. 2003; Klak et al. 2004; Young and 

Desmet 2016; Hammer and Young 2017). A comprehensive understanding of 

Conophytum phylogenetics would enable more rigorous assessments of their 

diversification processes. Moreover, owing to the genus’s distribution, as well as its 

morphological variation, Conophytum provides a pertinent model system to investigate 

evolutionary patterns and processes of succulent plants in the Succulent Karoo. 

Hammer (1993, 2002) outlined a comprehensive subgeneric classification of Conophytum 

including 16 sections based on leaf, floral and capsule characters. These anatomical and 

macromorphological characters, along with further micromorphological characters, 

formed the basis of the first attempt at building a quantitative phylogenetic tree using 83 

taxa which provided initial support for six major clades (Opel 2005b). The only 

Conophytum phylogeny to-date based on molecular data (six plastid gene regions) 

included 59 of the 108 Conophytum species and covered taxa from 15 of the 16 currently 

recognised subgeneric sections (Powell 2016). This study recovered the genus as 

monophyletic with three strongly supported clades corresponding approximately to 

current sectional classification, but highlighted the need for an expanded molecular study 

of Conophytum   to comprehensively assess subgeneric classification in the genus. 

Comparative analysis of categorical plant characters, through the mapping of these 

characters (Huelsenbeck et al. 2003), as well as measuring phylogenetic signal, provides 

opportunities for analysing character evolution and drivers of diversification (e.g. Bohley 

et al. 2015; Powell 2016; Powell et al. 2017; Matuszak-Renger et al. 2018; Bruyns et al. 

2019). This approach has informed the current work, with a combination of evolutionary 

analyses introduced below used on a number of variable Conophytum characters to 

investigate the high level of species diversity in the genus. In particular, the phylogenetic 

signal concept, defined as the evolutionary trend for phylogenetically related species to 

resemble each other (Blomberg et al. 2003), is often used to add insight to questions of 

how, when and why different traits evolve for univariate continuous data (Pagel 1999; 

Blomberg et al. 2003), univariate categorical data (Fritz and Purvis 2010) and multivariate 

data (Adams 2014). Characters with high phylogenetic signal can be an indicator of 

phylogenetic conservatism (Losos 2008), while low phylogenetic signal can indicate 
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characters that are evolutionarily labile (Blomberg et al. 2003), and differ strongly among 

phylogenetically related species (Bozinovic et al. 2007; Hu et al. 2020). Correlated 

evolution between these characters can provide evidence of adaptive or functional 

character associations (Pagel 1994). Applying these analytical techniques depends on 

robust evaluation of morphological diversity across any given lineage. In Conophytum we 

observe a number of different morphological groups and character trends. 

Numerous species in the genus have windowed leaves which are leaves with translucent 

sections on the leaf epidermis (Hammer 2002; Opel 2005a; Young et al. 2017; Hammer 

and Young 2017). These act as an adaptation to maximise light intake in buried or partially 

buried leaves in species that fill sunny, exposed niches (Jump 1968; Young et al. 2017). 

This adaptation is particularly unusual in plants, being most common in subterranean 

South African succulents (Egbert et al. 2008), but remarkably is absent from genera 

closely related to Conophytum such as Cheiridopsis N.E.Br. and Schlechteranthus 

Schwantes. 

In terms of epidermal structures, Conophytum taxa vary from a displaying glabrous 

epidermis as in C. reconditum A.R.Mitch., C. khamiesbergense (L.Bolus) Schwantes and C. 

hyracis S.A.Hammer to displaying extended trichomes as seen in C. stephanii Schwantes 

and C. mirabile A.R.Mitch. & S.A.Hammer (Hammer 2002; Hammer and Young 2017). 

Long trichomes are thought potentially to be an adaptation to trap moisture from fog 

(Werker 2000; Young et al. 2017), although to date this is difficult to study because of 

insufficient fog data (Young et al. 2017). This variation in trichome length is similar 

throughout some genera in the Conophytum-clade within Aizoaceae, except for species in 

Enarganthe N.E.Br., Jensenobotrya A. G. J. Herre, Namaquanthus L. Bolus, Ruschianthus L. 

Bolus and Schlechteranthus Schwantes (Powell et al. 2017). 

Conophytum also has high variability in stomata position in relation to the epidermis, with 

some being raised, others level with the epidermis and others sunken (Hammer 2002; 

Hammer and Young 2017). This is the only genus within the Conophytum-clade which has 

this level variability, with none of the other genera having raised stomata (Powell et al. 

2017). 

Epidermal cell shape is a feature which is highly variable throughout the genus (Hammer 

2002; Young et al. 2017). Opel (2004) discussed the different shapes of epidermal cells, 

particularly in relation to the large section Minuscula (Schwantes) Tischer ex S.A.Hammer, 

and noted how geographically northern taxa in the genus largely have a hexagonal 
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epidermal cell shape, while southern taxa are more likely to have an interlocking cell 

shape. Bladder cells are another evolutionary adaptation in Conophytum probably related 

to arid climate and the exposed microhabitat of taxa, acting as epidermal water reservoirs 

in response to water stress (Lüttge et al. 1978; Young et al. 2017). 

Variation in floral characters is potentially considered evidence for pollinator driven 

evolution in Conophytum (Powell 2016). Flowering phenology and anthesis vary 

significantly in the genus, with species flowering at different times of the year and at 

various times throughout the day (Liede and Hammer 1990; Hammer 2002; Hammer and 

Young 2017). The most prevalent time of the year for flowering is autumn, although there 

are a few species that flower in winter, a few in spring and a few in summer. Flowering 

anthesis (when a species opens and closes its flower in a 24 hour period) is predominantly 

diurnal (crepuscular or fully diurnal), while a sizeable minority have an exclusively 

nocturnal anthesis (Liede and Hammer 1990; Hammer 2002; Hammer and Young 2017). 

This variability in phenology and anthesis is unique to Conophytum within the 

Conophytum-clade. Both Powell (2016) and Opel (2005b) found differing flowering 

anthesis to have evolved independently multiple times across the genus, and to be a 

synapomorphy for one clade in the phylogeny. 

Floral morphology has been used as an informative character for the production of a 

morphology-based Conophytum phylogeny (Opel 2005b), as well as for the exploration of 

character evolution in Conophytum (Powell 2016). The genus has large variation in flower 

structure, more so than most other genera in Aizoaceae, with five different structures: AI, 

AII, BI, BII and C (Liede and Hammer 1990). Analysis by Young (2020, unpublished) within 

Conophytum has found pollen structure to be highly varied within the genus with six 

distinct pollen types. It is therefore potentially an informative character for Conophytum 

evolution and diversification. 

Building on the foundations of previous work, the current study aims to produce a more 

robust phylogenetic framework to provide further insight to our understanding of the 

radiation of the morphologically diverse Conophytum. Specifically, (1) to produce a near-

complete phylogenetic hypothesis of Conophytum using both nuclear and plastid data for 

the first time in the genus; (2) to explore how a selection of key leaf and flower characters 

have evolved, using univariate, multivariate and correlated evolutionary analyses to give 

insight into their phylogenetic robustness, as well as using them to infer potential drivers 

of diversification in this genus. 

50



Materials and Methods 

Taxon sampling for Conophytum and outgroups 

Of the 106 recognised Conophytum species, sequences for 102 and 101 species were 

generated for seven plastid and two nuclear regions, respectively. (Table S2.1). In total, 

1109 sequences were included in the construction of the plastid and nuclear trees - 509 

of these were generated in the current study, with the remaining sourced from Genbank 

(Powell 2016) (Table S2.1). Several species samples had multiple re-extractions (Table 

S2.2), and these were completed using flower material as in many cases high DNA 

concentrations are more readily extracted from flowers than leaves (Tamari et al. 2013).  

Data for the plastid tree outgroups were acquired from Powell (2016), comprising 44 

species from a selection of genera within the Conophytum clade: Cheiridopsis N.E.Br, 

Drosanthemum Schwantes, Enarganthe, Ihlenfeldtia H.E.K. Hartmann, Jacobsenia L. Bolus 

and Schwantes, Jensenobotrya, Namaquanthus, Odontophorus N.E.Br., Ruschianthus, and 

Schlechteranthus (Klak et al. 2013; Powell et al. 2017). Outgroups for the nuclear tree, 

comprising 19 species selected from Schlechteranthus and Cheiridopsis, were generated 

in the current study (Table S2.1). 

DNA extraction and sequencing 

For the newly attained sequences, DNA was extracted from silica-dried plant material 

using the Thermo Scientific GeneJET Plant Genomic DNA Purification Mini Kit following 

the manufacturer’s protocol. The following six plastid gene regions were selected because 

of their utility for the same genus in Powell (2016): a section of the matK gene using 

primers 3F-Kim and 1R-Kim (Cuenound et al. 2002); the intron rpl16 using rpl16 71F 

(Jordan et al. 1996) and rpl16 1516R (Kelchner & Clark 1997); rps16 using the primers 

rps16F and rps16R2 (Oxelman et al. 1997); trnL-F, which consists of the trnL intron and 

the adjacent trnL-F intergenic spacer using extron primers c and f (Taberlet et al. 1991); a 

section of the trnQUUG-rps16 intergenic spacer using forward and reverse primers trnQUUG 

and rps16x1 respectively (Shaw et al. 2007); the intergenic region trnS-trnG using primers 

trnS and trnG (Hamilton 1999). The matK-5’ trnK intergenic spacer was also added 

because of its utility in plant genera in the same Caryophllales order as Conophytum (e.g. 

Minuartia) and some with similar environmental preferences and growth habit to 

Conophytum (Shaw et al. 2005). Primers used were matK6 and matK5’R (Shaw et al. 

2005).  
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Two nuclear regions were amplified: a section of the Internal Transcribed Spacer (ITS) 

using P17s and P26s primers because of its utility in the genus Selene, in the same 

Caryophllales order as Conophytum (Popp and Oxelman 2001); a part of the gene nhx1 

using primers nhx-ex2F and nhx-ex3R (Franck et al. 2012) because of its utility in the 

Cactaceae, part of the Caryophllales order and succulent as Conophytum. A broader 

selection of nuclear regions was tested (Table S2.3), but data for only the two regions 

which produced good quality sequences were included. All nuclear regions that were 

considered were done so because of their successful use in other closely related genera. 

Polymerase chain reactions (PCRs) were performed using 17 µl of MyTaq Red Mix 

comprising MyTaq DNA Polymerase and a reaction buffer containing dNTPs and MgCl2, 

along with 3 µl of the forward primer, 3 µl of the reverse primer and 2 µl of DNA 

template. For species which proved difficult to amplify, 1 µl of Bovine Serum Albumin 

(BSA) was included in the reaction mix to deactivate contaminating nucleases and 

proteases. When included, 1 µl less MyTaq Red Mix was added to maintain a 25 µl 

reaction mixture. 

The PCR thermal cycler (Bio-Rad C1000 Touch Thermal Cycler) was run using the protocols 

outlined in Table 2.1. 

Table 2.1: Thermal cycler protocols used for the nine gene regions. 

Gene region Thermal cycler protocol 

matK, rpl16, 

rps16, trnL-F 

Denaturation at 94 °C for 2 min, 40 cycles of [denaturation at 94 °C for 

1 min, annealing at 53 °C for 1 min, extension at 72 °C for 1 min], final 

extension at 72 °C for 8 min (Powell 2016) 

trnQUUG-rps16 Denaturation at 94 °C for 2 min, 40 cycles of [denaturation at 94 °C for 

1 min, annealing at 58.7 °C for 1 min, extension at 72 °C for 1 min], 

final extension at 72 °C for 8 min 

trnS-trnG Denaturation at 94 °C for 2 min, 40 cycles of [denaturation at 94 °C for 

1 min, annealing at 58.3 °C for 1 min, extension at 72 °C for 1 min], 

final extension at 72 °C for 8 min 

matK-5’ trnK Denaturation at 80 °C for 5 min, 35 cycles of [denaturation at 95 °C for 

1 min, annealing at 50 °C for 1 min, extension at 65 °C for 1 min], final 

extension at 65 °C for 5 min (Shaw et al. 2005) 
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ITS Denaturation at 97 °C for 90 s, 35 cycles of [denaturation at 97 °C for 

20 s, annealing at 69 °C for 90 s, extension at 72 °C for 90 s], final 

extension at 72 °C for 7 min  

nhx1 Denaturation at 94 °C for 3 min, 40 cycles of [denaturation at 94 °C for 

45 s, annealing at 50 °C for 2 min 30 s, extension at 72 °C for 90 s], 

final extension at 72 °C for 5 min  

 

Amplification success was visualised using 3.5 µl of PCR product on a 1% agarose gel. 

Successfully amplified PCR products were cleaned using the Thermo Scientific GeneJET 

PCR Purification Kit following the manufacturer’s protocol. Purified PCR products were 

sent to GATC Biotech in Germany where sequencing was performed using the LIGHTRUN 

protocol, as well as Macrogen using the standard-sequence single service (Amsterdam, 

Netherlands). Sequences were quality-checked before being aligned automatically using 

ClustalX 2.1 (Larkin et al. 2007) and thereafter checked and edited manually in MEGA 7 

(Kumar et al. 2016). 

Phylogenetic analyses 

Bayesian Inference 

The Bayesian Inference (BI) analysis was performed using MrBayes version 3.2.2 on XSEDE 

on CIPRES (Ronquist and Huelsenbeck 2001; Miller et al. 2010). Two separate trees were 

initially produced: one including only plastid regions and the other only nuclear regions. 

Data substitution models were partitioned by gene region by Partitionfinder v2.1.1 

(Lanfear et al. 2012) and the following substitution models were recommended for the 

nine gene regions: matK – HKY+I+G; matK-5’ trnK – HKY+I+G; rpl16 – GTR+G+I; rps16 – 

GTR+G; trnL-F – GTR+I+G; trnQUUG-rps16 – GTR+I+G; trnS-trnG – GTR+I+G; ITS – GTR+I+G; 

nhx1 – GTR+G. Both plastid and nuclear trees were run for 1.5 x 108 generations for four 

Markov Chains in two separate runs, and after this number of generations, the standard 

deviation of split frequencies was below 0.01. Once complete, 50% majority rule 

consensus trees were produced. Maximum clade credibility (MCC) trees were also 

produced by running the two .t files produced in both initial runs through TreeAnnotator 

v.1.8.4 on XSEDE (Drummond and Rambaut 2007). 25% of Markov Chain Monte-Carlo 

(MCMC) generations were removed as burn-in and the tree heights set at Keep Target 

Heights for the MCC tree run.  
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A congruence test was performed between the plastid and nuclear trees to determine if a 

combined tree with all gene regions would be supported. The Congruence Among 

Distance Matrices (CADM) test was performed using the package ape (Paradis et al. 2004) 

in R (R core team 2020). The CADM test is used to estimate the level of congruence 

among distance matrices, and it is shown to perform well, with an accurate type 1 error 

rate (Campbell et al. 2011). The null hypothesis of this test is for phylogenetic trees to be 

incongruent. The test requires the trees being tested to have the same species, so plastid 

and nuclear trees were rerun (with the same specifications as above) with the same 

species. This equated to 116 total taxa in each tree, with 18 outgroup species and 98 

Conophytum species (Table S2.1). 50% majority rule consensus trees and MCC trees were 

produced for the subset and were run through the CADM.global test which found them to 

be incongruent. 

Maximum Likelihood 

The Maximum Likelihood (ML) analyses were run in CIPRES using RAxML-HPC2 on XSEDE 

(Stamatakis 2006; Miller et al. 2010) on separate plastid (seven gene regions) and nuclear 

(two gene regions) trees. The two trees were run using the GTR+G+I substitution model 

with 1000 bootstrap replicates.  

Bayesian relaxed clock model 

The Bayesian relaxed molecular clock model was run using BEAST v2.5.0 (Bouckaert et al. 

2014) in order to produce two separate ultrametric trees for character-mapping analyses 

for the plastid and nuclear regions (Figures S2.1, S2.2). They were run with an 

uncorrelated relaxed clock model with a log-normal distribution linked across all 

partitions. Tree models were also linked across all partitions. The birth rate prior was set 

to a Gamma distribution with an Alpha value of 0.001 and a Beta value of 1000. 

Substitution models were set separately for the nine gene regions as stated above. The 

tree prior set was a calibrated Yule tree prior. Run settings were based on literature best-

practice (Hutter et al. 2018; Alström et al. 2018). Monophyly was enforced in 

Conophytum which included all 102 Conophytum species for the plastid tree and 101 

species for the nuclear tree. The age at which Conophytum and the core-Ruschioideae 

diversified remains uncertain with a range of values reported to date (Klak et al. 2004; 

Valente et al. 2013). The focus of this research is not to date diversification, but to infer 

drivers of diversification using character mapping. For the purposes of this study, it was 

therefore decided to focus on relative ages rather than absolute ages for the trees, and so 
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1.0 was set as the crown age for the Conophytum ingroup. Three separate trees were run 

to 150 million MCMC generations. Log files were sampled every 10000 generations and 

checked in Tracer v1.6.0 (Rambaut et al. 2018) to check for appropriate ESS scores (>200) 

to ensure good mixing in the Bayesian analysis. The tree files for the three BEAST runs 

were combined using LogCombiner v2.5.0 and then run through TreeAnnotator v.1.8.4 

(Drummond and Rambaut 2007) to produce an MCC tree. 25% of MCMC generations 

were removed as the burn-in and the tree heights were set at Keep Target Heights. 

Character evolutionary reconstruction  

Mapping of categorical characters as described by Huelsenbeck et al. (2003) was 

performed using the package phytools v.0.6-44 (Revell 2012) using R (R core team 2020). 

This stochastic mapping is a commonly used and roundly accepted method for ancestral 

state reconstructions with categorical characters (e.g. Kistenich et al. 2018; Boden et al. 

2021; Fernández-Mazuecos et al. 2020). 12 Conophytum characters were mapped onto 

the dated MCC tree produced in BEAST. The ultrametric MCC tree was used as stochastic 

mapping requires a fully resolved (bifurcating) tree. The 12 characters chosen were 

selected as they were shown to have the potential to add insight to diversification based 

on the prior work of Opel (2005b) and Powell (2016). It was intended to use these similar 

characters, along with some other characters thought to be useful, over the updated 

phylogeny to expand on the work done previously and to test the utility of other, 

previously untested characters to add insight to Conophytum diversification. The 

characters selected were either anatomical/morphological or flowering characters 

specifically for anthesis and phenology. Further characters were included based on the 

amount of variability of the character in the genus, for which data were readily available 

and for which the character-state could be easily determined from the plants (see Table 

2.2 for justification for each character’s selection).  

Table 2.2: The 12 Conophytum categorical characters [after Opel (2005b) & Powell (2016)] 

which were mapped onto the MCC BEAST trees generated from plastid and nuclear data 

in the present study. 

 

Number Character Character states Character prior use and 

justification 
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1 Soft-bodied 

leaves 

0 – Absence; 1 – Presence Used in Powell (2016) 

2 Windowed 

leaves 

0 – Absence; 1 – Presence Used in  Opel (2005b) and 

Powell (2016) 

3 Anthesis 0 – Diurnal; 1 – Nocturnal  Used in Opel (2005b) and 

Powell (2016) 

4 Epidermal 

extension 

length 

0 – Glabrous epidermis; 1 – Blunt 

papillae; 2 – Short trichomes; 3 – 

Long trichomes; 4 – Very long 

trichomes 

Used in Opel (2005b) and 

Powell (2016) 

5 Stomata 

position 

0 – Superficial; 1 – Sunken; 2 - 

Raised 

Used in Opel (2005b) 

6 Bladder cells 0 – Absent; 1 – Present Used in Opel (2005b) 

7 Leaf shape 1 – obconical with flat, slightly 

concave or slightly convex apex 

(button); 2 – cylindrical/globose; 

3 – weakly cuneate (weakly 

bilobed); 4 – cuneate (bilobed); 5 

- cylindric with a convex or 

truncate apex 

Used in Opel (2005b) 

8 Pollen type 1 – Type A (Tectate imperforate 

(perforations <4%)  with a very 

low density of microechinii); 2 – 

Type B (Tectate microperforate 

possessing prominent 

microechini); 3 – Type C (Tectate 

microperforate possessing 

inconspicuous/small 

microechinii); 4 – Type D ( 

tectate microreticulate cristatum; 

broad muri); 5 – Type E 

(Tectate microreticulate 

cristatum; broad muri; possessing 

Unpublished data by 

Young (2020) and 

considered, based on his 

observations, to be a 

potentially informative 

character. 
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prominent microechini); 6 – Type 

F (Intectate) 

9 Flower 

structure 

0 – radiate; 1 – A1 (Short calyx 

and corolla tubes, with anthers 

and style branches which extend 

beyond the mouth of the tube); 2 

– A2 (Short calyx and corolla 

tubes with anthers and style-

branches which are shorter than 

the petaloid staminodes); 3 – B1 

(Short calyx-tubes and long 

corolla-tubes with reflexed 

petaloid staminodes and well-

exposed anthers); 4 – B2 (Short 

calyx-tubes and long corolla-tubes 

with short filaments and 

infundibuliform petaloid 

staminodes; 5 – C (Very short 

calyx-tube with a long corolla-

tube, petaloid staminodes that 

are fused for most of their length 

and anthers that remain within 

the corolla-tube.) 

Used in Powell (2016) 

10 Cell shape 0 – Polygonal; 1 – Hexagonal; 2 - 

Interlocking  

Used in Opel (2005b) 

11 Flower colour 0 – White; 1 – Yellow; 2 – Purple Considered a potentially 

informative character 

through discussion with 

Young (2018). 

12 Phenology 1 – Autumn; 2 – Winter; 3 – 

Spring; 4 – Summer  

Used in Opel (2005b) and 

Powell (2016) 
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Information on characters for the species was sourced from: Hammer (1993), Hammer 

(2002), Powell (2016), Young et al. (2017), Opel (2004), Opel (2005a), Opel (2005b), Liede 

and Hammer (1990), Young (2020, unpublished). 

Two outgroup species were included for the character mapping analyses for both nuclear 

and plastid trees. For the plastid tree Cheiridopsis rostrata (L.) N.E.Br. and 

Schlechteranthus albiflorus (L.Bolus) Klak were selected, and for the nuclear tree C. 

namaquensis (Sond.) H.E.K.Hartmann and S. pungens (H.E.K.Hartmann) R.F.Powell were 

selected as these are all representative of the morphology of the species in the genera. 

Species for which there was no data (denoted by NA) were pruned from the phylogeny 

before performing the character mapping analysis, as it requires data for every species 

included in the tree (Table S2.4 and S2.5). All flower colour data for nocturnal flowering 

species were removed as nocturnally flowering species have highly variable flower 

colours and so were deemed unsuitable for analysis (generally more variable than diurnal 

flowers). For other species which had variable flower colours, the predominant flower 

colour was selected. For species which could express more than one character-state, this 

was coded as one or the other, e.g. ‘0 or 1’, ‘1 or 2’, ‘1 or 2 or 3’, as the method used does 

not allow the coding of multiple character-states for a species. A symmetrical rates model 

(SYM), equal rates model (ER) and unequal rates model (ARD) were tested to model the 

evolution of categorical characters over the phylogeny. For each character, the model 

with the lowest AICc score was selected (Table S2.6). 

Phylogenetic signal 

Character-based phylogenetic signal was quantified using both univariate and 

multivariate approaches. The multivariate measure, which employed (Kmult), determines 

the significance and amount of phylogenetic signal in all characters combined, while the 

univariate measure (phylogenetic D statistic) determines signal in individual characters. 

The Phylogenetic D statistic for binary characters (Fritz and Purvis 2010) tested each 

character state for each of the 12 characters which were mapped onto the two dated 

MCC trees. The test was performed in R (R core team 2020) using the caper package 

(Orme et al. 2012). The D-value is equal to one if a binary character has a phylogenetically 

random distribution over tree tips and 0 if the observed character distribution is clumped 

as if it had evolved under Brownian motion (Fritz and Purvis 2010). The test determines if 

the D-value is significantly different from a random distribution (1) and from a clumped 
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distribution as under Brownian motion (0) (Fritz and Purvis 2010). The character state is 

considered to have significant phylogenetic signal if its D-value is not significantly 

different from zero (clumped distribution) and is significantly different from one (random 

distribution) and therefore the p-value is greater than a delta of 0.05 when the D-value is 

compared to zero and below 0.05 when the D-value is compared to one. When reported 

in the results, the D-value is first stated, and thereafter the p-values for the D-value 

compared to one (PRandom) and zero (PClumped). 

Phylogenetic signal was also measured in a multivariate analysis using the Kmult statistic 

(Adams 2014) after creating a distance matrix from the categorical variable tables (Tables 

S2.4 and S2.5) using the Maximum Observable Rescaled Distance (MORD) distance metric 

(Lloyd 2016). The approach compares the amount of variation in the matrix to a random 

sampling of values (Adams and Collyer 2019). It was carried out using the function 

physignal in the package geomorph (Adams and Otarola-Castillo 2013), and was repeated 

1000 times in a permutation test to test for significance. All of the above was performed 

in R v 3.6.3 (R core team 2020).  

This distance matrix was visually represented on a morphospace by converting the MORD 

distance matrix to eigenvectors for a principal co-ordinates analysis using the function 

MorphMatrix2PCoA in the package Claddis (Lloyd 2016). The Cailliez correction (Cailliez 

1983) was implemented to remove negative eigenvalues. With the resultant first three 

PCo axes, two phylomorphospace plots were produced using the dated plastid MCC tree 

produced in BEAST as the scaffold tree. This was done with the phylomorphospace 

function in the R package phytools (Revell 2012).  

The phylomorphospace places the Conophytum species and the similarity or difference 

between the characters of the species into a two-dimensional space. Species which are 

closer together are considered more similar, with those further apart less similar. If the 

characters, in combination, have phylogenetic signal, it is expected that species in 

strongly supported clades would be close together. Five clades which are moderately to 

strongly supported in the BI (PP > 0.8), ML (BS > 50) and BEAST (PP > 0.8) analyses were 

colour-coded on the phylomorphospace for ease of interpretation, and the significance of 

their separation from one another in the plot was calculated using one-way PERMANOVA 

tests (Anderson et al. 2013) with an alpha of 0.05 and using the Benjamini-Hochberg 

correction (Benjamini and Hochberg 1995). The weighted mean pairwise dissimilarity 

(WMPD) metric was also calculated on selected bins (in this case, the five strongly 
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supported clades). This metric produces a value which quantifies the disparity (i.e. level of 

clustering in phylomorphospace) within bins. The WMPD metric is robust to sample size 

variation and adds greater weight to dissimilarity on more comparable characters (Close 

et al. 2015). 95% confidence intervals were added to the WMPD scores by bootstrapping 

the calculation 1000 times.  

Correlated evolution of characters 

Correlated evolution of character states was tested by using the approach elucidated by 

Pagel (1994) in which models of dependent (correlated) and independent (uncorrelated) 

evolution are fit to binary characters. Significant differences in the AIC scores denoting 

the fits of the two models were determined in the test (alpha = 0.05). Pairs were 

strategically selected for comparison by analysing the stochastic mapping results. For the 

ten pairs selected below, dependent evolution seemed to have been prevalent, and so 

the significance of this was tested. For example, bladder cells and windowed leaves occur 

in patterns across the tree topologies that suggest dependent evolution, so these 

characters and states were analysed. Character states for which there seemed to be no 

dependent evolution, such as for the presence of windowed leaves and very long 

trichomes, for example, no test was done. In effect, the mapping of characters over the 

trees therefore acts as data exploration, while the test is done to confirm a visual trend 

present in the mapping. The pairs selected were: (1) bladder cells present and windowed 

leaves present; (2) bladder cells present and soft-bodied leaves present; (3) soft-bodied 

leaves present and windowed leaves present; (4) flower structure A2 and nocturnal 

flowering; (5) flower structure A1 and windowed leaves present; (6) leaf shape 5 and 

windowed leaves present; (7) leaf shape 1 and nocturnal flowering; (8) pollen type 2 and 

windowed leaves present; (9) pollen type 4 and nocturnal flowering; (10) nocturnal 

flowering and sunken stomata. The tests were performed using the function fitPagel in 

the package phytools (Revell 2012). 

Results 

Plastid and nuclear trees were considered independently as they were incongruent 

(CADM.global test produced a permutation probability of 0.95 and 0.22 for the MCC and 

majority rule trees, respectively).  

Plastid tree 
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A total matrix of 5676 aligned positions for the seven plastid regions were included in the 

plastid phylogenetic analysis. The plastid tree presented (Figure 2.1) is a majority-rule 

consensus tree, meaning only clades that have greater than 0.5 posterior probability (PP) 

support are shown. A plastid ultrametric MCC tree was also produced (Figure S2.1). The 

tree includes 102 Conophytum species and, including outgroups, 146 total species (Figure 

2.1). There are Maximum Likelihood (ML) bootstrap support values and Bayesian 

Inference (BI) posterior probability values at tree nodes. 78 species were resolved and 

sections Ophthalmophyllum (Dinter & Schwantes) S.A.Hammer (PP=1; BS=98), Biloba 

N.E.Br. (PP=0.83; BS=50) and Conophytum (PP=0.94; BS=70) have most species within 

strongly supported clades in the plastid tree. While comparing clades between the BI 

analysis and the ML analysis to collate support values on the tree, it was found that both 

trees for the plastid regions have very similar topologies. The plastid ultrametric MCC tree 

also had a very similar topology to the plastid majority-rule BI tree,  

In the ML and majority-rule BI plastid trees, one difference is the placement of C. 

marginatum Lavis as sister to the outgroup species in the ML tree, while it is recovered as 

sister to C. minutum (Haw.) N.E.Br. and C. swanepoelianum Rawé in the BI tree. This 

placement has low support (BS=4) in the ML tree, however. Furthermore, in the ML tree, 

the clade of C. stephanii, C. regale Lavis, C. pubicalyx Lavis and C. depressum Lavis was 

recovered with moderate to fairly strong support (BS=66), while this was not recovered 

with strong support in the BI tree (PP=0.41) (Figure S2.3) and is therefore not shown in 

the majority-rule consensus tree. This clade was also recovered with strong support in the 

plastid ultrametric MCC tree (PP=0.96). The support values in the ML analysis were lower 

than in the BI analysis particularly at the backbone, with bootstrap support higher 

towards the tips of the trees (Figure 2.1). Conophytum was recovered as monophyletic for 

the BI tree with a PP value of 0.79 (Figure 2.1), but not in the ML tree. Conophytum 

monophyly was enforced for the MCC tree. 
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Nuclear tree 

A matrix of 1075 aligned positions over the two nuclear regions were included in the 

nuclear phylogenetic analysis. The tree included 101 Conophytum species and, including 

outgroups, 120 species (Figure 2.2). Of these 101 species in the nuclear tree, 48 were 

resolved with a PP of greater than 0.5. While comparing clades between the BI analysis 

and the ML analysis to collate support values on the tree, it was found that both trees for 

the nuclear regions have very similar topologies while the nuclear ultrametric MCC tree 

had quite a different topology to the nuclear majority-rule BI tree (Figures 2.2, S2.2). In 

the nuclear trees, all strongly supported clades in the BI tree were supported in the ML 

tree, while around half were recovered in the ultrametric MCC tree (Figures 2.2, S2.2). 

The support values in the ML analysis were lower than in the BI analysis (Figure 2.2). 

Conophytum was not recovered as monophyletic in the nuclear BI and ML trees (Figure 

2.2). Conophytum monophyly was enforced in nuclear ultrametric MCC trees.  
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Plastid tree and nuclear tree comparison  

Notable clades  

In the plastid BI tree (Figure 2.1), all taxa from subgeneric section Ophthalmophyllum 

were in strongly supported Clade A (PP=1.00, BS=98) along with C. achabense 

S.A.Hammer  from section Cheshire-Feles S.A.Hammer and C. lithopsoides L.Bolus from 

Pellucida (Schwantes) Tischer ex S.A.Hammer. In Clade B, C. subfenestratum Schwantes is 

from section Subfenestrata Tischer ex S.A.Hammer and C. acutum L.Bolus is from section 

Cheshire-Feles, while the rest of the species are from section Conophytum and formed a 

clade with strong BI support (PP=0.94) and moderate ML support (BS=70).  

In the nuclear BI tree (Figure 2.2), there are some comparable clades. Clade B1 (PP=0.78; 

BS=82), with moderate support, contains three species from section Ophthalmophyllum 

(C. pubescens (Tischer) G.D.Rowley, C. limpidum S.A.Hammer and C. devium G.D.Rowley), 

with one from section Minuscula (C. hanae Pavelka), one from section Biloba (C. 

chauviniae (Schwantes) S.A.Hammer) and one from section Cylindrata (C. youngii 

Rodgerson). Clade E1 in the nuclear tree (Figure 2.2), with weak to moderate BI support 

(PP=0.64), includes two species from Ophthalmophyllum (C. praesectum N.E.Br. and C. 

lydiae (H.Jacobsen) G.D.Rowley) and one species from section Conophytum (C. 

obcordellum (Haw.) N.E.Br.). A notable small clade in the nuclear tree (Figure 2.2) 

included C. truncatum (Thunb.) N.E.Br. and C. piluliforme (N.E.Br.) N.E.Br. both from 

section Conophytum (PP=0.87; BS=55; Clade G1). 

In the plastid tree (Figure 2.1), Clade C has moderate BI support (PP=0.72) and contains 

seven species, all from section Minuscula except for C. chauviniae (sect. Biloba). Clade D is 

a clade of five species with high BI support and moderately high ML support (PP=0.95; 

BS=78). All species in the clade are from section Cataphracta Schwantes ex S.A.Hammer, 

except for C. flavum N.E.Br. (Wettsteinia (Schwantes) Tischer ex S.A.Hammer) and C. 

armianum S.A.Hammer (Batrachia S.A.Hammer). Clade E is a clade of six species with low 

to moderate BI support (PP=0.62). C. violaciflorum Schick & Tischer and C. ectypum 

N.E.Br. within this clade are from section Minuscula, and they are sister taxa with strong 

BI support (PP=0.98) and low to moderate ML support (BS=51). The other four species 

form a clade with fairly strong BI support (PP=0.83) and low to moderate ML support 

(BS=50), and are all in section Biloba. All species in weakly supported Clade F (PP=0.58) 

are from section Wettsteinia except for C.carpianum L. Bolus (sect. Saxetana (Schwantes) 

S.A.Hammer). 
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There are no clades in the nuclear tree (Figure 2.2) that resemble the above clades in the 

plastid tree. The remaining larger clades in the nuclear tree are: A clade of three species 

with two species from section Wettsteinia (C. francoiseae (S.A.Hammer) S.A.Hammer and 

C. bolusiae Schwantes) and one species from Minuscula (C. cubicum Pavelka) with 

moderate BI support (PP=0.73; Clade A1); a clade of three species with two from section 

Wettsteinia (C. chrisolum S.A.Hammer, C. chrisocruxum S.A.Hammer) and one from 

Minuscula (C. irmae S.A.Hammer & Barnhill) with moderately good BI support (PP=0.86; 

Clade C1); a clade with strong BI support (PP=0.91; Clade D1), including two species from 

section Wettsteinia (C. schlechteri Schwantes and C. fraternum (N.E.Br.) N.E.Br.) and one 

from section Minuscula (C. ectypum). 

The small clade of C. vanheerdei Tischer and C. smorenskaduense de Boer was recovered 

in both the nuclear tree (PP=0.94; BS=68; Clade F1 in Figure 2.2) and the plastid tree 

(PP=1.00; BS=99; Clade G in Figure 1) and both species are from section Verrucosa 

Schwantes ex S.A.Hammer.  

In the plastid tree (Figure 2.1) clades of C. youngii, C. roodiae N.E.Br. and C. rugosum 

S.A.Hammer, all from section Cylindrata Schwantes ex S.A.Hammer (PP=1.00; BS=53; 

Clade H), and C. ratum S.A.Hammer and C. maughanii N.E.Br., both from section Cheshire-

Feles (PP=0.99; BS=69; Clade I), were recovered (Figure 2.1). 

In the nuclear tree (Figure 2.2), C. loeschianum Tischer and C. saxetanum (N.E.Br.) N.E.Br. 

both from section Saxetana (PP=0.92; BS=54; Clade H1) and C. stephanii and C. depressum 

both from section Barbata Schwantes ex S.A.Hammer (PP=0.92; BS=63; Clade I1) were 

recovered. 

Comparisons with the ultrametric MCC plastid and nuclear trees  

In the plastid ultrametric MCC tree (Figure S2.1), Clade A was also recovered (PP=1.00). 

The strongly supported clade within Clade B including species from section Conophytum 

was recovered and strongly supported (PP=0.98). Clade C was weakly supported in the BI 

and ML trees and therefore was not recovered. Clade D is strongly supported in the BI 

majority-rule and ML trees, and is strongly supported in the ultrametric MCC tree 

(PP=0.98). Clade E was also weakly supported in the BI and ML trees and therefore not 

recovered, but the clades of C. ectypum and C. violaciflorum (PP=0.97), as well as C. 

bilobum (Marloth) N.E.Br., C. velutinum Schwantes, C. meyeri N.E.Br. and C. frutescens 

Schwantes (PP=0.98) (all from sect. Biloba) within Clade E are both strongly supported. 
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Clade F is moderately supported (PP=0.71) in the ultrametric MCC tree. All three of the 

small clades noted in the majority-rule BI and ML trees are also strongly supported in 

ultrametric MCC tree (Clade G PP=1.00; Clade H PP=1.00; Clade I PP=0.97). 

In the nuclear ultrametric MCC tree (Figure S2.2) two species from Clade E1 (C. 

praesectum and C. lydiae) were recovered (PP=0.58), as well as Clade G1 (PP=0.9). Clade 

C1 was also recovered with weak to moderate support (PP=0.64), as was Clade F1 with 

good support (PP=0.88). 

Character evolutionary reconstruction and phylogenetic signal 

Evolutionary reconstruction of morphological character state change events on the MCC 

plastid tree showed a lack of soft-bodied leaves (Figure 2.3), lack of windowed leaves 

(Figure 2.4), diurnal flowering (Figure 2.5), the presence of blunt papillae (Figure 2.6) and 

superficial stomata (Figure 2.7) as potential ancestral character states in Conophytum, 

defining the outgroup species included, along with most species in the genus. A nocturnal 

anthesis (Figure 2.5), windowed leaves (Figure 2.4) and soft-bodied leaves (Figure 2.3) 

evolved independently in a few lineages in the genus, switching from the ancestral 

character state. The mapped distribution of epidermal extension length (Figure 2.6) and 

stomata position (Figure 2.7) indicate multiple independent changes from the ancestral 

state of these character into a variety of different apomorphies.   

In the plastid tree, Clade A had two apomorphies, being the presence of windowed leaves 

(Figure 2.4) and the presence of soft-bodied leaves (Figure 2.3).  Bladder cells were 

present in all but C. lithopsoides (Figure 2.8), while a cylindric leaf shape with a convex or 

truncate apex was also the character state for most species except C. achabense (Figure 

2.9). All these character states had highly significant phylogenetic signal (Table 2.3).  

In Clade B, all species except for C. subfenestratum were characterised by nocturnal 

flowering (Figure 2.5), an obconical leaf shape with flat, slightly concave or slightly convex 

apex (Figure 2.9) and pollen type D (Figure 2.10). Furthermore, all species in Clade B 

except for C. subfenestratum, C. joubertii and C. ficiforme had flower structure A2 (Figure 

2.11). Polygonal cell shape was an apomorphy for Clade D (Figure 2.12), while all species 

except C. flavum had a nocturnal anthesis (Figure 2.5), sunken stomata (Figure 2.7) and 

pollen type D (Figure 2.10) and flower structure A2 (Figure 2.11). Significant phylogenetic 

signal was found for nocturnal flowering, sunken stomata, a polygonal cell shape, pollen 

type D and an obconical leaf shape as these character states characterised multiple 
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closely-related species in Clades B and D (Table 2.3). Despite characterising most species 

in Clades B and D, flower structure A2 did not have significant phylogenetic signal as it 

also characterised numerous other species in the genus (Table 2.3). 

The strongly supported subclade within Clade E, including four species from section 

Biloba, had a polygonal cell shape (Figure 2.12) as an apomorphy, while all but one of the 

species (C. velutinum) had a cuneate leaf shape (Figure 2.9) and yellow flowers (Figure 

2.13). Cuneate leaf shape, yellow flowers and a polygonal cell shape had significant 

phylogenetic signal, partly by being present in multiple closely-related species in the 

Biloba subclade (Table 2.3). In the clade of C. stephanii, C. regale, C. pubiclayx and C. 

depressum, three of the four species had both very long trichomes (Figure 6) and a 

nocturnal anthesis (Figure 2.5), and flower structure A2 (Figure 2.11) was an apomorphy 

for the clade. As very long trichomes were present in three of four species in this clade 

and in no other species in the phylogeny, this character state had highly significant 

phylogenetic signal (Table 2.3). The presence of a nocturnal anthesis in three of four 

species was a further reason for significant signal for a nocturnal anthesis (Table 2.3). 

Minor Clades G (soft-bodied leaves (Figure 2.3), interlocking cell shape (Figure 2.12) and 

bladder cells (Figure 2.8)), H (soft-bodied leaves (Figure 2.3) and interlocking cell shape 

(Figure 2.12)) and I (soft-bodied leaves (Figure 2.3), hexagonal cell shape (Figure 2.12), 

bladder cells (Figure 2.8) and windowed leaves (Figure 2.4)) had certain apomorphies, 

further explaining the high phylogenetic signal for these character states (Table 2.3).  

There was low phylognetic signal for flowering phenology, with little phylogenetic pattern 

(Figure 2.14). Similarly, in the nuclear tree, there seemed to be little to no 

characterisation of clades by character states (Figures S2.4-S2.15) and this was confirmed 

by the lack of significance in phylogenetic signal (Table S2.7). 

Table 2.3: Phylogenetic D test results for characters and character states for the plastid 

tree. Numbers for the character states correspond with the character-state codes in table 

2. P-values with NA are character states with non-significant phylogenetic signal. A lower 

P-value under PRandom means the character state is less likely to be randomly distributed 

across the phylogeny and more likely to have signal and be clumped. A higher P-value 

under PClumped means the distribution of the character state is not significantly different 

from a clumped distribution and therefore has phylogenetic signal. 
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Character Character 

States 

D PRandom PClumped 

Soft-bodied leaves 

(Figure 2.3) 

1 -0.79 0 0.99 

Windowed leaves 

(Figure 2.4) 

1 -0.95 0 0.99 

Anthesis 

(Figure 2.5) 

1 0.14 0 0.35 

Epidermal extension length 

(Figure 2.6) 

0 1.05 NA NA 

 1 0.71 NA NA 

 2 1.02 NA NA 

 3 -0.15 0.01 0.64 

 4 -1.17 0 0.86 

Stomata position 0 0.69 NA NA 

(Figure 2.7) 1 -0.03 0.02 0.56 

 2 1.01 NA NA 

Bladder cells 

(Figure 2.8) 

1 -0.41 0 0.87 

Leaf shape 

(Figure 2.9) 

1 0.24 0 0.26 

2 1.08 NA NA 

3 0.43 0.01 0.12 

4 0.19 0.01 0.39 

5 -1.59 0 1 

Pollen type 1 0.83 NA NA 

(Figure 2.10) 2 0.26 0.001 0.25 

 3 -0.05 0.001 0.58 

 4 0.1 0 0.4 

 5 -2.92 0.004 0.9 

Flower structure 1 0.46 NA NA 

(Figure 2.11) 2 0.89 NA NA 
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 3 0.87 NA NA 

 4 -0.42 0.004 0.74 

 3 or 4 -0.22 NA NA 

Cell shape 

(Figure 2.12) 

0 -0.01 0 0.52 

1 0.48 0.04 0.2 

2 0.43 0.01 0.09 

Flower colour 

(Figure 2.13) 

0 1.87 NA NA 

1 0.08 0.02 0.49 

2 0.5 NA NA 

Phenology 

(Figure 2.14) 

1 0.51 0.03 0.15 

2 0.65 NA NA 

3 0.99 NA NA 

3 or 4 1.85 NA NA 

 2 or 3 1.57 NA NA 

 1 or 4 0.29 NA NA 
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The multivariate phylogenetic signal analysis resulted in a significant Kmult value (K=0.82; 

p<0.01), indicating high phylogenetic signal associated with character variation among 

species. The five strongly supported clades selected for comparison were: Clade A, Clade 

D, Clade B without C. subfenestratum and C. acutum (called Clade B* from now on), Clade 

E without C. ectypum and C. violaciflorum (called Clade E* from now on) and Clade H. The 

phylomorphospace plot (Figure 2.15A) showed significant relationships between 

character variation and phylogenetic position with clear separation of Clades A, E* and H 

(A and E*: P < 0.01; A and H: P < 0.01; E* and H: P = 0.02), while Clades B* and D occupied 

the same morphospace (P = 0.36), significantly removed from Clades A (A and D: P < 0.01; 

A and B*: P < 0.01), E* (E* and D: P = 0.01; E* and B*: P = 0.04) and H (H and D: P < 0.01; 

H and B*: P = 0.02). In addition, Clade H was shown to have significantly higher disparity 

(WMPD score = 0.65 +- 0.1) than Clades A (0.45 +- 0.04) and D (0.44 +- 0.04) (i.e. Clades A 

and D were significantly more tightly clustered than Clade H) (Figure 2.15B). In Clade A 

most species have windowed leaves, soft-bodied leaves and bladder cells and they were 

all tightly clustered to the left of the plot (Figure 2.15A). Clades B* and D, mostly 

nocturnal flowering species with pollen type D, were clustered towards the right of the 

plot (Figure 2.15A). Clade E* includes bilobed and diurnally flowering species with yellow 

flowers and species were grouped at the bottom of the plot. Lastly Clade H was loosely 

grouped in the middle-left of the plot with species having soft-bodied leaves and an 

interlocking cell shape. 
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Correlated evolution of binary characters 

Of the ten pairs of character-states tested, four had no significant difference between the 

fits of the dependent and independent models. Six pairs had a significantly better fit for 

the dependent evolution model over the independent evolution model (Table 2.4). 

Significant correlations (p-values highlighted in bold) were observed between bladder 

cells and windowed leaves, bladder cells and soft-bodied leaves, windowed leaves and 

soft-bodied leaves, and windowed leaves and leaf shape 5. Further significant correlations 

were observed between nocturnal flowering and pollen type 4 and nocturnal flowering 

and flower structure A2. 

Table 2.4: The ten pairs of binary character states and metrics for the fit of dependent 

and independent models, as well as the p-value and likelihood ratio values computing the 

significance of the difference between the two. Significant p-values are highlighted in 

bold. 

Character 

pairs 

Independen

t model log-

likelihood 

Dependen

t model 

log-

likelihood 

Independen

t model AIC 

Dependen

t model 

AIC 

Likelihood 

ratio 

P-value 

Bladder 

cells and 

windowed 

leaves 

-72.82 -62.22 153.64 140.44 21.2 <0.01 

Bladder 

cells and 

soft-bodied 

leaves 

-83.29 -62.34 174.57 140.68 41.9 <0.01 

Windowed 

leaves and 

soft-bodied 

leaves 

-74.22 -57.82 156.43 131.65 32.78 <0.01 

Windowed 

leaves and 

leaf shape 5 

-50.75 -44.59 109.5 105.18 12.32 0.02 
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Nocturnal 

flowering 

and pollen 

type 4 

-106.33 -60.71 220.67 137.41 91.25 <0.01 

Nocturnal 

flowering 

and flower 

structure 

A2 

-99.35 -92.28 206.7 200.57 14.13 0.01 

Nocturnal 

flowering 

and leaf 

shape 1 

-113.54 -111.74 235.09 239.49 3.6 0.46 

Windowed 

leaves and 

pollen type 

1 

-91.32 -88.93 190.64 193.86 4.78 0.31 

Nocturnal 

flowering 

and sunken 

stomata 

-75.43 -70.92 158.85 157.85 9.01 0.06 

Windowed 

leaves and 

flower 

structure 

A1 

-57.74 -53.64 123.48 123.28 8.2 0.08 

 

Discussion 

This study produced a robust phylogenetic framework that facilitates and strengthens our 

understanding of the evolution of this diverse genus in the Succulent Karoo. It also aided 

the understanding of drivers of diversification in this genus by examining the evolution of 

key morphological characters in both a univariate and multivariate manner. In 

comparison to the previous DNA-based phylogeny, there was the notable recovery of a 
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new clade composed of C. roodiae, C. rugosum and C. youngii, while most other strongly 

supported clades were similar to the previous tree. Character evolutionary reconstruction 

highlighted correlated evolution of floral and leaf characters which suggested importance 

of pollination competition and the abiotic environment in the genus’ evolutionary history. 

An understanding of the evolutionary past of this genus, in particular identifying key 

drivers of diversification, provides an important platform to evaluate the future of these 

dwarf succulent plants, specifically in the context of the considerable disruption to the 

global environment.  

Tree topology  

Three phylogenies were produced using differing algorithms (BI, ML and BI with a relaxed 

molecular clock) for the plastid and nuclear data. Plastid and nuclear trees were produced 

separately after they were found to be incongruent. The plastid and nuclear datasets 

generated broadly similar topologies, but with important differences between the 

two. The nuclear data produced lower resolution trees that were more variable across 

the three algorithms. 

There were a few major similarities and some minor differences between the plastid BI 

tree produced in this study and those produced in Powell (2016) and Opel (2005b), in part 

because of the increase in species and the extra plastid gene region included in this 

phylogeny (Table 2.5).  

Table 2.5: The similarities and differences between the three Conophytum phylogenies. 

Similarities between trees are highlighted in bold. Codes are the codes on Figure S2.16. 

Plastid BI phylogeny 

of the current study 

Powell (2016) BI 

phylogeny 

Opel (2005b) phylogeny Code on 

Figure 

S2.16 

Molecular data Molecular data Using anatomical and 

micromorphological characters 

 

Strong windowed-

leaf clade, mainly 

with species from 

section 

Ophthalmophyllum 

(Dinter & Schwantes) 

Similar clade also 

including C. 

achabense and C. 

lithoposides, but 

with 5 fewer 

species. 

Windowed-leaf clade, but 

without C. lithopsoides. 

A 
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S.A.Hammer along 

with C. achabense 

S.A.Hammer and C. 

lithopsoides L.Bolus  

(Clade A). 

Moderately 

supported clade, 

mainly including 

species from 

Minuscula 

(Schwantes) Tischer 

ex S.A.Hammer 

(Clade C). 

Clade including 

species from 

Minuscula not 

recovered. 

Clade including species from 

Minuscula not recovered. 

B 

Clade including C. 

ectypum N.E.Br., C. 

violaciflorum Schick 

& Tischer, C. bilobum 

(Marloth) N.E.Br., C. 

frutescens 

Schwantes, C. meyeri 

N.E.Br. and C. 

velutinum Schwantes 

(Clade E). Included 

within this clade is 

the strong clade of C. 

bilobum, C. 

frutescens, C. meyeri 

and C. velutinum. 

Clade recovered 

including the same 

species. Also 

includes the 

strongly supported 

subclade of C. 

bilobum, C. 

frutescens, C. 

meyeri and C. 

velutinum 

Some support for the clade C. 

bilobum, C. frutescens, C. meyeri 

and C. velutinum 

C 

Clade of C. 

saxetanum (N.E.Br.) 

N.E.Br., C. 

loeschianum Tischer 

and C. hians N.E.Br. 

not recovered in the 

C. saxetanum and 

C. hians were 

unresolved. C. 

loeschianum was 

not included in the 

phylogeny. 

Clade of these three species, as 

well as C. carpianum L. Bolus. 

D 
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plastid tree. All 

species are 

unresolved. 

Strong clade 

including C. ficiforme 

(Haw.) N.E.Br., C. 

obcordellum (Haw.) 

N.E.Br., C. uviforme 

(Haw.) N.E.Br., C. 

joubertii Lavis, C. 

piluliforme (N.E.Br.) 

N.E.Br. and C. 

truncatum (Thunb.) 

N.E.Br. all from 

section Conophytum 

(In Clade B). 

Same strongly 

supported clade. 

Same strongly supported clade. E 

Clade including C. 

armanum 

S.A.Hammer, C. 

breve N.E.Br., C. 

flavum N.E.Br., C. 

pageae (N.E.Br.) 

N.E.Br. and C. 

calculus (A.Berger) 

N.E.Br. (Clade D). 

Similar clade is 

recovered, but 

without C. pageae 

and C. armianum. 

Similar clade is recovered, with 

the addition of C. stevens-

jonesianum L.Bolus. 

F 

Clade recovered 

including C. 

marginatum Lavis, C. 

minutum (Haw.) 

N.E.Br. and C. 

swanepoelianum 

Rawé. 

Same clade, but 

also including C. 

roodiae N.E.Br.. 

C. minutum recovered sister to C. 

bicarinatum L.Bolus; C. 

marginatum unresolved; C. 

swanepoelianum recovered sister 

to C. swanepoelianum subsp. 

rubrolineatum, which is 

recovered sister to C. 

lithopsoides, C. pellucidum 

G 
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Schwantes and C. minusculum 

(N.E.Br.) N.E.Br.. 

Strongly supported 

clade including C. 

youngii Rodgerson, 

C. rugosum 

S.A.Hammer and C. 

roodiae (Clade H) 

C. roodiae 

recovered in clade 

including C. 

marginatum, C. 

minutum and C. 

swanepoelianum. 

Other two species 

not included.  

Clade of C. rugosum, C. roodiae 

and C. reconditum A.R.Mitch. 

recovered 

H 

Clade of C. 

depressum Lavis, C. 

regale Lavis and C. 

stephanii Schwantes 

recovered, but with 

weak support 

(PP=0.41), and 

therefore not shown 

in majority-rule tree. 

Strongly supported 

clade including C. 

depressum, C. 

regale and C. 

stephanii. 

Similar clade recovered, but with 

C. pubicalyx Lavis and not C. 

regale. 

I 

 

The phylogeny produced in this study has given some updated taxonomical insights into 

Conophytum. The species of C. herreanthus S.A.Hammer, for which there has previously 

been debate over its belonging in the Conophytum genus (Hammer and Young 2017), is 

strongly supported to be within the Conophytum clade in the plastid tree, and is placed as 

a sister species to C. klinghardtense Rawé and C. quaesitum (N.E.Br.) N.E.Br (Powell 2016) 

In terms of the subgeneric sections, which are based on morphological characteristics of 

the plants (as defined by Hammer, 1993, 2002), not all sections are fully supported in the 

plastid molecular phylogeny (Figure 2.1). A number of species are worth highlighting. C. 

lithopsoides (sect. Pellucida) is recovered within Clade A, and shown to be closely related 

to species in section Ophthalmophyllum. The two other species in section Pellucida 

included in the plastid tree form their own strongly supported monophyletic clade (C. 

arthurolfago S.A.Hammer and C. pellucidum). C. achabense is also closely related to this 

Ophthalmophyllum section, despite being currently placed in section Cheshire-Feles. In 
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Clade D (C. armianum, C. breve N.E.Br., C. flavum, C. pageae (N.E.Br.) N.E.Br. and C. 

calculus (A.Berger) N.E.Br.), three of the five species are in section Cataphracta, with C. 

armianum in section Batrachia and C. flavum in Wettsteinia. The other strongly supported 

clades in the plastid trees support the subgeneric section classifications of Hammer (1993, 

2002), with the strongly supported subclade within Clade B only including species from 

the Conophytum section, the strongly supported bilobed subclade within Clade E all from 

section Biloba, and all three species from Clade H in section Cylindrata. 

The plastid BI and ML trees, overall, still have poor resolution, particularly at their 

backbones. This is thought to be because of the recent, rapid radiation of the core-

Ruschioideae (Klak et al. 2004; Valente et al. 2013; Klak et al. 2017) in the Aizoaceae and 

was a problem also encountered by Powell (2016). It is probably also because of the slow 

rate of plastid DNA evolution, with plastid DNA often not considered as effective as 

nuclear DNA at elucidating phylogenetic relationships in species with rapid, recent 

divergence (Small et al. 2004). 

The nuclear BI tree has lower resolution than the plastid tree, although this is probably 

because only two regions were included in this tree and therefore there were an 

inadequate number of variable sites for this sample size (Figure 2.2). Overall, the nuclear 

tree was markedly different from the plastid tree, also highlighted by the disconnect 

between nuclear tree topology and character evolution. Some interesting clades were 

recovered and, with additional nuclear data, more information may be garnered on the 

evolution of this genus. One clade to note is Clade H1 (C. loeschianum and C. saxetanum). 

This includes two species from section Saxetana which are both nocturnal and occur in 

the north-west of the genus’s range with very similar morphology (Hammer and Young 

2017). A similar clade was recovered in Opel’s (2005b) phylogeny, but is not recovered in 

the plastid tree above or Powell (2016).  

Additional nuclear data may be critical to a substantial improvement in the resolution of 

the Conophytum phylogeny, owing to the more rapid rate of evolution of nuclear regions, 

and therefore greater effectiveness in elucidating evolutionary relationships in recently 

diverged genera such as Conophytum (Small et al. 2004). In an experimental tree 

combining all plastid and nuclear regions (done for interest despite incongruence and to 

be interpreted with caution) (Figure S2.17), an additional clade was recovered and 

included C. loeschianum, C. hians and C. saxetanum, all nocturnal and in section Saxetana. 

This is what would be expected considering two of these species formed a clade in the 
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nuclear tree and demonstrates that nuclear data could add some extra insights into the 

evolution of this genus. Furthermore, the clade of C. stephanii, C. regale, C. pubicalyx and 

C. depressum, which was weakly supported in the plastid majority-rule tree, is strongly 

supported with the addition of nuclear data, again to be expected as it resembles Clade I1 

in the nuclear tree. As stated in the methods, some additional nuclear regions were 

tested, with ncpGS showing the most promise, but sequence quality was still too poor for 

those sequences to be included in this analysis.  

Inferences on diversification 

Evidence for abiotic drivers of diversification 

Abiotic environmental conditions and past environmental changes are likely to have been 

a large driver of speciation in the Succulent Karoo, with the onset of a winter rainfall 

regime and general aridification of the region in the mid Miocene postulated as an 

important diversification cause (Linder 2003; Klak et al. 2004; Verboom et al. 2009; 

Dupont et al. 2011; Hoffmann et al. 2015). In particular, the Benguela current’s 

establishment from around 10 Ma is considered to have driven aridification of the region 

(Siesser 1980; Diekmann et al. 2003), with speciation in the core-Ruschioideae (the clade 

in which Conophytum sits) occurring in the time since this aridification (Klak et al. 2004; 

Valente et al. 2014). Such aridification into the Miocene has been noted as a driver of 

speciation in numerous other arid adapted plant lineages (e.g. Hernandez 2014; 

Gutierrez-Ortega 2017; Hernandez- Töpel et al. 2012). 

Reich et al. (2003) note that morphological adaptations can often evolve in response to 

environmental gradients, driving the evolution of a new species. This has been repeatedly 

documented in plants (e.g. Chapin III 1993; Maron et al. 2007; Guerin et al. 2012; Korner 

2016). Within the recently formed Succulent Karoo, climatic heterogeneity seems to have 

driven diversification, as evidenced by certain characters and their phylogenetic signal 

and variability over the phylogeny. 

Certain leaf characters could be important indicators of the driving influence of climate 

on Conophytum diversification. Clade A is a good example of a clade which seems to have 

formed as a result of climatic factors, with the clade being tightly clustered in the 

phylomorphospace and leading to high phylogenetic signal for the presence of bladder 

cells, windowed leaves, soft-bodied leaves and a cylindric leaf shape with a convex or 

truncate apex. These characters were also all shown to have evolved in a correlated 
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manner, potentially acting as a suite of characters evolving in response to a specific 

environment – in this case likely to be a drier, harsher, more exposed environment, noted 

by Young et al (2017) as an environment under which bladder cells and windowed leaves, 

in particular, are likely to evolve.  

Similarly, Clade D, a strongly supported clade tightly clustered in the phylomorphospace, 

is characterised (except for C. flavum) by sunken stomata, potentially also linked to a drier 

climate, but in species that are not sunken with windowed leaves as a protection against 

desiccation, as highlighted by the fact that windowed species have superficial stomata 

(Young et al. 2017). In the clade of C. stephanii, C. regale, C. pubicalyx and C. depressum, 

three of the four species have very long trichomes (all in section Barbata), having 

potentially evolved in relation to fog capture (Young et al. 2017) as species in section 

Barbata are known to grow in regions with high fog provision (Hammer and Young 2017).  

The fact that these leaf characters, suggested by prior authors to be potential indicators 

of adaptation to a particular environment, are apomorphies (or characterise most 

species) in certain strongly supported clades, and are so variable over Conophytum 

species, supports the inference that climate and the abiotic environment have had a 

strong hand in the diversification of this genus. Correlated evolution of a suite of these 

characters, which also seem to complement each other in providing adaptation in Clade 

A, one of the most strongly supported clades in the updated phylogeny, serves as further 

evidence that abiotic factors, particularly climate, have had some impact on evolution in 

this genus over time. This diversification is likely to have occurred recently, since the 

establishment of the arid Succulent Karoo and Benguela Current (Klak et al. 2004; Valente 

et al. 2014; Klak and Bruyns 2016), despite species in section Conophytum occurring 

towards the Fynbos biome which has been noted for having lineages with earlier 

diversification dates than most Succulent Karoo lineages (Verboom et al. 2009; Hoffmann 

et al. 2015; de Jager and Ellis 2017). This suggests the genus Conophytum may have 

originated in the arid regions along the southern African west coast following Miocene 

aridification and subsequently diversified across the landscape. 

Evidence for biotic drivers of diversification 

In the Succulent Karoo, climatic predictability for the past 5-10 million years, owing to the 

onset of a winter rainfall regime, led to a rapid diversification of genera (Klak et al. 2004; 

Dupont et al. 2011). One of the major drivers behind this was plant-pollinator 

specialisation and related speciation (Esler 1999; Ellis et al. 2014). The broad variability in 
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floral characters in Conophytum could be explained by the pollinator-shift model, stating 

that shifts in pollinator classes drive variability in floral characteristics (Johnson 2006). De 

Jager and Ellis (2017) noted the coevolution of the fly Megapalpus capensis, a keystone 

pollinator in the Greater Cape Floristic Region (GCFR), with the diversification of the 

Succulent Karoo, highlighting the importance of pollinators in diversification in the region. 

Results attained in this study for Conophytum floral characters found switches to 

nocturnal flowering, different flower structures and flowering phenologies occurred 

independently multiple times across the genus corresponding with the findings of Powell 

(2016). Flowering phenology had low phylogenetic signal, with little phylogenetic pattern 

over the phylogeny. A nocturnal anthesis had significant phylogenetic signal, 

characterising (or almost characterising) strongly supported Clades B* and D, both tightly 

clustered in the phylomorphospace, yet arose independently a few times over the 

phylogeny, so despite being significant, signal was lower than for some leaf characters 

such as windowed leaves. Floral structure varied strongly over the phylogeny, as did 

pollen structure. These results strongly suggest competition for pollinators as being an 

important driver of diversification in the genus (De Jager and Ellis 2013; Forest et al. 2013; 

Boberg et al. 2014).  

Nocturnal flowering Conophytum species were found by Jürgens and Witt (2014) to be 

pollinated by moth species in the region, with diurnal flowering species pollinated by 

pollen wasps (Quartinia: Masarinae). This suggests competition for pollination by pollen 

wasps may have forced a switch to pollination by moths in nocturnally flowering species 

and driven speciation. This shift may have driven correlated evolution to a different 

flower structure (A2) and pollen type (D), as flowers adapted to pollination from moths 

rather than pollen wasps. Flower structure A has been noted by Liede and Hammer 

(1990) to be prevalent in nocturnally flowering species, probably as an adaptation to 

moth pollination.  

Evidence for an interaction between biotic and abiotic drivers of diversification 

The above two sections deal individually with evidence for abiotic and biotic 

diversification drivers. It is highly unlikely, however, that they occurred in isolation. Many 

previous studies have elucidated the importance of the interaction of biotic and abiotic 

factors in diversifications (e.g. Ezard et al. 2011; Lagomarsino et al. 2016; Tripp and Tsai 

2017; Cantalapiedra et al. 2018; Solórzano et al. 2020) Climatic predictability and general 

aridification in the Succulent Karoo in the past 10 million years is likely to have driven a 
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complicated interplay of biotic and abiotic diversification drivers in the Succulent Karoo 

and in Conophytum. 

Two clades in the phylogeny highlight this sort of interaction. Clade D is strongly 

supported and all but one species (C. flavum) in the clade have both nocturnal flowering 

and sunken stomata. The evolution of sunken stomata has been postulated to be linked 

to a dry, highly exposed microhabitat (Young et al. 2017), while the evolution of nocturnal 

flowering is likely to be linked to pollinator competition (De Jager and Ellis 2013; Forest et 

al. 2013; Boberg et al. 2014; Powell 2016). This suggests both biotic factors and abiotic 

factors played a role in the formation of this clade. Similarly, in the clade of C. stephanii, 

C. regale, C. pubiclayx and C. depressum, three of the four species had very long 

trichomes (except C. regale), and all were nocturnally flowering species, again suggesting 

clade formation possibly relating to fog capture (Young et al. 2017) and pollinator 

competition (De Jager and Ellis 2013; Forest et al. 2013; Boberg et al. 2014; Powell 2016). 

These two clades act as good examples of this interaction occurring, but it is highly likely, 

considering the variability of characters in the genus and its broad distribution across the 

Succulent Karoo, these sorts of interactions may have occurred driving many other 

speciation events in Conophytum. 

         Conclusion 

The character mapping analyses, particularly on the plastid tree, give some indication as 

to potential drivers of diversification of this genus. It seems, based on the strong 

phylogenetic signal and variability in many floral and leaf characters, that pollinator 

competition and climatic factors may both have been important drivers of diversification 

in the genus. Nocturnal flowering, particularly in correlation with flower structure A2 and 

pollen type D seem to be a suite of floral characters which have evolved in parallel in 

response to a shift to nocturnal moth pollination. Furthermore, certain strongly 

supported clades, particularly Clade A, which are characterised by specific leaf 

adaptations, suggest evolution driven by environmental drivers. Specifically, correlated 

evolution between windowed leaves, soft-bodied leaves, bladder cells and a cylindric leaf 

shape with a convex or truncate apex may have evolved particularly in response to a 

highly arid and exposed environment. Some evidence was found for an interaction 

between climatic factors and pollinator competition in the results, but further research 

will be required to disentangle how these interactions took place in driving Conophytum 

diversification. 
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The updated plastid tree confirmed the inclusion of C. herreanthus within Conophytum, as 

well as highlighting some differences between the subgeneric section classifications and 

species groupings based on genetic evidence. Nuclear data was shown to add some new 

insights to Conophytum evolution and remains an important area of exploration for 

further evolutionary research in this genus. 
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Chapter 3 

Assessing the relative contribution of abiotic drivers to the diversification 

of Conophytum N.E.Br. (Aizoaceae) in the Succulent Karoo biodiversity 

hotspot 

Abstract 

Disentangling the relative contributions of abiotic and biotic drivers is central to better 

understanding the rapid radiations of the biodiversity hotspots of the Greater Cape 

Floristic Region. Using Conophytum, a genus of diverse dwarf succulent plants centred in, 

and representative of other genera in the Succulent Karoo biome, this study assessed the 

potential role of climate, topography and geology in driving speciation the genus. 

Specifically, the project combined a range of univariate and multivariate evolutionary 

tools, accounting for the spatial dimensions of the environmental datasets, in addition to 

leaf and floral trait assessments, to examine drivers of clade formation, trait evolution 

and phylogenetic splits. Results show abiotic environmental variables with selective 

influence vary considerably over the phylogeny and distinctly characterise the 

environmental preferences of the strongly supported clades, with precipitation and 

elevation particularly important. Additionally, elevation, slope, temperature and 

precipitation variables were associated with the evolution of a range of traits in the 

genus, including windowed leaves, raised stomata, long trichomes and nocturnal 

flowering. Clade-level variation in environmental niche breadths combined with trait 

associations that evidence pollinator-mediated selection highlight niche divergence as key 

speciation mode for many of the assessed phylogenetic splits. This study provides a first 

quantitative assessment of the role of abiotic drivers in Conopythum diversification and 

underlines the need to further explore the interplay of climate, topography, geology and 

ecological processes in explaining the diversity of the Succulent Karoo.  

Introduction 

The influence of the environment on speciation is well understood (Humphries and 

Parenti 1999; Rundle and Nosil 2005; Edelaar 2018) with spatial abiotic environmental 

data increasingly recognised as making an important contribution to disentangling 

speciation drivers (Kozak et al. 2008). Empirical studies have documented abiotic 

conditions as providing an important selective pressure for living organisms, particularly 
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through variability in geology, soil, climate and topography. Geology and soil have been 

found to influence oviposition depth in an insect species (Romalea microptera) 

(Herrmann et al. 2010), along with driving floral differences (Caruso et al. 2003) in plants. 

Climate has been found to influence colour in insects (De Souza et al. 2017; Dalrymple et 

al. 2018), dental size and shape in rodents (Renaud and Van Dam 2002), and defence trait 

presence (Woods et al. 2012) in plants. Geology and soil (Cowling et al. 1997; Schnitzler et 

al. 2011; Buira et al. 2020), climate (Struwe et al. 2011; Schnitzler et al. 2012; Walker et 

al. 2017; Kenar and Kikvidze 2020) and topography (Qi and Yang 2009; Irl et al. 2015; 

Kenar and Kikvidze 2020) have been found to strongly influence plant speciation.  

Environmental variability has been linked to speciation in the form of two contrasting 

phenomena (Hua and Wiens 2013). The first is niche conservatism, in which closely 

related species share similar environmental niches (Wiens and Graham 2005; Wiens et al. 

2010), yet these niches are separated by regions which have different environmental 

conditions, driving vicariance in populations (allopatric speciation (e.g. McCormack et al. 

2010; Boucher et al. 2016)) (Hua and Wiens 2013). This leads to a separation of 

populations and speciation and is widespread in global biodiversity (Peterson 2011). 

Another common driver of speciation linked to abiotic environmental variables is niche 

divergence (e.g. Sobel et al. 2010; Blair et al. 2013; Shafer and Wolf 2013; Irl et al. 2015; 

Mammola et al. 2018; Teske et al. 2019; McCulloch et al. 2019). In this case, variation of 

spatial variables, such as climate or topography, cause populations of a particular species 

over an environmental gradient to speciate as certain populations gain adaptations to 

specific environmental conditions, precluding non-adapted individuals from occurring and 

reproducing in that region (Hua and Wiens 2013). Niche divergence (also described as 

ecological speciation (Schluter 2001, 2009)) is strongly associated with sympatric, partly 

sympatric or parapatric speciation, although it can also occur in association with allopatric 

speciation (e.g. McCormack et al. 2010; Blair et al. 2013; Ruiz-Sanchez and Specht 2014; 

Boucher et al. 2016).  

Importantly, it is uncommon for speciation to be solely driven by the abiotic environment 

(Benton 2009), with an interplay of random genetic drift (Kimura 1977, 1979) and biotic 

interactions (Kiester et al. 1984; Maron et al. 2019) also playing an important role. 

Evolutionary drivers occur at different spatial and temporal scales (Benton 2009), with 

biotic drivers proposed to operate at local scales over shorter time periods (as per the 

Red Queen Hypothesis (Van Valen 1973)), while abiotic drivers are thought to work over 

longer time periods across broader spatial extents (as per the Court Jester Hypothesis 
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(Barnosky 2001)). These processes are not occurring in isolation (Benton 2009), and the 

potential for varying contributions from a complex mix of drivers needs to be 

acknowledged.  

In the Greater Cape Floristic Region (GCFR), and specifically the Succulent Karoo biome in 

south-western Africa, much of the plant diversification is thought to have been driven by 

a combination of biotic and abiotic factors, mainly through plant adaptation to certain 

pollinators, as well as specific abiotic environmental conditions owing to the 

environmental heterogeneity of the region (Linder 1985; Esler 1999; Mucina et al. 2006a; 

Cowling et al. 2009; Linder et al. 2010; Ellis et al. 2014; Musker et al. 2021). This 

heterogeneity is apparent in the biome’s geology and, therefore, soils and these two 

factors are considered strong factors driving diversification in Succulent Karoo genera 

(Cowling and Hilton-Taylor 1999; Schmiedel and Jürgens 1999). Topographic 

heterogeneity is not considered as strong a driver of extreme richness in the Succulent 

Karoo as geology or soil, mainly because the biome lacks the extreme topographic 

heterogeneity of other biomes such as the Fynbos (Cowling et al. 1997). The evolutionary 

selection of short-lived, drought-sensitive leaf succulents as the predominant life form in 

the Succulent Karoo which, in general, have poor seed dispersal capability causing limited 

gene flow between populations may also have led to rapid speciation in the region 

(Cowling et al. 1998; Mucina et al. 2006a; Givnish 2010). The strong influence of poor 

dispersal on speciation has been documented in prior studies (e.g. Smith et al. 2014; 

Salces-Catellano 2019). 

The genus Conophytum is a genus of dwarf succulent plant in the family Aizoaceae that 

has a distribution centred over and covering the full extent of the Succulent Karoo (Young 

and Desmet 2016). It has rapidly diversified over the past few million years (Klak et al. 

2004; Valente et al. 2013), and some of this diversification is thought to be related to 

abiotic spatial drivers, as is evidenced by specific morphological adaptations (particularly 

leaf adaptations) on certain taxa suggesting environmental forcing on speciation and 

niche divergence (Opel 2004; Young et al. 2017). It is therefore likely to act as a good 

model genus for ecological speciation as described previously, as well as for other poorly 

dispersed dwarf succulent genera in the Succulent Karoo (Young and Desmet 2016). 

There are numerous hypotheses put forward for Conophytum diversification, suggested 

particularly through the analysis of morphological traits. Part of the process of adaptive 

evolution as niches diverge is often the evolution of morphological features as 
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populations speciate (Reich et al. 2003). The link between the presence of specific 

morphological traits and certain climatic conditions has been proposed in Conophytum 

(Opel 2004; Young et al. 2017). For example, the subgeneric section Ophthalmophyllum 

(Dinter & Schwantes) Tischer containing species with windowed leaves, is found at the 

north-eastern extreme of the distribution of the genus where a winter rainfall regime 

becomes more year-round, suggesting a split somewhat related to rainfall seasonality. 

Conophytum taxa containing windows also usually occur in exposed areas, away from the 

rocky crevices where most Conophytum species occur. Windows are an adaptation to dry, 

exposed locations in which the individual partially buries itself and therefore requires a 

window to allow light to hit photosynthetically sensitive cells (Young et al. 2017). A hotter 

climate with higher evapotranspiration may therefore be a predictor of the occurrence of 

windowed leaved taxa. Young et al. (2017) noted the geographical distribution of species 

in the genus with sunken stomata and hypothesised that sunken stomata are an 

evolutionary adaptation to arid conditions, as they are situated in the northern, most arid 

part of the range of species in the genus. Interestingly, Opel (2004) noted that species 

with raised stomata, considered to be a trait detrimental to life in arid environments, 

were also mostly found in the hyper-arid north of the genus’ range. The reasons for the 

adaptation are therefore difficult to pinpoint but stomatal density has been shown to 

vary considerably across the genus (unpublished data: Pulido-Suarez, L., Young, A.J. & 

Kapralov, M.), potentially associated with localised fog events. 

Conophytum epidermal extensions – being either papillae (bumps on the surface which 

are wider than tall) or trichomes (hair-like structures which are longer than tall) – are 

taxonomically and ecologically important, although there is confusion as to what is driving 

the differences (Opel 2004; Young et al. 2017). Hypotheses suggest they are adaptations 

to a harsh, arid climate, with hair-like structures having evolved to minimise the influence 

of high light and drought-prone conditions where desiccation could be likely (Opel 2004). 

Some taxa with very long epidermal extensions in the genus, however, occur in moist (C. 

minusculum ssp. leipoldtii) or shady environments (C. stephanii) (Opel 2004). The ability of 

species in the genus to trap moisture from fog is another suggested function of long 

trichomes, although this is firstly difficult to test because of a paucity of fog data (Young 

et al. 2017), and there does not seem to be a particular relationship between species 

hairiness and places which could potentially be fog-prone, such as west-facing lichen-

covered slopes (Opel 2004). Conophytum floral morphology and phenology are also highly 

diverse across the genus (Liede and Hammer 1990), although this could be more in 
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response to competition for pollinators than any direct environmental driver. As stated 

previously, however, it is unlikely that biotic drivers have acted without the influence of 

the abiotic environment in Conophytum. 

Despite possible abiotic environmental drivers of diversification being proposed by prior 

authors, no previous study on Conophytum has used evolutionary and spatial analysis 

tools to assess the abiotic environmental drivers of diversification in the genus. This study 

aims to do this for geology, climate and topographical variables, both individually and as a 

combined group, to gain an understanding of how abiotic environmental variables may 

have driven speciation in the genus, both on their own and in concert with possible biotic 

drivers of diversification in Conophytum. The first objective is to consider the spatial 

variables in a univariate manner, through evolutionary reconstruction on an ultrametric 

tree from the previous chapter, and correlation analyses with morphological traits. This 

ultrametric phylogeny was not dated with absolute values because of disagreement in 

diversification dates for the genus. The second objective is to consider the variables as a 

combined group, with multivariate analyses used to examine variable interactions driving 

evolution. 

Materials and Methods 

Study area 

The study area centres on the Succulent Karoo and extends into the Nama Karoo in the 

north-east of the genus’ range and into the Fynbos biome in the south to south-west of 

the genus’ range (Figure 3.1). Occurrence points for the genus span from 24.83°E to 

15.05°E and 34.00°S to 26.55°S, with elevation for species’ occurrence points ranging 

from almost sea level to around 1500 m above sea level. The most important 

geomorphological feature of the Succulent Karoo is the Great Escarpment which runs 

parallel to the west coast and forms the eastern boundary to the biome (Hilton-Taylor 

1996). Most of the Succulent Karoo is below an elevation of 800 m (Hilton-Taylor 1996). 
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The Succulent Karoo has a highly varied geology. The Richtersveld in the north-west of the 

biome is made up of a varied sequence of pre-Gondwanan rocks, into which intrusion 

occurred from the Granites and Gneisses of the Namaqua Metamorphic Province at least 

1 billion years ago (Cowling et al. 1999; Mucina et al. 2006a). After the granitic intrusions, 

sedimentary rocks of the Gariep, Numees and Nama Formations were deposited in a rift 

basin along the west coast of southern Africa between 900 and 500 million years ago 

(Martin, 1965). In the south-western and southern Cape, the geology is dominated by 

sandstones and shales of the Cape Fold Belt which is part of the greater Cape Supergroup 

(Mucina et al. 2006a).  

In terms of climate, the study area is largely in South Africa’s winter rainfall zone, except 

for Bushmanland, in the north-east of the genus’ range, which has year-round rainfall 

(Hilton-Taylor 1996; Mucina et al. 2006a). The winter rainfall is low, but fairly reliable, 

with more than 40% of the rainfall for the biome occurring in the winter months (Hilton-

Taylor 1996; Mucina et al. 2006a). Mean Annual Precipitation (MAP) is generally between 

100 and 200 mm (Mucina et al. 2006a), although in the Richtersveld, in the north of the 

genus’ range, and into the Namib Desert, MAP can be below 100 mm (Mucina et al. 

2006a), while in the south of the genus’ range in parts of the Fynbos biome, precipitation 

can be over 400 mm PA (Rebelo et al. 2006). The precipitation received is generally from 

cyclonic frontal systems linked to the circumpolar westerly belt (Schulze and McGee 

1978). The mean annual temperature for this region is 16.8°C (Mucina et al. 2006a), with 

some extreme temperatures of above 44°C occurring occasionally at low-lying coastal 

areas (Rutherford and Westfall 1986). Fog is another important supplier of precipitation 

to the region along the coast and escarpment (Hilton-Taylor 1996; Mucina et al. 2006a). 

Phylogenetic tree 

The Conophytum phylogenetic tree was produced from 7 plastid gene regions and 

contains 146 total taxa and 102 Conophytum taxa. Data for the plastid tree outgroups 

were acquired from Powell (2016), comprising 44 species from a selection of genera 

within the Conophytum clade: Cheiridopsis N.E.Br, Drosanthemum Schwantes, 

Enarganthe, Ihlenfeldtia H.E.K. Hartmann, Jacobsenia L. Bolus and Schwantes, 

Jensenobotrya, Namaquanthus, Odontophorus N.E.Br., Ruschianthus, and 

Schlechteranthus (Klak et al. 2013; Powell et al. 2017). For full information on methods 

used to extract and sequence genetic material, see Chapter 2. 
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The tree used for analyses in this paper is an ultrametric phylogeny produced using BEAST 

v.2.5.0 (Bouckaert et al. 2014). It was run with an uncorrelated relaxed clock model with a 

log-normal distribution linked across all partitions. Tree models were also linked across all 

partitions. The birth rate prior was set to a Gamma distribution with an Alpha value of 

0.001 and a Beta value of 1000. Substitution models were set separately for the seven 

gene regions (see Chapter 2 for the substitution models selected). The tree prior set was a 

calibrated Yule tree prior. Monophyly was enforced in Conophytum which included all 102 

Conophytum species for the plastid tree. The age at which Conophytum and the core-

Ruschioideae diversified remains uncertain with a range of values reported to date (Klak 

et al. 2004; Valente et al. 2014; Klak et al. 2017). The focus of this research is not to date 

diversification, but to infer drivers of diversification. For the purposes of this study, it was 

therefore decided to focus on relative ages rather than absolute ages for the trees, and so 

one was set as the crown age for the Conophytum ingroup. Three separate trees were run 

to 150 million MCMC generations. Log files were sampled every 10000 generations and 

checked in Tracer v1.6.0 (Rambaut et al. 2018) to check for appropriate ESS scores (>200) 

to ensure good mixing in the Bayesian analysis. The tree files for the three BEAST runs 

were combined using LogCombiner v2.5.0 and then run through TreeAnnotator v.1.8.4 

(Drummond and Rambaut 2007) to produce an MCC tree. 25% of MCMC generations 

were removed as the burn-in and the tree heights were set at Keep Target Heights. 

Occurrence records 

A database of Conophytum occurrence records was provided by A. J. Young. The database 

integrates data from recent annual Conophytum focused field surveys (led by Young 

between 2007 and 2019) with quality checked historical records. The database includes 

the species, subspecies, GPS co-ordinates of the occurrence location, the accuracy of the 

GPS location, map grid reference, collector of the GPS location, description of where the 

point occurs and the country in which the points were obtained. Values were extracted 

from climate and geology variables (1 km2 resolution) using occurrence records within a 

one km error which equated to 3999 occurrence points over 102 Conophytum species. 

Only records within a 5 m error, equating to 1952 occurrence points over 101 

Conophytum species, were used to extract values from aspect, elevation and slope 

variables (30 m2 resolution). Conophytum species not included in the phylogeny were 

removed.  

Environmental Variables 
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Downscaled 1 km2 resolution climate layers were sourced from the AFRICLIM database 

(Platts et al. 2015). The layers used represented current climate (mean climate between 

1950 and 2000). Downscaling reflected two regional models (RCMs) for Africa (SMHI-RC4, 

CanRCM4) nested within a selection of eight driving global models (GCMs) (CCCma-

CanESM2, CNRM-CERFACS-CM5, ICHEC-EC-EARTH, MIROC-MIROC5, MOHC-HadGEM2-ES, 

MPI-ESM-LR, NCC-NorESM1-M, NOAA-GFDL-ESM2G), to produce a more local circulation 

model with higher accuracy (Platts et al. 2015). Worldclim v1.4 was used as baseline 

climatology to further improve the resolution of the downscaled GCMs to 1 km2. For a 

more detailed explanation on the preparation of these climatic variables, see Platts et al. 

(2015). Along with climatic variables, a high-resolution digital elevation model (DEM) (30 

m2) for the study region, and lower resolution geology layer categorising the region into 

six geological categories (1 km2), were acquired from P. G. Desmet. Slope and aspect 

layers were calculated from the DEM using the function terrain in the package raster 

(Hijmans et al. 2019) in R (R core team 2020). 

In all, 23 variables were considered: geology, elevation, slope, aspect, mean annual 

temperature (Bio 1), mean diurnal range in temperature (Bio 2), isothermality (Bio 3), 

temperature seasonality (Bio 4), maximum temperature of the warmest month (Bio 5), 

minimum temperature of the coldest month (Bio 6), annual temperature range (Bio 7), 

mean temperature of the warmest quarter (Bio 10), mean temperature of the coolest 

quarter (Bio 11), average annual precipitation (Bio 12), rainfall in the wettest month (Bio 

13), rainfall in the driest month (Bio 14), rainfall seasonality (Bio 15), rainfall in the 

wettest quarter (Bio 16), rainfall in the driest quarter (Bio 17), potential 

evapotranspiration (PET), annual moisture index (MI), moisture index in the arid quarter 

(MIAQ) and moisture index in the moist quarter (MIMQ). Many continuous climate 

variables produced in AFRICLIM were considered so that a full appraisal of possible 

climatic drivers of diversification could be undertaken.  

To reduce the number of climate variables, Pearson’s correlation co-efficient was 

employed. This was done in place of using a principal components analysis (PCA) as a 

dimension-reducing technique for the climate variables as done in other studies (e.g. 

Schnitzler et al. 2012; Walker et al. 2017), owing to the recommendations of Uyeda et al. 

(2015) stating that using PCs from a PCA in evolutionary modelling can produce 

misleading results, as the PCA transforms data which impacts the accuracy of 

evolutionary model fitting. It was also used in place of Variance Inflation Factors (VIFs) 

(Fox and Monette 1992) because it was considered important to show the variables that 
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were strongly correlated with the selected variables and this is not information provided 

in a VIF. The included variables could therefore also be considered place-holder variables 

for other strongly correlated variables, allowing for a more complete appraisal of climatic 

drivers of diversification which considers all climatic variables rather than a select few. 

Correlation coefficients were calculated on all pairs of climate variables for all 3999 

occurrence points used for the climatic variables. Six climate variables were kept after 

removing all highly correlated variables (Pearson’s coefficient greater than 0.8 or less 

than -0.8). Aspect (Figure S3.1), slope (Figure S3.2), elevation (Figure S3.3), geology 

(Figure S3.4) and were all included along with the six climate variables.  

Table 3.1: The six selected climate variables from the Pearson’s correlation analysis along 

with their strongly correlated variables. 

 

Diversification analyses 

Selected variables The variables strongly correlated with each 

selected variable (Pearson’s coefficient greater 

than 0.8 or less than -0.8) 

Bio 1 – Mean Annual Temperature 

(Figure S3.5) 

Bio 10 – Mean Temperature of Warmest 

Quarter 

Bio 2 – Mean Diurnal Range (Figure 

S3.6) 

Bio 4 – Temperature Seasonality, Bio 5 – Max 

Temperature of Warmest Month, Bio 7 – 

Temperature Annual Range, PET – Potential 

Evapotranspiration 

Bio 3 - Isothermality (Figure S3.7)  

Bio 11 – Mean Temperature Coldest 

Quarter (Figure S3.8) 

Bio 6 – Min Temperature Coldest Month 

Bio 13 – Precipitation of Wettest 

Month (Figure S3.9) 

Bio 12 – Annual Precipitation, Bio 15 – 

Precipitation Seasonality, Bio 16 – Precipitation 

of Wettest Quarter, MI – Moisture Index, 

MIMQ – Moisture Index Moist Quarter 

Bio 14 – Precipitation of Driest 

Month (Figure S3.10) 

Bio 17 – Precipitation of Driest Quarter, MIAQ – 

Moisture Index Arid Quarter 
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Univariate and multivariate methods were employed to examine the potential abiotic 

environmental drivers of diversification. For most of these analyses, one value was 

required for each species, determined from the data extracted from the occurrence 

points for each species. Average values for each species were calculated for all continuous 

predictor variables (Table S3.1). For categorical variables, the preferred category for a 

species was determined by selecting the category preference of the majority of the 

species’ occurrence records (Table S3.1). Five strongly supported clades in the phylogeny 

were selected as focal points in the analyses (Table 3.2). I considered it important to 

assess differences in environmental characterisation of these clades to determine 

potential drivers for groups of species in the phylogeny for which there is strong genetic 

evidence for divergence from other Conophytum species to form their own closely related 

group. These clades had posterior probability support values of greater than 0.8 for the 

Bayesian trees run in MrBayes and BEAST2, and bootstrap support values of greater than 

50 for the Maximum Likelihood tree (Chapter 2). The values were set higher for the 

Bayesian trees as they are known to overestimate support for clades (Simmons et al. 

2004). The Conophytum phylogeny is known from previous work, however, to have 

relatively low support values (see Powell 2016), so cut-off values were not set too high. 

Those clades which were selected all made a large amount of morphological and 

biogeographical sense (Figure 3.2), so I felt confident that I was testing correct clades. The 

five clades were as follows (Table 3.2). 

Table 3.2: Numbers, support values and the species included for the five clades tested in 

the Kernel density plots. The first support value is for the tree run in MrBayes, the second 

for the tree run using Maximum Likelihood and the third for the ultrametric tree run in 

BEAST2. 

Clade 

number 

Support values Species included 

1 1.00/98/1.00 C. achabense S.A.Hammer, C. limpidum S.A.Hammer, C. 

longum N.E.Br., C. concordans G.D.Rowley, C. caroli 

Lavis, C. verrucosum (Lavis) G.D.Rowley, C. devium 

G.D.Rowley, C. pubescens (Tischer) G.D.Rowley, C. 

praesectum N.E.Br., C. friedrichiae (Dinter) Schwantes, 

C. lithopsoides L.Bolus, C. lydiae (H.Jacobsen) 

G.D.Rowley 
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2 0.94/70/0.99 C. ficiforme (Haw.) N.E.Br., C. minimum (Haw.) N.E.Br., 

C. obcordellum (Haw.) N.E.Br., C. uviforme (Haw.) 

N.E.Br., C. joubertii Lavis, C. piluliforme (N.E.Br.) 

N.E.Br., C. truncatum (Thunb.) N.E.Br. 

3 0.95/78/0.98 C. armianum S.A.Hammer, C. breve N.E.Br., C. flavum 

N.E.Br., C. calculus (A.Berger) N.E.Br., C. pageae 

(N.E.Br.) N.E.Br. 

4 0.83/50/0.99 C. bilobum (Marloth) N.E.Br., C. frutescens Schwantes, 

C. meyeri N.E.Br., C. velutinum Schwantes 

5 1.00/53/1.00 C. roodiae N.E.Br., C. rugosum S.A.Hammer, C. youngii 

Rodgerson 
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Univariate analyses 

Univariate methods were employed to gain an understanding of the influence of 

individual variables on diversification in the genus. Kernel density plots were used to 

compare the environmental preferences of species in each of the five selected clades. All 

extracted environmental values were grouped by clade (with all other values removed) 

and plots were produced for eight variables: elevation, slope, Mean Annual Temperature 

(Bio 1), Mean Diurnal Range (Bio 2), Isothermality (Bio 3), Mean Temperature of Coldest 

Quarter (Bio 11), Precipitation of Wettest Month (Bio 13) and Precipitation of Driest 

Month (Bio 14). Geology and aspect were excluded from the analysis as they are 

categorical variables. For each plot, five separate kernels were plotted for each clade 

which gave a visual representation of the highest density of extracted occurrence point 

values for each of the five clades being analysed. The kernel density plots were produced 

in R (R core team 2020) using the package ggplot2 (Wickham 2011). A Kruskal-Wallis test 

was performed for each plot to test for significant difference in the environmental 

variable values extracted for the five different clades. A multiple comparison post-hoc 

test was performed thereafter to see which clades were significantly different from one 

another.  

All 10 environmental predictor variables were mapped onto the phylogeny to visually 

represent similarities and differences of their values for each species in the phylogeny. 

Prior to mapping continuous variables onto the phylogeny, the evolutionary model which 

best fits the data was determined using the package geiger (Harmon et al. 2007). 

Goodness of fit was determined using AICc score for the models run (Table S3.2) and four 

models were compared: 1. Brownian Motion (BM) a neutral model in which traits evolve 

randomly (Butler and King 2004); 2. Early Burst (EB) a model in which evolution occurs 

early in the genus’ history to certain optima and slows thereafter (Harmon et al. 2010); 3. 

Ornstein-Uhlenbeck (OU) in which traits evolve towards specific optimal values (Butler 

and King 2004); and 4. White Noise (WN) in which no evolutionary model fits the trait’s 

evolution. Continuous variables were then mapped onto the phylogeny using the function 

contMap in the package Phytools (Revell 2012) in R. ContMap estimates internal node 

states using Maximum Likelihood, with interpolation between each node estimated using 

the Brownian Motion algorithm (Revell 2013). Where a variable had an evolutionary 

model other than the Brownian Motion model as the best fit, the contMap function was 

edited so that node values represented the best-fit model output. Predictor variables 

with a one km resolution were mapped onto a pruned phylogeny including 102 
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Conophytum species (geology and all climate variables), while those with a 30 m 

resolution were mapped onto a pruned phylogeny including 101 Conophytum species 

(elevation, slope, aspect).  

For geology and aspect, mapping of categorical traits, as described by Huelsenbeck et al. 

(2003), was performed using the make.simmap function in the package Phytools (Revell 

2012). Geology categories are as follows: 1 - dunes; 2 - plain acidic; 3 - plain alkaline; 4 - 

plain sand; 5 - slope acidic; 6 – slope alkaline. Aspect categories are as follows: 0: 270°-

90°; 1: 90°-270°. 0° is considered north in the raster layer, with 180° considered south. A 

symmetrical rates model (SYM), equal rates model (ER) and unequal rates model (ARD) 

were tested to map geology and aspect over the tree, with AICc score used to select the 

model with the best fit (Table S3.2). 

To test for phylogenetic signal in the different continuous variables, two metrics – 

Blomberg’s K and Pagel’s Lambda – were employed (Pagel 1999; Blomberg 2003). These 

two measures use slightly different methods to test for phylogenetic signal, so it is useful 

to use both to remove any inconsistencies and ensure robust results (Münkemüller et al. 

2012). Blomberg’s K determines if trait variation is predicted by a phylogeny under a 

Brownian Motion model (Blomberg et al. 2003). K<1 means there is less phylogenetic 

signal than expected from a Brownian Motion model,  K=1 means there is as much 

variation as is expected by the topology and K>1 means there is more variation than 

expected from a Brownian Motion model (Blomberg et al. 2003). Pagel’s lambda scales 

between 0 and 1, with values closer to 1 indicating greater phylogenetic signal in a trait, 

and those closer to 0 describing a model where traits evolved independently of the 

phylogeny (Pagel 1999). The methods were run using the picante package (Kembel et al. 

2010) in R.  

To test for phylogenetic signal in the categorical variables, the Phylogenetic D statistic 

(Fritz and Purvis 2010) was performed using the caper package (Orme et al. 2012). The D 

value is equal to one if a binary trait has a phylogenetically random distribution over tree 

tips and 0 if the observed trait is clumped as if it had evolved under Brownian motion 

(Fritz and Purvis 2010). The test determines if the D value is significantly different from a 

random distribution (1) and from a clumped distribution as under Brownian motion (0) 

(Fritz and Purvis 2010). The trait category is considered to have significant phylogenetic 

signal if its D value is not significantly different from 0 (clumped distribution) and is 

significantly different from 1 (random distribution) to a delta of 0.05. When reported in 
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the results, the D-value is first stated, and thereafter the p-values for the D-value 

compared to 1 (PRandom) and 0 (PClumped). 

The spatial evolutionary and ecological vicariance analysis (SEEVA), as described by 

Struwe et al. (2011), was performed on selected splits in the phylogeny to statistically test 

differences between the environmental preferences of sister species or clades. The tests 

were done on phylogenetic splits which had a posterior probability score of 0.8 for the 

Bayesian trees (run through MrBayes and BEAST2) and a bootstrap support value of 

greater than 50 for the tree run with the Maximum Likelihood algorithm (Chapter 2). The 

tests were performed using the package SEEVA (Reginato 2016) in R. Significant SEEVA 

results (for alpha = 0.05) were appended onto the separate trees onto which different 

variables were mapped to add statistical testing to the visualisations.  

To analyze correlations between the presence of certain traits and continuous spatial 

variables, the function threshbayes from the package phytools was employed (Revell 

2012). The method uses a Bayesian Markov Chain Monte-Carlo (MCMC) to fit the 

quantitative genetics threshold model (Felsenstein 2012) for a binary and a continuous 

trait or two binary traits. This analysis focused on those traits hypothesized to get more 

prevalent under specific environmental conditions (as mentioned in the introduction) 

(Opel 2004; Young et al. 2017), and this was examined using this model. The presence and 

absence of windowed leaves, nocturnal flowering (run in this case to examine links 

between biotic and abiotic drivers), sunken and raised stomata and very long trichomes 

were run against the eight continuous spatial variables in a pair-wise manner to attempt 

to understand potential causes for the evolution of these traits. Each pair-wise 

comparison was run for 20 million generations. Furthermore, Mann-Whitney U tests were 

performed as a validation and to provide a significance test by determining significant 

difference in means for each pair-wise comparison for which a threshbayes analysis was 

run. 

Multivariate analyses 

Multivariate analyses were employed to consider the environmental variables as a 

combined group to gain a more complete and integrated understanding of how these 

variables may be influencing diversification in the genus. A phylogenetic principal 

components analysis (PPCA) was performed to examine how variables drive 

diversification in a multivariate manner. I included all continuous climate and topographic 

variables (eight variables) and, in a PCA framework, attempted to see how different 
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climate and topographical variables interact with one another to produce the strongest 

abiotic drivers of diversification. The intention was also to see how selected clades 

separated in the PPCA and what may be driving the separation. The PPCA is a PCA which 

corrects for non-independence among species observations through phylogenetic 

relatedness (Revell 2009) and was run using the phyl.pca function in the package phytools 

(Revell 2012). Values for each species were log transformed for the PCA run. To 

statistically analyse how the five selected clades separated and clustered in the PCA, one-

way PERMANOVA tests (Anderson and Walsh 2013) were performed. The PERMANOVA 

tests were done to determine if the five selected clades had separated significantly from 

each other in the PCA. The Banjamini-Hochberg correction was applied (Benjamini and 

Hochberg 1995) to account for multiple comparisons. 

Two phylomorphospace plots were next produced for two groups of data: all 10 

environmental variables (hereafter called the environmental phylomorphospace (EP)) and 

the eight continuous environmental variables (hereafter called the continuous 

environmental phylomorphospace (CEP)). This analysis was used to compare the five 

selected clades and how they varied in tightness of clustering and degree of separation 

across different selections of environmental variables. This was done to better 

understand to what extent the abiotic environment was potentially involved in the 

formation of these clades, as tighter clusters in the plots denote a group of species with 

greater environmental similarity suggesting a stronger influence of a certain selection of 

variables on clade formation. Each phylomorphospace plot was produced using a 

principal co-ordinates analysis (PCoA) produced from a Maximum Observable Rescaled 

Distance (MORD) distance matrix in the package Claddis (Lloyd 2016). The Cailliez 

correction (Cailliez 1983) was used to remove negative eigenvalues. The BEAST tree was 

used as the scaffold tree and appended to the PCoA using the phylomorphospace 

function in phytools (Revell 2012). To statistically analyse how the five selected clades 

separated and clustered in the two phylomorphospace plots, one-way PERMANOVA tests 

(Anderson and Walsh 2013) were performed, and the weighted mean pairwise 

dissimilarity (WMPD) metric was calculated on five pre-specified bins (in this case, the five 

selected clades). The PERMANOVA tests were done to determine if the five selected 

clades had separated significantly from each other in the phylomorphospace plots. The 

Banjamini-Hochberg correction was applied (Benjamini and Hochberg 1995) to account 

for multiple comparisons. The WMPD metric quantifies the disparity within bins and gives 

a numeric indication of the tightness of a specific cluster giving an indication of 
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environmental niche breadth. The tighter the cluster, the lower the WMPD score. WMPD 

is robust to variations in sample size and adds greater weight to dissimilarity on more 

comparable traits (Close et al. 2015). 95% confidence intervals were added by 

bootstrapping the calculation 1000 times. To test for multivariate phylogenetic signal, 

Kmult (Adams 2014) was used through the approach described by Adams and Collyer 

(2019) in which the amount of variation is compared to a random sampling of values. The 

test was repeated 1000 times in a permutation test to test for significance using physignal 

in the package geomorph (Adams and Otarola-Castillo 2013). 

Results 

Associations between species, traits and individual variables 

The observed frequency distribution values for most individual abiotic environmental 

variables varied considerably over the phylogeny and distinctly characterised the five 

strongly supported clades (Figure 3.3). 
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Elevation 

Conophytum species from the five clades were found to occupy a large range of 

elevations, from sea level to around 1500 masl (Figure 3.3A). Different clades had distinct 

elevational preferences, exhibiting highly significant phylogenetic signal (λ = 0.78, p < 

0.01; K = 0.9, p < 0.01) (Figure 3.4A). Species in Clade 1 (mean = 934 masl) preferred the 

highest elevation, with species in Clade 3 (mean = 736 masl) preferring the second highest 

(Table S3.3; Figure 3.4A). Species in Clades 2 (mean = 527 masl), 4 (mean = 561 masl) and 

5 (mean = 583 masl) preferred the lowest (Table S3.3; Figure 3.4A). Elevation was found 

to be an important variable in explaining the split of C. velutinum Schwantes and C. 

bilobum (Marloth) N.E.Br. from C. meyeri N.E.Br. and C. frutescens Schwantes, as well as 

the split of C. devium G.D.Rowley from C. verrucosum (Lavis) G.D.Rowley and C. pubescens 

(Tischer) G.D.Rowley (Figure 3.4A). It was also found to be positively correlated with very 

long trichomes (r = 0.21; p = 0.03) (Table S3.4). 

Slope 

Most Conophytum species in the five clades preferred gentle slopes between 1 and 15˚ 

(Figure 3.3B), although there was some variability in individual clade preferences, 

highlighted by the significant phylogenetic signal (λ = 0.32, p < 0.01; K = 0.55, p < 0.01) 

(Figure 3.4B). Clades 1 (mean = 10.3˚), 2 (mean = 7.9˚) and 3 (mean = 8.8˚) all had similar 

slope preferences, significantly gentler than species in Clade 4 (mean = 11.7˚) (Table S3.3; 

Figure 3.4B). There were two strongly supported splits in the phylogeny for which slope 

preference may have played a role: C. hammeri G.Will. & H.C.Kenn. from C. stevens-

jonesianum L.Bolus; C. devium from C. verrucosum and C. pubescens (Figure 3.4B). Slope 

was found to be correlated with the presence of nocturnal flowers (r = -0.23; p = 0.04) 

and windowed leaves (r = -0.45; p < 0.01), both becoming more prevalent on gentler 

slopes (Table S3.4). 
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Mean Annual Temperature (Bio 1) 

Conophytum species from the five clades were found to prefer a narrow Bio 1 range of 

between 15 and 21˚C (Figure 3.3C), with lower phylogenetic signal for the variable shown 

by only one significant test (λ = 0.23, p = 0.09; K = 0.53, p = 0.01) (Figure 3.5A). Clade 1 

(mean = 18.4˚C) had the highest Bio 1 preference, while Clade 4 (mean = 16.8˚C) had the 

lowest (Table S3.3; Figure 3.3C). Bio 1 was found to be an important variable in the splits 

of: C. velutinum and C. bilobum from C. meyeri and C. frutescens; C. angelicae (Dinter & 

Schwantes) N.E.Br. from C. luckhoffii Lavis; C. devium from C. pubescens and C. 

verrucosum; C. pubescens from C. verrucosum (Figure 3.5A). It was also found to be 

positively correlated with the presence of windows (r = 0.42; p < 0.01), and negatively 

correlated with nocturnal flowers (r = -0.26; p = 0.02) and raised stomata (r = -0.47; p < 

0.01) (Table S3.4).  

Mean Diurnal Range (Bio 2) 

The five Conophytum clades were varied in their Bio 2 preferences (Figure 3.3D), and the 

variable exhibited significant phylogenetic signal (λ = 0.89, p < 0.01; K = 0.99, p < 0.01) 

(Figure 3.5B). Clades 1 (mean = 15.4˚C) and 2 (mean = 15.0˚C) had higher preferences and 

Clade 4 (mean = 12.5˚C) the lowest (Table S3.3; Figure 3.3D). Four strongly supported 

splits in the phylogeny were found to be significantly influenced by Bio 2: C. ectypum 

N.E.Br. from C. violaciflorum Schick & Tischer; C. velutinum and C. bilobum from C. meyeri 

and C. frutescens; C. maughanii N.E.Br. from C. ratum S.A.Hammer; C. pubescens from C. 

verrucosum (Figure 3.5B). Bio 2 was found to be positively correlated with windowed 

leaves (r = 0.37; p < 0.01), and negatively correlated with the presence of raised stomata 

(r = -0.48; p < 0.01) (Table S3.4). 
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Isothermality (Bio 3) 

The Bio 3 preferences of the five Conophytum clades varied substantially (Figure 3.3E), 

and exhibited significant phylogenetic signal (λ = 0.71, p < 0.01; K = 0.89, p < 0.01) (Figure 

3.6A). Clades 4 (mean = 590) and 5 (mean = 583) preferred the highest Bio 3 values, while 

Clade 1 (mean = 543) preferred the lowest (Table S3.3; Figure 3.3E). Six splits in the 

phylogeny were potentially influenced by Bio 3: C. ectypum from C. violaciflorum; C. 

velutinum and C. bilobum from C. meyeri and C. frutescens; C. roodiae N.E.Br. from C. 

rugosum S.A.Hammer and C. youngii Rodgerson; C. maughanii from C. ratum; C. angelicae 

from C. luckhoffii ; C. pubescens from C. verrucosum (Figure 3.6A). Bio 3 was found to 

have no strong correlation with any trait (Table S3.4). 

Mean Temperature of the Coldest Quarter (Bio 11) 

Bio 11 preference across the five clades was in a narrow temperature range of between 

10.5˚C and 14.0˚C (Figure 3.3F), yet the variable exhibited significant phylogenetic signal 

(λ = 0.26, p < 0.01; K = 0.52, p = 0.02) (Figure 3.6B). Species in Clades 4 (mean = 12.4˚C) 

and 5 (mean = 12.4˚C) preferred the highest Bio 11 values, while those in the Clades 1 

(mean = 11.8˚C) and 3 (mean = 11.9˚C) the lowest (Table S3.3; Figure 3.3F). Four splits in 

the phylogeny were driven, in part, by Bio 11: C. velutinum and C. bilobum from C. meyeri 

and C. frutescens; C. angelicae from C. luckhoffii; C. devium from C. pubescens and C. 

verrucosum; C. pubescens from C. verrucosum (Figure 3.6B). Bio 11 was found to be 

negatively correlated with very long trichomes (r = -0.22; p = 0.03) (Table S3.4). 
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Precipitation of the Wettest Month (Bio 13) 

There was high variability among the five clades’ preferences for different Bio 13 values 

(Figure 3.3G), and the variable exhibited significant phylogenetic signal (λ = 0.52, p < 0.01; 

K = 0.66, p < 0.01) (Figure 3.7A). Clades 5 (mean = 31 mm) and 2 (mean = 38 mm) 

preferred the highest Bio 13 values, while Clade 4 (mean = 18 mm) preferred the lowest 

(Table S3.3; Figure 3.3G). Seven splits in the phylogeny were driven partly by differences 

in Bio 13: C. ectypum from C. violaciflorum; C. hammeri from C. stevens-jonesianum; C. 

roodiae from C. rugosum and C. youngii; C. maughanii from C. ratum; C. angelicae from C. 

luckhoffii; C. devium from C. pubescens and C. verrucosum; C. pubescens from C. 

verrucosum (Figure 3.7A). Bio 13 was found to be negatively correlated with raised 

stomata (r = -0.46; p = 0.01) (Table S3.4). 

Precipitation of the Driest Month (Bio 14) 

Conophytum clades preferred a small range in Bio 14 values of between 1 and 10 mm of 

rainfall (Figure 3.3H), yet individual clades had distinct preferences, highlighted by the 

significant phylogenetic signal (λ = 0.86, p < 0.01; K = 0.77, p < 0.01) (Figure 3.7B). Clades 

1 (mean = 5 mm) and 2 (mean = 7 mm) preferred the highest Bio 14 values, while Clade 4 

(3 mm) preferred the lowest (Table S3.3; Figure 3.3H). Bio 14 partly explained three splits 

in the phylogeny: C. velutinum and C. bilobum from C. meyeri and C. frutescens; C. 

angelicae from C. luckhoffii; C. devium from C. pubescens and C. verrucosum (Figure 3.7B). 

The variable was found to be negatively correlated with the presence of windowed leaves 

(r = -0.2; p = 0.04) (Table S3.4). 
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Aspect 

Conophytum species were found to have a general preference for south facing slopes 

(Figure 3.4A). Some species did prefer north facing slopes, but these were randomly 

distributed in the phylogeny, and this was highlighted by the lack of significant 

phylogenetic signal for south (D = 0.84, PRandom = 0.21, PClumped < 0.01) and north (D = 0.96, 

PRandom = 0.41, PClumped < 0.01) facing slope preference (Figure 3.8A). 

Geology 

Most Conophytum species preferred an acidic slope geology type, although a few species 

in Clade 2 preferred an alkaline slope, highlighted by the significant phylogenetic signal 

exhibited by this geology category (D = 0.33, PRandom = 0.04, PClumped = 0.32) (Figure 3.4B). 

Two sister species in Clade 1 preferred plain sand, giving this category highly significant 

phylogenetic signal (D = -4.87, PRandom < 0.01, PClumped = 0.95) (Figure 3.8B). 
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Multivariate associations between environmental variables and clades 

Distinct environmental preferences (Figure 3.9), along with varied environmental niche 

breadths (Figures 3.10, 3.11) were apparent across the five clades. Clades 4, 1 and 2 had 

particularly distinct preferences, with Clade 4 having a small environmental niche breadth 

in the two phylomorphospace plots (EP WMPD = 0.24 ± 0.03; CEP WMPD = 0.31 ± 0.07) 

and highly distinct preferences in comparison to Clades 1 (PPCA p = 0.02; EP p = 0.02; CEP 

p = 0.01) and 2 (PPCA p = 0.01; EP p = 0.02; CEP p = 0.01) (Figure 3.9, 3.10, 3.11). Clades 1 

and 2 were distinct from each other in the CEP (p = 0.01), as well as from Clades 5 (p = 

0.02) and 3 (p = 0.05), respectively (Figure 3.11). The strong separation of Clades 1 and 2 

from other clades was despite neither Clade 1 (EP WMPD = 0.46 ± 0.03; CEP WMPD = 0.36 

± 0.02) nor Clade 2 (EP WMPD = 0.45 ± 0.06; CEP WMPD = 0.43 ± 0.03) having a small 

environmental niche breadth, particularly Clade 2, which had the largest environmental 

niche breadth in the EP and CEP (Figures 3.10, 3.11). Clades 3 and 5 were not as 

environmentally distinct in the plots, despite Clade 5 having the second smallest and 

smallest environmental niche breadths in the EP (WMPD = 0.35 ± 0.1) and CEP (WMPD = 

0.24 ± 0.03), respectively (Figures 3.10, 3.11). The distinct environmental preferences and 

clustering of the clades was highlighted by the significant phylogenetic signal in the EP (K 

= 0.53; p < 0.01) (Figure 3.10), and the CEP (K = 0.65; p < 0.01) (Figure 3.11). 

The PPCA was used to understand possible drivers for these separations by examining 

correlations of environmental variables with PC1 (accounting for 39.3% of variation) and 

PC2 (accounting for 35.49% of variation) (Figure 3.9). Bio 14 (-0.91 correlation with PC1), 

Bio 13 (-0.65 correlation with PC1), Bio 11 (0.72 correlation with PC1), elevation (-0.61 

correlation with PC1) and slope (0.96 correlation with PC2) were found to be important in 

explaining variation across the clades and genus in general. The strong separation 

between Clades 1, 2 and 4 was therefore linked mainly to different rainfall preferences 

for the three clades, with Clades 1 and 2 situated towards the left of the PPCA denoting a 

preference for higher rainfall (high Bio 13 and Bio 14), while Clade 4 (low Bio 13 and Bio 

14) was situated furthest right denoting a preference for low rainfall (Figure 3.9). Clade 4 

also preferred low elevation and high Bio 11 values, also causing the clade to be situated 

on the right, while Clade 1’s preference for high elevation probably acted as a further 

driver for its position towards the left (Figure 3.9). Clades 3 and 5 were not as strongly 

separated as they were positioned around the middle of the plot (Figure 3.9). Clade 3 

preferred medium values for all variables, while Clade 5, with its preference for high Bio 
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13 values, lower Bio 14 values and low elevation, also attained a final position around the 

middle of the plot. 

 

Figure 3.9: 101 Conophytum species plotted against PC1 (explaining 39.3% of variation) 

and PC2 (explaining 35.5% of variation) from a phylogenetic PCA produced with the eight 

continuous environmental variables. Selected clades coded with their numbers on the 

plot. Other species coded as dashes on the plot. Correlations of variables with PC1 and 

PC2 included as arrows on the plot. 
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Discussion 

The data presented here indicate the abiotic environment in Southwest Africa has 

influenced the diversification of Conophytum. Most of the five strongly supported clades 

in the phylogeny have distinguishing environmental preferences, while many of the most 

strongly supported splits in the phylogeny are associated, at least partially, with 

differences in the abiotic environment. Precipitation in the wettest and driest months, 

mean temperature in the coldest quarter, elevation and slope were found to explain the 

most discriminating variation across the genus. Importantly, environmental niche 

breadths varied considerably across the five clades.  

Niche divergence vs niche conservatism 

All clades are either parapatric or sympatric with different environmental preferences, 

highlighting niche divergence as a possible theoretical explanation behind the separation 

of these closely related groups of species (Schluter 2001, 2009; Hua and Wiens 2013). 

Spatial variability in the abiotic environment is thought to have been an important driver 

of speciation in the GCFR (Mucina et al. 2006a; Cowling et al. 2009; Linder et al. 2010; Ellis 

et al. 2014; Musker et al. 2021) and is likely to have caused genetic separation of the five 

clades, particularly as they have distinguishing environmental preferences. This is also 

apparent from individual splits in the phylogeny as 10 of the 12 splits tested were found 

to include species with significantly different niches – either based on abiotic 

environmental preferences or biotic niches (Table 3.3). Two splits tested (C. vanheerdei 

Tischer from C. smorenskaduense de Boer; C. longum N.E.Br. from C. concordans 

G.D.Rowley) include two species with very similar flowering traits (but note C. vanheerdei 

flowers in the autumn while C. smorenskaduense flowers in late winter) and 

environmental preferences (Table 3.3). Interestingly, though, these two splits include 

species with leaf traits that suggest the splits that occurred may have been driven by an 

environmental driver (Table 3.3). For example, C. smorenskaduense has windowed leaves 

suggesting adaptation to high evapotranspiration and temperature (Young et al. 2017), 

while C. vanheerdei does not. This may be a relictual trait that evolved in response to 

climate in the past, something that has been noted in the Cactaceae (Mauseth 1999, 

2005), or perhaps it evolved through significant differences in microclimate, which 

potentially cannot be picked up by the 30 m resolution topographical layers used in this 

study. Analysing these splits highlights the possible prevalence of niche divergence in this 

genus, although niche conservatism may also be involved, particularly through allopatric 
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speciation and genetic isolation of a population (Boucher et al. 2015). This is likely in 

Conophytum because of the generally poor dispersal in this genus (Hammer 1993), 

coupled with the ability for irregular long-distance dispersal by anemochory (Powell et al. 

2019). 
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Phylogenetic 

splits 

Significantly 

different 

environmental 

variables 

Flowering trait differences 

(Chapter 2) 

Leaf trait differences 

(Chapter 2) 

Possible speciation 

hypothesis 

Possible 

speciation 

driver 

C. vanheerdei 

Tischer from C. 

smorenskaduense 

de Boer 

None C. vanheerdei flowers in autumn. C. 

smorenskaduense flowers in 

winter. 

C. smorenskaduense has 

windowed leaves. C. 

vanheerdei does not. 

Niche 

conservatism/divergence 

Genetic 

isolation/abiotic 

C. longum from C. 

concordans 

None None C. longum has medium 

length trichomes. C. 

concordans has blunt 

papillae. 

Niche 

conservatism/divergence 

Genetic 

isolation/abiotic 

C. rugosum from 

C. youngii 

None C. rugosum flowers in autumn at 

night. C. youngii flowers in spring in 

the day 

C. rugosum has bladder 

cells. C. youngii does not. 

Niche divergence Biotic/Abiotic 

and biotic 

C. piluliforme 

from C. joubertii 

None C. joubertii has flower structure A1. 

C. piluliforme has flower structure 

A2 

None Niche divergence Biotic 

Table 3.3: Phylogenetic splits tested using the SEEVA analysis, with a summary for species in the split of significantly different environmental 

variables, differences in flowering traits and important differences in leaf traits. The potential speciation hypothesis and possible broad 

speciation driver are also included. 
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C. devium from C. 

verrucosum, C. 

pubescens 

Elevation, 

Slope, Bio 1, 

Bio 11, Bio 

13, Bio 14 

None C. devium has blunt papillae. 

C. verrucosum and C. 

pubescens have long 

trichomes 

Niche divergence Abiotic 

C. verrucosum 

from C. 

pubescens 

Bio 1, Bio 2, 

Bio 3, Bio 11, 

Bio 13 

C. verrucosum has predominantly 

white flowers. C. pubescens has 

predominantly purple flowers. 

None Niche divergence Abiotic and 

biotic 

C. stevens-

jonesianum 

L.Bolus from C. 

hammeri G.Will. 

& H.C.Kenn. 

Slope, Bio 13 None C. stevens-jonesianum has 

sunken stomata and no 

bladder cells. C. hammeri 

has superficial stomata and 

bladder cells. 

Niche divergence Abiotic 

C. meyeri, C. 

frutescens from 

C. velutinum, C. 

bilobum 

Elevation, Bio 

1, Bio 2, Bio 

3, Bio 11, Bio 

14 

None None Niche divergence Abiotic 

C. ratum 

S.A.Hammer 

from C. 

Bio 1, Bio 2, 

Bio 3, Bio 13 

C. maughanii flowers at night with 

pollen type D and flower structure 

A2. C. ratum flowers in the day 

None Niche divergence Abiotic and 

biotic 
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maughanii 

N.E.Br. 

with pollen type B and flower 

structure A1. 

C. angelicae 

(Dinter & 

Schwantes) 

N.E.Br. from C. 

luckhoffii Lavis 

Bio 1, Bio 3, 

Bio 11, Bio 

13, Bio 14 

C. angelicae flowers at night with 

flower structure A2 and pollen type 

D. C. luckhoffii flowers in the day 

with flower structure B2 and pollen 

type A. 

None Niche divergence Abiotic and 

biotic 

C. violaciflorum 

Schick & Tischer 

from C. ectypum  

Bio 2, Bio 3, 

Bio 13 

None None Niche divergence Abiotic 

C. roodiae from 

C. rugosum, C. 

youngii N.E.Br. 

Bio 3, Bio 13 C. roodiae has flower structure B1. 

C. rugosum has flower structure A2. 

None Niche divergence Abiotic and 

biotic 
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Abiotic environmental drivers of diversification in the genus 

The topographical variables of elevation and slope are important in explaining clade 

differentiation, with Clade 4 particularly preferring steeper slopes than the other clades 

and Clades 1 and 3 preferring higher elevation. Elevation (e.g. C. devium from C. 

verrucosum/C. pubescens) and slope (e.g. C. stevens-jonesianum from C. hammeri; C. 

devium from C. verrucosum/C. pubescens) were also shown to be important in explaining 

certain splits in the phylogeny (Table 3.3). This importance contrasts with Cowling et al. 

(1997) who stated that topography is not particularly important in explaining 

diversification in the Succulent Karoo, although numerous other studies have noted the 

importance of topography in speciation globally (e.g. Qi and Yang 2009; Irl et al. 2015; 

Kenar and Kikvidze 2020). Conophytum is, however, a specialist genus associated with 

specific microhabitats (Hammer 1993), and while I did not explicitly evaluate 

microclimatic conditions in the current study, elevation and slope are known to act as 

good proxies for these environments (Austin 2002). In contrast to elevation and slope, 

aspect has had a less important role, with most species preferring south-facing slopes and 

none of the five clades therefore being characterised by a specific aspect. Some sister 

species do have differing aspect preferences in the phylogeny (e.g. C. luckhoffii and C. 

angelicae; C. rugosum and C. youngii), but most of these have not been statistically tested 

(because the splits have low support), and those that were showed no significant 

difference in preference. This matches with prior knowledge about the south-facing 

aspect associations of the genus, generally preferred because of cooler, moister 

conditions (Hammer 1993).  

Elevation and slope have also had a role in explaining the presence of certain traits in the 

genus. Very long trichomes were strongly associated with higher elevation, which may be 

considered a possible proxy for fog in the region, as fog is prevalent along the Great 

Escarpment (Mucina et al. 2006a), and these are some of the highest elevations in the 

genus’ distribution. This relationship therefore seems to offer some support for the 

evolution of very long trichomes to capture fog (Young et al. 2017), and further evidence 

of the importance of elevation in driving adaptive evolution and therefore possible 

speciation in the genus. Gentle slopes seem to be strongly associated with windowed 

leaves in Conophytum, corresponding with Young et al. (2017), who noted the preference 

of windowed leaved taxa for exposed microhabitats on gentle slopes, away from the 

sheltered rocky crevices in which Conophytum species usually occur. Again, this highlights 

the importance of slope in Conophytum adaptive evolution and speciation. 
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Geological preferences suggest a less important role for geology and soils in the 

diversification of the genus, with Conophytum generally being a geological specialist 

preferring sandstone, granite or quartz, categorised in the layer used as either acidic or 

alkaline slopes. Most species in the genus prefer acidic soils and sediments, categorised 

as acidic slopes. This contrasts with broader literature highlighting that geological and 

edaphic complexity are likely to have strongly influenced speciation in the Succulent 

Karoo (Cowling et al. 1997; Cowling and Hilton-Taylor 1999), particularly driving succulent 

diversity in this region (Van Wyk and Smith 2001), as well as globally (e.g. Caruso et al. 

2003; Herrmann et al. 2010; Schnitzler et al. 2011; Buira et al. 2020). Geological 

preference may, however, have partly driven some splits, with numerous species in Clade 

2 preferring alkaline slopes (C. piluliforme (N.E.Br.) N.E.Br., C. joubertii Lavis, C. truncatum 

(Thunb.) N.E.Br., C. minimum (Haw.) N.E.Br.), while two sister species in Clade 1 prefer 

plain sand (C. verrucosum, C. pubescens). It must also be noted that the generalised 

nature of the geology variable used in these analyses, which included only six categories 

in a region known for its geological complexity (Mucina et al. 2006a), largely because of 

the broad scale at which this research was undertaken, may hide some of the geological 

and edaphic variation which may have driven speciation.  

Broad-scale climate variability in the region seems to have strongly influenced 

diversification, matching findings more generally in the Succulent Karoo (Linder 1985; 

Linder et al. 2010; Ellis et al. 2014) and globally (e.g. Renaud and Van Dam 2002; Struwe 

et al. 2011; Woods et al. 2012; De Souza et al. 2017; Walker et al. 2017; Kenar and 

Kikvidze 2020). This is highlighted by the strong phylogenetic signal in most of the climate 

variables signifying distinct climatic preferences for clades, as well as significantly 

different climatic preferences for sister species or clades (e.g. C. devium from C. 

verrucosum/C. pubescens; C. verrucosum from C. pubescens; C. meyeri/C. frutescens from 

C. velutinum/C. bilobum; C. angelicae from C. luckhoffii; C. ratum from C. maughanii 

(Table 3.3)) suggesting splits driven at least partly by climate. Precipitation in the wettest 

and driest months were particularly important in explaining variability in the genus 

(Figure 3.9). These variables strongly correlate with all other precipitation related 

variables and suggests a potentially stronger influence of precipitation over temperature 

variables in explaining diversification. This may be because of the greater variability in 

precipitation across the genus’ distribution. Temperature is moderate throughout the 

region (Mucina et al. 2006a), but in certain regions precipitation is well below 100 mm PA, 

particularly in the north and north-west of the genus’ range where Clade 4 occurs 
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(Mucina et al. 2006a). In contrast, regions elsewhere in the Succulent Karoo such as to the 

north-east of the genus’ range (Bushmanland in the Nama Karoo), where species are 

predominantly from Clade 1, or to the south (Fynbos), where species are mainly in Clade 

2, experience higher precipitation – over 100 mm PA in Bushmanland and over 400 mm 

PA in the Fynbos (Rebelo et al. 2006; Mucina et al. 2006a; Mucina et al. 2006b).  

The importance of climate in the diversification of this genus is further highlighted by the 

relationship between climate variables and the possible evolution of specific traits. The 

presence of raised stomata is influenced by climate, being strongly associated with a 

lower mean annual temperature, mean diurnal range and precipitation in the wettest 

month. Increased likelihood of the presence of this trait with a lower mean annual 

temperature corresponds somewhat with findings by Luan et al. (2021) finding a greater a 

prevalence of raised stomata at higher elevation for Lonicera caerulea var. edulis. The 

trait is, however, considered detrimental to life in arid environments (Opel 2004), so a 

strong correlation with low precipitation in the wettest month is surprising, although this 

may suggest moisture attained from sources other than precipitation such as fog. As 

expected, windowed leaves are strongly associated with a high mean annual 

temperature, mean diurnal range and isothermality (Young et al. 2017). These variables 

are highly correlated with all other temperature related variables, suggesting a strong 

influence of higher temperature on the evolution of windowed leaves.  

Environmental stability has long been highlighted as an important driver of biodiversity 

and endemism globally (Harrison and Noss 2017), and linked to rapid speciation in the 

Succulent Karoo (Schnitzler et al. 2011). The environmental data used in the current study 

reflect conditions from recent decades, while most diversification in Conophytum has 

occurred up to 6-8 Mya (Klak et al. 2004; Valente et al. 2014). It is, however, widely 

accepted that the winter rainfall region of southern Africa has had relatively stable 

climatic conditions since the establishment of the Benguela current and subsequent 

aridification of the region in the late Miocene (Linder 2003; Klak et al. 2004; Verboom et 

al. 2009; Dupont et al. 2011; Valente et al. 2014; Hoffmann et al. 2015). Geological 

conditions have also remained relatively stable over the past 8 million years, with the last 

major geological activity being the Gondwana break-up over 100 Mya (Partridge and 

Maud 1987).  

Interaction between biotic and abiotic drivers 
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In reality, it is likely that abiotic and biotic drivers have acted together to drive the 

diversification of Conophytum. Interacting biotic and abiotic drivers have been noted 

previously driving differentiation and speciation (Ezard et al. 2011; Kalske et al. 2012; 

Woods et al. 2012; Lagomarsino et al. 2016; Tripp and Tsai 2017; Cantalapiedra et al. 

2018; Solórzano et al. 2019). The influence of biotic drivers, particularly in the form of 

pollinator specialisation, has been posited as a strong driver of diversification in the 

Succulent Karoo (Esler 1999; Mucina et al. 2006a). In Conophytum specifically, variability 

in floral characters, such as anthesis, phenology, flower structure and pollen structure, 

gives a strong indication that pollinator competition has had a large influence on 

speciation (Chapter 2; Powell 2016). Many of these floral characters, however, had weak 

phylogenetic robustness in Chapter 2. This does not detract from the fact that there is 

evidence to suggest pollinator competition was involved in diversification, but highlights 

that floral characters, as defined currently, do not show this as well as they could. 

Biotic and abiotic drivers and their interactions are likely to have worked along a 

spectrum in the genus, with some splits and the formation of certain clades 

predominantly driven by biotic factors, while others are predominantly driven by abiotic 

factors. The formation of Clade 2, for example, may have been strongly influenced by 

biotic factors (specifically pollinator competition), as the clade has the broadest 

environmental niche breadth, suggesting adaptation to a broad range of abiotic 

conditions, yet a specific adaptation to nocturnal pollinators as it is exclusively nocturnal 

flowering. Clade 4, in contrast, has a narrow environmental niche breadth, and is adapted 

to the driest conditions of all Conophytum clades, suggesting evolution as a result of 

adaptation to very specific abiotic environmental conditions. Clade 1 is another example 

of a clade adapted to specific abiotic conditions, with the correlated evolution of windows 

and bladder cells in this clade (Chapter 2), suggesting adaptation to a hot environment 

with high potential evapotranspiration. Clade 3 may fall somewhere in the middle on this 

spectrum, as it has a medium environmental niche breadth and sunken stomata 

suggesting an adaptation to dry conditions (even though correlation analyses failed to 

elucidate this) (Young et al. 2017), and is nocturnal flowering suggesting formation also 

partly influenced by pollinator competition. A similar spectrum seems likely for individual 

splits in the phylogeny, with certain splits (e.g. C. violaciflorum from C. ectypum; C. 

devium from C. verrucosum/C. pubescens) potentially driven by abiotic variables, while 

others are driven by biotic factors (e.g. C. piluliforme from C. joubertii) or a combination 

of both (e.g. C. ratum from C. maughanii) (Table 3.3).  
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The strong correlation between nocturnal flowering and lower mean annual temperature 

provides an opportunity to consider potential mechanisms governing interactions 

between biotic and abiotic drivers. The anthesis dichotomy in Conophytum is associated 

with distinct pollinator communities, with nocturnally and diurnally flowering species 

pollinated by moths and Quartinia wasps, respectively (Jürgens and Witt 2014). 

Potentially, nocturnal flowering was induced because a lower local temperature led to a 

higher moth prevalence in the pollinator assemblage, increasing the likelihood of a switch 

to nocturnal flowering. Correlated evolution of other traits may have followed this 

original switch, as a new predominant pollinator drove the adaptive evolution of a new 

flower (A2) and pollen structure (D). Moth prevalence for and activity in cool conditions 

has been noted in the United Kingdom (Wilson et al. 2015) and New Zealand (Buxton 

2017), respectively, making this scenario potentially more plausible. C. ratum and C. 

maughanii is an example of a split in which this could have occurred, with differences in 

environmental preferences for the two species, as well as differences in flowering traits, 

suggesting speciation linked to pollinator specialisation and abiotic factors. C. maughanii 

is a nocturnal flowering species and it prefers significantly lower temperatures than C. 

ratum (~18˚C vs ~19˚C) (Table S3.1), so perhaps that lower temperature preference led to 

a slightly altered pollinator assemblage including more moths than wasps increasing the 

likelihood of a switch to nocturnal flowering. In another split that also looks to have been 

driven by a combination biotic and abiotic factors, between C. angelicae and C. luckhoffii, 

the nocturnal flowering species (C. angelicae) prefers a higher mean annual temperature 

(~18˚C vs ~16.5˚C) (Table S3.1). In this case, speciation may have been driven initially by 

abiotic environmental differences, with the speciated population then switching to 

nocturnal flowering because of competition for diurnal pollinators from other 

Conophytum (and other genera) plant species in the immediate vicinity (see Jürgens and 

Witt 2014). This mechanism could also potentially explain splits that were predominantly 

biotically driven. Interestingly, in habitat where a diurnal species occurs, a nocturnal 

species often occurs nearby with similar abiotic environmental preferences, further 

highlighting the potential importance of pollinator driven splits in this genus. These 

mechanisms suggested here could provide a basis for future research examining the 

interplay of biotic and abiotic drivers in Conophytum diversification.  

Conclusion 

Climate, topography, and geology appear to have played a crucial role in the evolution of 

the highly variable and diverse Conophytum genus. Several clades display clear 
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association with extreme conditions in one or more of these abiotic factors, however, 

more focused analyses ideally undertaken in the context of a properly dated phylogeny 

will yield a more precise understanding of the interplay between the abiotic and biotic 

diversification drivers for this genus of dwarf succulent plants. The Succulent Karoo biome 

is vulnerable to the increasingly problematic human-induced changes to the environment. 

Mitigating the impacts of these threats will be better served by an increased 

understanding of the contribution of the abiotic environment in shaping the evolution of 

Conophytum and the biome more broadly. 
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Chapter 4 

Vulnerability of Conophytum to a changing climate – conservation 

challenges in a global biodiversity hotspot 

Abstract 

 

The global biodiversity crisis challenges the conservation community like never before. 

Global biodiversity hotspots such as the Succulent Karoo are at the forefront of these 

challenges – they are centrally important to the global biodiversity conservation effort in 

addition to being disproportionately vulnerable to global environmental change. This 

paper assesses the climate change vulnerability of Conophytum – a genus of species-rich 

dwarf succulent plants largely endemic to the Succulent Karoo and broadly representative 

of the biome. An ensemble of species distribution models (SDMs) have been used to 

project changes in species’ ranges across a selection of climate change and dispersal 

scenarios. To better inform future conservation strategies SDM outputs have been 

combined with an analysis of the effectiveness of the protected area network to 

represent Conophytum diversity now and in the future, comparing vulnerability between 

individual species and closely-related clades. A minimum of 70% of species were 

projected to experience range contractions depending on the time slice, climate and 

dispersal scenario – while the reasons for these changes (e.g. lower precipitation, higher 

temperatures) varied considerably between species and clades. Overlap between the 

current ranges of species and protected areas was low (22% average), deteriorating into 

the future (~20% average by 2085 with the proportion of species experiencing a decrease 

in overlap ranging from 58 to 70% across scenarios). Of added concern was the larger 

decrease in species richness projected inside the protected areas (-17%) compared to the 

unprotected regions (-8%). A majority of Conophytum species are currently placed under 

extinction threat – with the future threat of climate change set to add significant 

additional pressure. Our study evidences the need for expanding some existing protected 

areas and designating new protected areas to address climate related range changes. 

However, this will not be adequate for many species and clades in the genus, with 

conservation priorities dictating the mix of conservation interventions required. 

 

Introduction 
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The impact of a rapidly changing climate on global biodiversity, in conjunction with other 

anthropogenic impacts, is likely to be particularly large (Pereira et al. 2010; IPBES 2019), 

with climate change now accepted to be contributing to increasing extinction rates 

(Urban 2015; Wiens 2016). Species distributions are inherently linked to climate and 

accurate projections of species’ range shifts in response to ongoing climate change are 

key to conserving vulnerable species, ecosystems, and associated ecosystem functions 

(Pecl et al. 2017). There is a growing understanding of the pattern of response as species 

track a warming climate (Parmesan and Yohe 2003; Parmesan 2006; Wang et al. 2017; 

Dyderski et al. 2018), with species outside the equatorial forest biome predominantly 

shifting towards the poles (Hickling et al. 2006; Zuckerberg et al. 2009; Chen et al. 2011; 

Evans and Brown 2017), as well as to higher elevations (e.g. Kelly and Goulden 2008; 

Jump et al. 2011; Feeley et al. 2011; Brusca et al. 2013; Moret et al. 2016; Freeman et al. 

2018) and a corresponding expansion of arid zones with depleted species diversity levels. 

However, there remain significant gaps in our knowledge of species’ responses for many 

parts of the world (Chambers et al. 2017), and importantly, particularly in biodiversity 

hotspots (e.g. Bhattacharjee et al. 2017; Vale and Pires 2018; Basnet et al. 2018). 

Biodiversity hotspots are a central focus in the global biodiversity conservation effort 

(Myers et al. 2000), owing to their disproportionate levels of species richness and 

endemism (Mittermeier et al. 2004). Unfortunately, however, these regions are also 

disproportionately more vulnerable to global environmental change (Bellard et al. 2014; 

Habel et al. 2019; Trew and Maclean 2021). For example, at a global level these hotspots 

are projected to lose an average of 31% of their analogue climates in the future, with 

negative consequences for an average of 25% of endemic species in each hotspot (Bellard 

et al. 2014). While broad-scale climate change impact studies usefully help to identify 

regions of greater risk, ultimately, vulnerability assessments (Foden et al. 2019) and 

effective conservation strategies need greater focus on specific taxonomic groups in high 

priority regions. 

The Greater Cape Floristic Region (GCFR) is one such biodiversity hotspot with 11,057 

native vascular plants, approximately 67% of which are endemic to the region (Born et al. 

2004). Within the GCFR, the Succulent Karoo biome in south-western southern Africa is 

uniquely biodiverse, particularly for an arid ecosystem (Hilton-Taylor 1996; Myers et al. 

2000). There is a growing threat from climate change to the biome, highlighted by 

numerous biome-level studies projecting a large reduction in the extent of the current 

bioclimatic envelope for the region (Rutherford et al. 1999; Midgley et al. 2002; Midgley 
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and Thuiller 2007), experimental studies finding a negative impact of increased 

temperature on plants (Musil et al. 2005, 2009) and lichens (Maphangwa et al. 2011), and 

spatial modelling studies projecting large range reductions for plants (Midgley and 

Thuiller 2007; Young et al. 2016; Guo et al. 2017) and range-restricted birds (Simmons et 

al. 2004). Other studies are less pessimistic, suggesting some drought tolerance in plants 

(Jacobsen et al. 2007; Hoffman et al. 2009) and adaptation in mice to a changing climate 

(Rymer et al. 2013). These potential ecological responses to climate change in the 

Succulent Karoo are projected to result from decreased precipitation over much of 

southern Africa (Tadross et al. 2017; Gizaw and Gan 2017; Pinto et al. 2018; Almazroui et 

al. 2020), as well as increased temperature (Tadross et al. 2017; Almazroui et al. 2020). 

Rainfall declines are expected to be particularly pronounced in the winter rainfall regions 

of South Africa (Von Malitz and Scholes 2013; Tadross et al. 2017), largely linked to a 

projected poleward shift in the frontal systems that provide the relatively consistent, 

albeit low, winter precipitation received in this region (MacKellar et al. 2007; Engelbrecht 

et al. 2009).  

Within the Succulent Karoo, the flora is dominated by leaf succulents, particularly dwarf 

succulents (Cowling and Hilton-Taylor 1999), which have higher levels of endemism 

compared to other growth forms (Hilton-Taylor 1996). While succulents in southern 

Africa have been identified as being particularly vulnerable to climate change 

(Broennimann et al. 2006), there has been relatively little focus on dwarf succulents to 

date (Musil et al. 2005, 2009; Young et al. 2016; Guo et al. 2017). A genus with the 

potential to represent the climate-vulnerability of dwarf succulents in the Succulent 

Karoo is the species-rich Conophytum N.E.Br. (Aizoaceae) (Hammer and Young 2017) – as 

its constituent species cover the full extent of the biome and have a wide variety of range 

sizes (Young and Desmet 2016). The genus comprises 165 species and subspecies, of 

which 106 are considered separate species (Hammer and Young 2017). Specific research 

on the effects of climate change on Conophytum is limited, with a focus on comparing 

range changes across subgeneric sections of the genus, rather than on individual species 

(Young et al. 2016). A high risk of extinction to most sections in the genus is projected, 

caused in part by the fragmentation of distributions (Young et al. 2016). Around half of 

Conophytum taxa are currently placed under extinction threat, particularly from illegal 

collecting and mining (SANBI 2015a), and there are concerns that climate change could 

increase vulnerability in the future. 
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The vulnerability of Conophytum to climate change may be complicated by the varied 

environmental preferences and traits of species in certain strongly supported 

Conophytum clades (Chapters 2, 3), so that different species in the genus might not 

respond to climate change in the same way. Our understanding of the potential role that 

phylogenetic relatedness plays in determining responses to climate change is growing 

(Davis et al. 2010). For example, associations between climate-induced phenological 

changes and closely related species facilitate the identification of climate-sensitive taxa 

(Staggemeier et al. 2015) in addition to explaining community-wide patterns of species 

loss (Willis et al. 2008). However, while there is some evidence for phylogenetic pattern in 

range change responses (e.g. Hornsby and Matocq 2011; Loyola et al. 2014), the specific 

relationships between climate change induced range changes in closely related species 

remain unclear for most taxonomic groups. The conservation implications of 

understanding these associations for Conophytum are clear with species in strongly 

supported clades often noted as conservation priorities, critical in the future 

representation of disparate lineages, acknowledging the potential contribution of 

phylogenetic diversity in meeting broader biodiversity targets (D’Amen et al. 2012; Miller 

et al. 2018; Levin 2019). 

Protecting climate change-vulnerable species is dependent on timely, targeted 

conservation interventions (Hannah 2010). Appropriately designed and managed 

protected areas have been repeatedly shown to be effective in conserving biodiversity, 

with the persistence of taxa more likely in regions with greater protection (e.g. Evans et 

al. 2006; Greve et al. 2011; Duckworth and Altwegg 2018; Shumba et al. 2020). Despite 

this, globally and in South Africa, protected area networks are often not extensive enough 

to provide adequate biodiversity protection (Rodrigues et al. 2004; De Klerk et al. 2004; 

Hernández and Gómez-Hinostrosa 2011; Hoveka et al. 2020; Jordaan et al. 2020), 

particularly when considering the shifting distributions of species as a result of future 

climate change (Hannah et al. 2002, Hannah 2008). The Succulent Karoo, specifically, is 

poorly protected (Cowling 1999), with protected areas accounting for only 3.5% of the 

biome (Driver et al. 2003). Protected area networks are often designed on the 

assumptions of stationary or slowly changing environments. Therefore, the development 

of an expanded and more dynamic protected area network in response to the growing 

intensity of interacting threats is central to protecting Conophytum species, and other 

dwarf succulents in the Succulent Karoo biome, now and in the future. 
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The overall aim of this research was to assess the vulnerability of Conophytum to a 

changing climate. First, the change in species range size and species richness was 

quantified across a selection of dispersal and climate scenarios by the middle and end of 

the 21st century. Additionally, changes in elevation and latitude of species ranges were 

quantified to better understand the direction of potential range shifts. In some regions 

(e.g. Richtersveld and across Namaqualand) strongly supported Conophytum clades 

overlap in range, while other regions (e.g. Bushmanland, southern Cape Fold Belt) are 

clade specific (Chapters 2, 3). This could have implications for how species respond to 

climate change – potentially determined by phylogenetic relatedness and associated 

shared traits. As a result, the range of responses between all individual modelled species 

was assessed, while also comparing responses aggregated at clade level, in addition to 

testing for phylogenetic signal in the responses to climate change. Finally, the 

effectiveness of the protected area network was assessed by quantifying the overlap 

between current and future projected ranges with the current protected area network, 

along with comparing the average species richness inside and outside the protected areas 

for the current and future projected ranges.  

Materials and Methods 

Study area 

The study area centres on the Succulent Karoo biome and includes parts of the Nama 

Karoo and Fynbos (Figure 4.1). Species occurrence points for the genus span from 24.83°E 

to 15.05°E and 34°S to 26.55°S, with elevation for species’ occurrence points ranging from 

almost sea level to around 1500 m above sea level (Chapter 1 – Figure 1.5), although most 

of the biome is below an elevation of 800 m (Hilton-Taylor 1996). The most important 

geomorphological feature of the Succulent Karoo is the Great Escarpment which runs 

parallel to the west coast and forms the eastern boundary to the biome (Hilton-Taylor 

1996). 
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The Succulent Karoo has a highly varied geology (Chapter 1 - Figure 1.4). The Richtersveld 

in the north-west of the biome is made up of a varied sequence of pre-Gondwanan rocks, 

into which intrusion occurred from the Granites and Gneisses of the Namaqua 

Metamorphic Province at least 1 billion years ago (Cowling et al. 1999; Mucina et al. 

2006). After the granitic intrusions, sedimentary rocks of the Gariep, Numees and Nama 

Formations were deposited in a rift basin along the west coast of southern Africa 

between 900 and 500 million years ago (Martin, 1965). In the south-western and 

southern Cape, the geology is dominated by sandstones and shales of the Cape Fold Belt 

which is part of the greater Cape Supergroup (Mucina et al. 2006).  

Climatologically, the study area is largely in South Africa’s winter rainfall zone, except for 

Bushmanland, in the north-east of Conophytum’s range, which has year-round rainfall 

(Hilton-Taylor 1996; Mucina et al. 2006). The winter rainfall is low, but reasonably 

reliable, with more than 40% of the rainfall for the winter-rainfall section of the study 

region occurring in the winter months (Hilton-Taylor 1996; Mucina et al. 2006). Mean 

Annual Precipitation (MAP) is generally between 100 and 200 mm (Mucina et al. 2006), 

although in the Richtersveld, in the north of Conophytum’s range, and into the Namib 

Desert, MAP can be below 100 mm. The rainfall that is received is generally from cyclonic 

frontal systems linked to the circumpolar westerly belt (Schulze and McGee 1978). The 

mean annual temperature for this region is 16.8°C (Mucina et al. 2006), with some 

extreme temperatures of above 44°C occurring occasionally at low-lying coastal regions 

(Rutherford and Westfall 1986). Fog is another important and reliable source of moisture 

to the region along the coast and escarpment (Hilton-Taylor 1996; Mucina et al. 2006). 

Predictor variables 

Downscaled 1 km2 resolution climate predictor layers were sourced from the AFRICLIM 

database (Platts et al. 2015). The layers used represented current climate (mean climate 

between 1950 and 2000) and two future time slices, 2055 (mean climate between 2041 

and 2070) and 2085 (mean climate between 2071 and 2100) for RCP 4.5 and 8.5. 

Downscaling reflected two regional models (RCMs) for Africa (SMHI-RC4, CanRCM4) 

nested within a selection of eight driving global models (GCMs) (CCCma-CanESM2, CNRM-

CERFACS-CM5, ICHEC-EC-EARTH, MIROC-MIROC5, MOHC-HadGEM2-ES, MPI-ESM-LR, 

NCC-NorESM1-M, NOAA-GFDL-ESM2G), to produce a more local circulation model with 

higher accuracy (Platts et al. 2015). Worldclim v1.4 was used as baseline climatology to 

further improve the resolution of the downscaled GCMs to 1 km2. For a more detailed 
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explanation on the preparation of these climatic predictor variables, see Platts et al. 

(2015).  

RCP 4.5 and 8.5 are the climate change projection scenarios used in this study and are 

projections for moderate and severe climate change, respectively (IPCC 2014). The RCP 

4.5 and 8.5 scenarios produce climate projections based on an atmospheric [CO2] of 538 

ppm and 936 ppm, respectively, by 2100 (IPCC 2014). Both predict that warming of over 

2°C is likely by 2100 (IPCC 2014). All the following analyses were performed with RCP 4.5 

and 8.5 scenarios. 

The importance of selecting predictor variables which represent the physiological 

mechanisms and processes that determine a species' distributional response to climate is 

central to developing good SDMs (Mod et al. 2016; Araujo et al. 2019; Gardner et al. 

2019). Representing a mix of direct and indirect variables, four categories of variables 

were included in the current study to represent the key ecophysiological needs of the 

plants – temperature, water (precipitation), soil moisture and nutrients (geology), in 

addition to considering the climatic factors affecting the Succulent Karoo (Desmet and 

Cowling 1999): 

Temperature: mean annual temperature (Bio 1), mean diurnal range in temperature (Bio 

2), isothermality (Bio 3), temperature seasonality (Bio 4), maximum temperature of the 

warmest month (Bio 5), minimum temperature of the coldest month (Bio 6), annual 

temperature range (Bio 7), mean temperature of the warmest quarter (Bio 10), mean 

temperature of the coolest quarter (Bio 11). 

Precipitation: average annual precipitation (Bio 12), rainfall in the wettest month (Bio 

13), rainfall in the driest month (Bio 14), rainfall seasonality (Bio 15), rainfall in the 

wettest quarter (Bio 16), rainfall in the driest quarter (Bio 17) 

Plant Growth Moisture Indices*: annual moisture index (MI), potential 

evapotranspiration (PET), moisture index in the arid quarter (MIAQ), moisture index in 

the moist quarter (MIMQ) 

Habitat/Nutrients: Geology (see importance as a predictor in Young et al. (2016)). 

Variance Inflation Factors (VIFs) (Fox and Monette 1992), a widely-used statistical method 

to minimise collinearity in a group of predictor variables for Species Distribution 

Modelling (SDM)(e.g. Niamir et al. 2011; Mori et al. 2018; Ranjitkar et al. 2014), were 
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lastly used to minimise collinearity in the group. VIF scores greater than 10 were 

removed. 

In addition to geology, this left a total of six climatic variables, at least one from each of 

the four categories outlined above: temperature variables (mean annual temperature 

(Bio 1), mean diurnal range in temperature (Bio 2), isothermality (Bio 3)), precipitation 

variables (precipitation in the wettest month (Bio 13), precipitation in the driest month 

(Bio 14)) and a plant growth moisture index (moisture index in the moist quarter 

(MIMQ)). After excluding strongly correlated variables, the minimum pairwise Pearson 

correlation coefficient between variables was -0.005 (Bio 3 with Bio 1) and the maximum 

was 0.763 (MIMQ with Bio 13).  

* PET is calculated using the Hargreaves method (Hargreaves and Zamani 1985), MI is 

mean annual rainfall/annual PET and MIAQ is mean rainfall/PET for the most arid three 

consecutive months, with MIMQ the same for the least arid three consecutive months 

(Pers. Comm. Phillip Platts). 

Occurrence points 

A database of Conophytum occurrence records was provided by A. J. Young using data 

compiled by A. J. Young and P. G. Desmet. The database integrates data from regular 

Conophytum focused field surveys with quality checked historical records from GBIF 

(https://www.gbif.org/occurrence/search?taxon_key=7329128). The database includes 

the species, subspecies, GPS co-ordinates of the occurrence location, the accuracy of the 

GPS location, map grid reference, collector of the GPS location, description of where the 

point occurs and the country in which the points were obtained. Historical locality data 

that could not be georeferenced to within 1km2 were excluded. 4083 occurrence points 

across all 106 Conophytum species with a 1 km2 or higher resolution were extracted to 

run the species distribution models (SDMs). Duplicate records within 1 km2 grid cells were 

removed, after which 3243 records over 106 species remained. True absence data were 

not available, but field visits over the last decade have targeted likely suitable locations to 

improve the reliability of the presence-absence data.  

Species with 20 or more occurrence points were identified – 43 species in total (Table 

S4.1) – for modelling. Model performance has been found to decline rapidly for sample 

sizes smaller than 20 (Stockwell and Peterson 2002; Papeş and Gaubert 2007), and so only 

more broadly distributed Conophytum species with a larger number of records were 
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modelled. This had the adverse effect of excluding those species with a highly restricted 

distribution, including narrow endemics, which are thought to be especially vulnerable to 

changes in climate. 

Species Distribution Modelling 

Species distribution models (SDMs) were run for the 43 qualifying species using an 

ensemble modelling approach with the biomod2 package in R (Thuiller et al. 2014). 

Ensemble models have been shown to have predictive power at least equal to a 

specifically tuned individual model and overcome the inherent variability in the 

projections of individual models (Araujo and New 2007; Buisson et al. 2010; Hao et al. 

2020). Four modelling algorithms were selected for use and were selected based on 

common use in SDMs (Hao et al. 2019) and recommended use in SDMs through good 

performance (Elith et al. 2006). They were: multivariate adaptive regression splines 

(MARS), maximum entropy (MaxEnt), boosted regression trees (BRT or GBM in biomod2) 

and random forests (RF). MARS is a regression-based method using piecewise linear fits to 

fit a regression model to non-linear responses (Elith et al. 2006). MaxEnt is a machine-

learning method which determines a species’ distribution from the closest-to-uniform 

distribution subject to the constraints of the environmental variables included (Phillips et 

al. 2006). BRT is a method combining boosting and regression trees which allows a single 

regression tree (good at selecting important variables and modelling interactions) to be 

repeated multiple times to produce an ensemble of trees which overcomes potential 

inaccuracies in a single tree (Elith et al. 2006). RF uses a classification and regression tree 

method which is bootstrapped to produce a forest of trees in which the most popular 

model is selected (Breiman 2001). 

Pseudo-absences are used in species distribution models when absences are required, 

but no real absences are available. I selected pseudo-absences which are environmentally 

stratified and not too far nor too close to the presence points based on the 

recommendations of Chefaoui and Lobo (2008) and Barbet-Massin et al. (2012). An 

environmentally stratified background was selected from which to draw pseudo-absence 

points by overlaying occurrence points for all 43 modelled Conophytum species onto a 

terrestrial ecoregions shapefile. Terrestrial ecoregions are built on species biogeography 

and involved consultation with taxonomists, biogeographers and ecologists (Olson et al. 

2001). They subdivide the world into 14 biomes and 8 biogeographic realms, within which 
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there are 867 ecoregions (Olson et al. 2001). 500 pseudo-absence points were randomly 

selected from the background region produced. 

Ensemble models were produced from the four modelling algorithms. Each modelling 

algorithm was cross-validated five times, and for each cross-validation there was an 80/20 

split between training and testing data. In total, 20 models were therefore produced for 

each species. Models which had an area under the receiver-operating curve (AUC) score 

above 0.8 were retained as robustly performing SDMs and were included in the final 

ensemble model. The final ensemble was produced using a weighted-mean method, in 

which a particular model is weighted higher or lower in the ensemble based on 

performance (Marmion et al. 2009).  

Models were run using the RCP 4.5 and 8.5 climate change scenarios for current climate 

and future climate to 2055 and 2085. Final outputs were converted to presence/absence 

outputs automatically in biomod2 by using maximum TSS score (i.e. the binary output at 

which the highest proportion of presences and absences are correctly predicted as 

present or absent) to determine a threshold for conversion from probability of 

occurrence to a binary output. Full dispersal and no dispersal outputs were produced. Full 

dispersal assumes that a species would be able to disperse to all regions projected as 

suitable in the model in the future, with no limit on distance. No dispersal predicts that a 

species will not disperse beyond its current predicted range. Full and no dispersal were 

the only dispersal scenarios considered as these species are known to display restricted 

dispersal capacities, so without in-depth dispersal data for each Conophytum species, the 

no dispersal projection was likely to closely match the actual future distribution of each 

species. A full dispersal projection was still included, however, so that potential new areas 

of occurrence could be highlighted, as they could be relevant for species’ protection in 

the future. Variable importance measures the percentage contribution of predictor 

variables to the models and metrics were also obtained in biomod2 (Thuiller et al. 2014) 

for each species using the get_variables_importance function. Average variable 

importance scores were calculated for each species by using a weighted mean approach, 

in which the score for a specific model in the ensemble was weighted by model 

performance indicated by the TSS score, following the approach by Hellegers et al. (2020). 

The average variable importance scores were compared for all species and for each of the 

five strongly supported clades (Table 4.1). 

Model evaluation 
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Evaluation scores were attained from the SDMs for each species using the 

get_evaluations function in Biomod2. True skill statistic (TSS) and AUC scores were 

obtained for each model for each species (a maximum of 20 models depending on model 

performance). They were calculated using 20% of the occurrence points, with 80% being 

used to train the model. Average AUC and TSS scores were then calculated for each 

species from all included models in the ensemble for each species. AUC considers 

sensitivity (the proportion of presence points correctly predicted as present) and 

specificity (the proportion of absences correctly predicted as absent) and plots a curve for 

sensitivity against 1-specificity for all possible thresholds between 0 and 1 making the 

measure threshold independent (Jiménez-Valverde 2012). TSS is a threshold-dependent 

method which calculates model sensitivity and specificity and calculates a TSS score by 

adding sensitivity and specificity and then subtracting 1. 

 

 

 

 

Table 4.1: Species recovered in five strongly supported clades for which SDMs were 

produced. Species in the clades for which SDMs were not produced are included in 

parentheses (Chapter 2) 

 

Clade Species included 

Clade 1 Conophytum friedrichiae Dinter (Schwantes), C. limpidum S.A. Hammer, C. 

lithopsoides L.Bolus, C. longum N.E.Br., C. lydiae (H.Jacobsen) G.D.Rowley, C. 

praesectum N.E.Br. (C. achabense S.A.Hammer, C. concordans G.D.Rowley, 

C. caroli Lavis, C. verrucosum (Lavis) G.D.Rowley, C. devium G.D.Rowley, C. 

pubescens (Tischer) G.D.Rowley) 

Clade 2 C. minimum (Haw.) N.E.Br., C. obcordellum (Haw.) N.E.Br., C. truncatum 

(Thunb.) N.E.Br., C. uviforme (Haw.) N.E.Br. (C. ficiforme (Haw.) N.E.Br., C. 

joubertii Lavis, C. piluliforme (N.E.Br.) N.E.Br.) 
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Species’ responses to climate change 

A description of all analyses performed to determine species’ responses to climate 

change is outlined in Table 4.2. All analyses were done with the binary SDM outputs of 

RCP 4.5 and 8.5 climate change scenarios to current climate and two future time slices 

(2055 and 2085) to full and no dispersal scenarios. The analyses were done for each 

species modelled, and responses were compared for all modelled species and a selection 

of five strongly supported clades (Table 4.1) recovered from the most complete and up to 

date Conophytum phylogeny produced in Chapter 2.  

Phylogenetic pattern in the climate change response metrics (Table 4.2) was visualised by 

mapping them over a plastid Conophytum ultrametric MCC phylogeny sourced from 

Chapter 2. The phylogeny was pruned so as only to include species for which SDMs had 

been run. Prior to mapping continuous variables onto the phylogeny, the evolutionary 

model which best fits the data was determined using the R package geiger (Harmon et al. 

2007). Goodness of fit was determined using AICc score for the models run and four 

evolutionary models (Brownian Motion (BM) a neutral model in which traits evolve 

randomly (Butler and King 2004); Early Burst (EB) a model in which evolution occurs early 

in history to certain optima and slows thereafter (Harmon et al. 2010); Ornstein-

Uhlenbeck (OU) in which traits evolve towards specific optimal values (Butler and King 

2004); and White Noise (WN) in which no evolutionary model fits the trait’s evolution) 

were compared. Climate change species response values were then mapped onto the 

phylogeny using the function contMap in the package Phytools (Revell 2012) in R. 

ContMap estimates internal node states using Maximum Likelihood, with interpolation 

between each node estimated using the Brownian Motion algorithm (Revell 2013). Where 

a variable had an evolutionary model other than the Brownian Motion model as the best 

fit, the contMap function was edited so that node values represented the best-fit model 

output. 

Clade 3 C. breve N.E.Br., C. calculus (A.Berger) N.E.Br., C. flavum N.E.Br., C. pageae 

(N.E.Br.) N.E.Br. (C. armianum S.A.Hammer) 

Clade 4 C. bilobum (Marloth) N.E.Br., C. frutescens Schwantes, C. meyeri N.E.Br. (C. 

velutinum Schwantes) 

Clade 5 C. roodiae N.E.Br., C. rugosum S.A.Hammer (C. youngii Rodgerson) 
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To test for phylogenetic signal in the different climate change responses, two metrics – 

Blomberg’s K and Pagel’s Lambda – were employed (Pagel 1999; Blomberg 2003). These 

two measures use slightly different methods to test for phylogenetic signal, so it is useful 

to use both to account for between-method variation and ensure robust results 

(Münkemüller et al. 2012). Blomberg’s K tests if trait variation is predicted by a phylogeny 

under a Brownian Motion model (Blomberg et al. 2003). K<1 means there is less 

phylogenetic signal than expected from a Brownian Motion model, K=1 means there is as 

much variation as is expected by the topology and K>1 means there is more variation 

than expected from a Brownian Motion model (Blomberg et al. 2003). Pagel’s lambda 

scales between 0 and 1, with values closer to 1 indicating greater phylogenetic signal in a 

trait, and those closer to 0 describing a model where traits evolved independently of the 

phylogeny (Pagel 1999). The methods were run using the picante package (Kembel et al. 

2010) in R. 

Table 4.2: Analyses undertaken to determine species’ climate change response metrics. 

Analysis Explanation 

Species range 

changes 

The percentage gain or loss in range size between current climate 

and future climate was calculated for each species modelled. This 

was determined using the binary models for each species and the 

BIOMOD_RangeSize function in the package Biomod2 (Thuiller et al. 

2014). The percentage increase or decrease in the number of grid 

cells projected as present between current and future was then 

calculated. 

 

Elevation and 

latitude changes 

Elevation change was estimated as the difference in mean elevation 

for all grid cells where species are projected to be present under 

current and future scenarios. Elevation data were extracted from a 

digital elevation model (DEM) supplied by P. G. Desmet. 

 

Species latitudinal change was computed by converting rasterised 

projections into polygon. The gCentroid function in the package 

rgeos (Bivand et al. 2016) was then used to determine the latitude 

of the centre of the projected species range. Changes in this value 

between current and future scenarios were then computed. 
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Species richness 

change 

Species richness was determined using the 43 modelled species for 

current and future climate. Species turnover (gain or loss between 

current and future) was also determined. All binary models for all 

species were combined for current and future climate scenarios and 

the number of species predicted as present per grid cell of the 

background region was determined. The change in richness 

between current and future scenarios was then calculated. 

 

Effectiveness of 

protected area 

network  

A gap analysis was performed (Scott et al. 1993) to estimate the 

proportion of each species’ projected current and future range that 

overlaps with the protected area network, with the difference 

between current and future overlap representing percentage 

protection change for each species. Protected area data were 

sourced from the South African Department of Environmental 

Affairs (2020) and the Namibian Chamber of the Environment 

(2020).  

 

Mean species richness inside and outside protected areas was 

calculated for current and future climate. 

 

Results 

Model evaluation 

Model performance was excellent for all individual species, with TSS and AUC scores 

greater than 0.8 and 0.9, respectively (Thuiller et al. 2009) (Figure S4.1).  

Variable importance 

When the mean variable importance scores of ensemble SDMs across all species were 

considered, geology, moisture index of the moist quarter (MIMQ) and precipitation of the 

wettest month (Bio 13) emerged as the most important variables, and mean annual 

temperature (Bio 1) and precipitation of the driest month (Bio 14) the least (Figure 4.2A). 

Different combinations of variables proved important for the different clades. Bio 14 was 

an important predictor variable for Clade 2 species (Figure 4.2C), in contrast to the other 
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clades, while mean diurnal range (Bio 2) was an important predictor variable for species 

in Clade 4 (Figure 4.2E). Geology was a particularly important predictor for species in 

Clades 1 (Figure 4.2B) and 5 (Figure 4.2F), while Bio 13 was important for species in 

Clades 2 (Figure 4.2C) and 3 (Figure 4.2D). Bio 1 was consistently one of the least 

important variables (Figure 4.2). 
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Species range change      

The extent of species range change varied among species, but the pattern of response 

was consistent across both time slices, and all climate and dispersal scenarios (Figures 4.3, 

4.4, S4.2, S4.3). At least 70% of species were projected to experience a range size 

decrease in all scenarios, while 40% of species, on average, were projected to experience 

a reduction greater than 50% in their range. For RCP 8.5, average range size was 

projected to decrease across the genus under full dispersal (FD) (2055: -11 ±69%; 2085: -6 

±106%) and no dispersal (ND) scenarios (2055: -44 ±24%; 2085: -56 ±29%) (Figures 4.3 

and 4.4A, B).  

Five species were projected to have range decreases of greater than 90% by 2085 under 

both dispersal scenarios (Conophytum lithopsoides L. Bolus, C. rugosum S.A.Hammer, C. 

reconditum A.R.Mitch., C. frutescens Schwantes, C. pellucidum Schwantes) (Figures 4.3C, 

D), while six species were projected to have range increases of greater than 95% by 2085 

under FD (C. subfenestratum Schwantes, C. marginatum Lavis, C. friedrichiae (Dinter) 

Schwantes, C. lydiae (H.Jacobsen) G.D.Rowley, C. praesectum N.E.Br., C. fulleri L.Bolus) 

(Figure 4.3C). It is important to note a discrepancy between range changes under the FD 

and ND scenarios for some species. For example, C. marginatum (FD: 277% and ND: -48%) 

and C. lydiae (FD: 143% and ND: -73%) have large range decreases under ND, meaning 

newly projected ranges are falling largely outside current projected ranges, while C. 

subfenestratum (FD: 449% and ND: -0.3%) and C. friedrichiae (FD: 191% and ND: -1.6%) 

have small decreases under ND, meaning future projected ranges incorporate most of the 

current ranges.  

Aggregated analyses showed that, for four of the five clades considered, there was a large 

decrease in range size by 2085 under FD (Clade 2: -40%; Clade 3: -42%; Clade 4: -73%; 

Clade 5: -87%) and ND (Clade 2: -53%; Clade 3: -70%; Clade 4: -75%; Clade 5: -99%) 

(Figures 4.4A, B). For Clade 1, an increase (44%) in range size was projected under FD 

(Figures 4.4A, B).  

Range size change exhibited significant phylogenetic signal by 2085 ND for both climate 

scenarios (RCP 8.5: K = 0.68, p = 0.05; RCP 4.5: K = 0.66, p = 0.04). This reflected a small 

decrease in range size from three closely related species in Clade 1, as well as a large 

decrease for the two modelled species in Clade 5 (Figures 4.4F, S4.3F). There was no 

significant phylogenetic signal for range size change for any other scenario or time slice. 
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Elevation and latitude changes 

Elevation changes varied across species, with groups of species increasing, decreasing and 

remaining relatively unchanged (Figures 4.5, 4.6, S4.4, S4.5). Broad pattern, as in species 

range change, was similar over time slices, dispersal and climate scenarios (Figures 4.5, 

4.6, S4.4, S4.5). An average of 16% of species were projected to experience an elevation 

increase of greater than 50 m across all scenarios, while an average of 20% of species 

were projected to experience an elevation decrease of greater than 50 m. Under RCP 8.5, 

average elevation was projected to increase and decrease marginally under FD (2055: 2.2 

±69 m; 2085: 22 ±116 m) and ND (2055: -14 ±69 m; 2085: -7.1 ±125 m), respectively. 

Three species were projected to have large elevation increases ranging from 149 to 425 m 

(C. pellucidum, C. reconditum, C. frutescens), while three other species (C. uviforme (Haw.) 

N.E.Br., C. breve N.E.Br., C. meyeri N.E.Br.) were projected to experience large elevation 

decreases ranging 120 to 444 m , under both dispersal scenarios by 2085 (Figure 4.5). 

Latitude response shows most species’ ranges (75%) are likely to experience a southward 

shift by 2085, with a consistent pattern emerging across time slices, dispersal and climate 

scenarios (Figures 4.7, 4.8, S4.6, S4.7). Under RCP 8.5, average latitude shift by 2085 was 

projected to be strongly southward for FD (-0.59 ±0.79˚) and ND (-0.34 ± 0.68˚) scenarios. 

Southward shifts greater than 1.5˚ by 2085 for both dispersal scenarios were observed for 

three species (C. uviforme, C. rugosum, C. luckhoffii Lavis) (Figure 4.6). For one species (C. 

comptonii N.E.Br.) there was a projected northward shift greater than 1.4˚ for both 

dispersal scenarios. As expected, ND results were overall similar to FD, but with the shifts 

generally less pronounced. 

Aggregated analyses show sizeable elevation increases and decreases for Clade 5 for FD 

(256 m) and Clade 2 for FD (-94 m) and ND (-133 m), respectively, while there was little 

average elevation change for species in the other clades by 2085 (Figures 4.7A, B). The 

southerly shift in latitude was obvious in aggregated analyses, with decreases most 

pronounced in Clades 2 (FD: -1.15˚; ND: -1.07˚) and 5 (FD: -1.4˚; ND: -1.3˚) by 2085 

(Figures 4.8A, B). Neither elevation nor latitude exhibited significant phylogenetic signal 

for any time slice, dispersal or climate scenario (Figures 4.7, 4.8, S4.6, S4.7).  

 

185



186



187



188



189



Species richness change 

Declines in species richness of up to 15 species can be observed for all climate and 

dispersal scenarios, and both time slices, over the core region of Conophytum distribution 

in north-western South Africa, southern Namibia and down the west coast of South 

Africa, with increasing declines from 2055 to 2085 (Figures 4.9, S4.10). For RCP 8.5, some 

peripheral regions of Conophytum’s distribution show minor gains in species richness (up 

to 7 species) extending further inland into South Africa and Namibia (Figures 4.9A, C). 

Under ND, the same trends were observed, although without the gains in richness 

observed on the periphery, as expected under this dispersal scenario (Figures 4.9B, D). 

Varying patterns of richness gain and loss were observed for individual clades, with 

similar patterns of decrease and increase occurring for all climate and dispersal scenarios 

and time slices (Figures 4.9, S4.10). For RCP 8.5, increases in species richness were 

observed under FD, particularly for Clade 1 (up to four species) over large regions of 

western South Africa and southern Namibia, predominantly in the Nama Karoo biome, 

and Clade 3 (up to two species) just inland of the South African west coast between 20 

and 23˚ E in the central Succulent Karoo (Figures 4.9E, G, M, O). Regions of decline were 

observed for Clades 1 (up to four species) and 3 (up to three species) just south of the 

Namibian border in the northern Succulent Karoo (Figures 4.9E to H), and in a larger 

region parallel with the southern African west coast (Figures 4.9M to P), respectively.  

Decreases in species richness were measured in Clades 2 (up to 3 species), 4 (up to 2 

species) and 5 (up to 2 species). These decreases were predominantly in the south-west 

of South Africa (in the Fynbos biome) for Clade 2 (Figures 4.9I to L), adjacent to the South 

African west coast just south of the Namibian border in the northern Succulent Karoo for 

Clade 4 (Figures 4.9Q to T), and adjacent to the South African west coast at around 30˚S 

for Clade 5 (Figures 4.9U to X). Slight increases in species richness were observed for 

Clades 2 (up to 2 species) and 5 (1 species) in the extreme south-west of South Africa near 

Cape Town (Figures 4.9I, K), and inland of the South African west coast (Figures 4.9U, W), 

respectively.   
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Effectiveness of protected area network 

Overlap between projected current species ranges and the protected area network 

(hereafter range overlap) ranged from 0.17% to 87% (Figure 4.10A), with an average 

across all species of 22% (±22%) (Figure 4.11A). Only five species, however, had range 

overlap of more than 50% (C. hians N.E.Br., C. taylorianum (Dinter & Schwantes) N.E.Br., 

C. jucundum (N.E.Br.) N.E.Br., C. quaesitum (N.E.Br.) N.E.Br., C. saxetanum (N.E.Br.) 

N.E.Br.) (Figure 4.10A). Species in Clades 3 (23%) and 4 (22%) had the highest range 

overlap, while Clades 1 (3.7%) and 5 (3.2%) had the lowest range overlap (Figure 4.11A). 

Current range overlap exhibited significant phylogenetic signal (λ = 1.03; p < 0.01; K = 

0.98; p < 0.01), with clustering of low range overlap values, for example, in Clades 1 and 5 

(Figure 4.11B). 

The proportion of species that experience a decrease in future range overlap ranged from 

58 to 70% across all time slices, dispersal and climate scenarios (Figures 4.10, 4.11, S4.9, 

S4.10), while 17% of species, on average, are projected to experience a decrease in range 

overlap of greater than 50% (Figures 4.10, 4.11, S4.9, S4.10). For RCP 8.5, by 2085, there 

were projected declines in range overlap under FD (-16 ± 38%) and ND (-20 ± 51%) 

scenarios for most species (Figures 4.10C, D and 4.11D). Species with the largest 

decreases in range overlap (>80%) for both dispersal scenarios by 2085 were C. 

lithopsoides, C. longum N.E.Br., C. reconditum, C. rugosum, C. roodiae N.E.Br. (Figures 

4.10C, D). Certain species were notable in having large discrepancies in range overlap 

change under FD and ND by 2085: C. frutescens (FD: 277%; ND: -35%) and C. comptonii 

(FD: 266%; ND: -100%) (Figures 4.10C, D).  

For the aggregated analyses, Clade 2 was the only clade with a marginal increase (FD: 

14%; ND: 27%) in range overlap by 2085 (Figures 4.11C, D). Clade 5 had the largest 

decrease in range overlap by 2085 (FD: -60%; ND: -100%) by 2085 (Figures 4.11C, D). 

Future range overlap did not exhibit significant phylogenetic signal for any time slice, 

climate or dispersal scenario (Figures 4.11E to H, S10 C to F). Importantly, nine species 

were identified as having both a decrease in range size and range overlap of greater than 

50% under ND by 2085 (C. lithopsoides, C. roodiae, C. rugosum, C. reconditum, C. 

frutescens, C. longum, C. pageae (N.E.Br.) N.E.Br., C. flavum N.E.Br., C. tantillum N.E.Br.). 

Species richness decreased within protected areas from an average current value of 3.06 

to an average future value of 2.53 over all climate and dispersal scenarios and time slices. 

The decrease outside protected areas was only from 0.39 to 0.36. 
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Discussion 

The species- and endemic-rich Conophytum genus represents a group of plants with a 

diverse range of morphological traits, distribution types, habitat requirements and 

environmental tolerances.  It is assumed that most Conophytum species are sensitive to 

changes in climate, but some species are likely to be more sensitive than others. For 

example, there are many species in the genus with small populations (point endemics, 

narrow distributions), lacking drought resistant morphological traits, and with specialised 

habitat requirements (Hammer 1993; Young and Desmet 2016; Hammer and Young 

2017). Additionally, it is clear that the adaptive capacity of Conophytum is likely to be low, 

with species lacking the dispersal ability required to keep track of shifting climate regimes 

(Hammer 1993; Young et al. 2016; Powell et al. 2019). In this study, an ensemble of 

species distribution models was used to quantify Conophytum climate change exposure 

by projecting species range changes across a selection of future scenarios, facilitating a 

comprehensive assessment of the future vulnerability of the genus. 

Analysis indicated a clear contraction in regions of suitable climate under all modelled 

scenarios. This is significant under both dispersal scenarios, although it is greater under 

the ND scenario, with less range contraction under FD. ND is probably the more 

applicable scenario for this genus owing to the limited dispersal abilities of Conophytum 

species (Hammer 1993). Broadly for the genus, little change in the average elevation of 

the species was projected but a southerly shift in average latitude was apparent. Overall 

climate change responses are represented well by the species richness maps – those 

regions with current high levels of richness are projected to experience the largest 

decreases. 

Vulnerability of Conophytum to climate change 

Climate change driven range size reductions were evident across the genus for both 

dispersal scenarios. It is likely that the southward distribution change of Conophytum is in 

response to projected changes in rainfall patterns in the region. Two precipitation 

variables (Bio 13, MIMQ) emerged as key climate predictors of current projected 

Conophytum distributions (Figure 4.2). Future projected range size reductions are 

therefore associated with a decline in winter rainfall projected by the end of century (Von 

Malitz and Scholes 2013; Tadross et al. 2017), likely to be caused by the southerly shift of 

the circumpolar westerly belt and reduced frontal rainfall (MacKellar et al. 2007; 
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Engelbrecht et al. 2009). It is probable therefore, that the southerly latitude change is a 

range contraction from the north, rather than a shift south, evidenced by the lack of 

significant difference in latitude changes under FD and ND scenarios. The high rainfall 

around the Fynbos-dominated south-western Cape may also act as a barrier, explaining 

the lack of suitable climate regions projected further south. These findings resemble 

those of broad biome-level studies which focused on the Fynbos and Succulent Karoo 

regions, pointing to a southerly displacement of both biomes as hotter and drier 

conditions become prevalent along and just inland of the west coast, severely impacting 

vegetation in that region (Rutherford et al. 1999; Midgley et al. 2002; Midgley and 

Thuiller 2007).  

Conophytum species have strong geological preferences, particularly favouring granite, 

but also quartzite, feldspar and pegmatite (Hammer 1993), with geology often 

determining the specialised habitat conditions (e.g. quartz gravel fields, rock crevices, 

eroded granite depressions) they inhabit. In the current study, geology was identified as 

an important predictor of current projected Conophytum distributions, being most 

important for 14 of 43 modelled species (Figure 4.2). Critically, geology therefore acts as a 

filter for regions representing suitable habitat in the context of range changes driven by 

shifting climates in the future. 

Certain individual species are projected to be highly exposed to climate change (e.g. C. 

lithopsoides, C. rugosum, C. reconditum, C. frutescens, C. pellucidum), with large 

reductions in range by 2085, while others are significantly less exposed (e.g. C. 

subfenestratum, C. marginatum, C. friedrichiae, C. lydiae, C. praesectum, C. fulleri), with 

large range increases under FD. Interestingly, when comparing morphological 

characteristics for the two groups, all but one species with large range increases have 

medium to long trichomes, while all those with large range reductions have either blunt 

papillae or are glabrous (Powell 2016; Hammer and Young 2017). Opel (2004) notes that 

trichomes could aid in reducing water loss, making these species less sensitive in contrast 

to those without longer trichomes. All species likely to experience large range reductions 

are narrowly distributed, occur on or near the Great Escarpment and most are projected 

to contract in range to higher elevations in response to increased temperature, all 

characteristics making these species highly sensitive to climate change. C. rugosum is also 

projected to experience an average elevation increase and large range reduction, but this 

is more likely to be a shift up the escarpment. All these species are mid to low 
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temperature adapted (Chapter 1 - Figure 1.9). Those projected to experience a large 

range expansion are all high temperature adapted species and are therefore likely to best 

adapt to changing conditions (Chapter 1 - Figure 1.9). 

A clear clade-specific range change response is observed in the genus. Species in Clades 3, 

4 and 5 are most exposed to climate change and projected to experience the largest 

decreases in average range size under FD and ND. The direction of contraction varies 

between clades – the ranges of species in Clades 3 and 4 are consistently contracting 

from the north and the east, while in Clade 5, ranges are contracting from the north and 

south, with a shift eastwards to higher elevations projected under FD.  

Importantly, different combinations of predictor variables emerged as drivers of these 

varied current projected distribution responses. Mean diurnal temperature range (Bio 2) 

and precipitation of the wettest month (Bio 13) were identified as key climate predictors 

of species in Clades 3 and 4 (Figure 4.2). Geology was the most importance predictor 

variable for species in Clade 5, with on average high, but inconsistent contributions from 

the climate variables, particularly Bio 3 and MIMQ (Figure 4.2). Precipitation of the driest 

month (Bio 14) was, however, consistently important for both Clade 5 species (Figure 

4.2). Under a FD scenario, species in Clade 5 were projected to shift to higher elevations 

(Figure 4.7), tracking preferred wetter conditions (Chapter 3) and areas of granite 

(Hammer 2002) in the Great Escarpment (Platts et al. 2015).  

The northerly range contractions projected for Clades 3 and 4 under FD and ND could be 

explained by a projected drying trend in the winter rainfall regions (Von Malitz and 

Scholes 2013; Tadross et al. 2017). Model response curves show species in these clades 

are associated with lower winter rainfall levels (Bio 13) and narrower temperature ranges 

(Bio 2) (also see Chapter 3 - Figure 3.3). Therefore, higher rainfall (relevant to both Clades 

3 and 4) and larger temperature ranges (particularly for Clade 4) south of their current 

projected ranges potentially act as a limit to southerly shifts (Platts et al. 2015). 

Additionally, range contractions from the east for both clades are likely to be explained by 

the increasing temperature ranges inland, pushing future ranges closer to the west coast 

under future climate scenarios.  

Clade 1 is an anomaly to the general clade-level responses, with an average increase in 

range size under FD. However, it is worth noting the polarised responses of the six species 

in Clade 1: four species are projected to experience range expansions (average of 111%), 
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while two species, C. lithopsoides and C. longum, are projected to lose most or all of their 

ranges by 2085 (-100% and -83%, respectively). Precipitation in the wettest month (Bio 

13) in the models has a higher importance in explaining the projected current 

distributions of C. lithopsoides and C. longum compared to those species projected to 

expand. This is a potential driver behind the large decreases in ranges as species track 

these drier conditions in the future (Von Malitz and Scholes 2013; Tadross et al. 2017). In 

contrast, a more even contribution from a range of temperature and precipitation 

variables in the models for species projected to experience range expansions suggests 

these species may have broader environmental tolerances. The presence of certain traits 

in most Clade 1 species, particularly windowed leaves and bladder cells, underscores their 

adaptation to more challenging environments (e.g. sunny exposed niches) (Young et al. 

2017), potentially facilitating their projected expansion to new regions with suitable 

climate. The exception in the clade is C. lithopsoides which does not have bladder cells 

(Opel 2004), which may in part explain its contrasting response. Most of the species in 

Clade 1 belong to the Ophthalmophyllum section of an early trait-based classification of 

the genus (Hammer 1993, 2002). Partially in contrast to the results of the current study, 

Young et al. (2016) projected an overall range reduction for the Ophthalmophyllum 

section. However, it must be noted that they built their SDMs using aggregated 

distribution data for all species in the section, obscuring the potential for individual 

species within the section to respond in different ways. Furthermore, Young et al. (2016) 

used only MaxEnt, rather than an ensemble of modelling algorithms as used in this work, 

which are generally considered to produce outputs at least as accurate as the best 

individual models and overcome inherent variability in algorithm outputs (Araujo and 

New 2007; Buisson et al. 2010; Hao et al. 2020). 

The capacity of Conophytum species to adapt to climate change is likely to be low owing 

to their poor dispersal capability (Hammer 1993; Young et al. 2016), as well as an inability 

to evolve to keep pace with a changing climate (Jump and Peñuelas 2005). Two extreme 

dispersal scenarios (full versus none) were assessed in the current study, with species 

responses more likely to align with the no dispersal projections, although a clearer 

understanding of species-specific dispersal ability (Holloway et al. 2016) is likely to reveal 

more varied responses across the genus (see also discussion of Conophytum dispersal in 

Young et al. (2016)). In a few cases, dispersal scenario determines the severity of climate 

change exposure revealed by significant discrepancies in response. For example, C. 

marginatum and C. lydiae both have large projected increases in range by 2085 under FD, 
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but under ND, large range decreases are projected, reflecting a shift in areas of suitable 

climate away from the current projected range. In contrast, little difference in range 

between dispersal scenarios (e.g. both showing range contractions) reflects a decrease in 

areas of suitable climate but largely within the current projected range, with climate 

change exposure in these cases therefore determined by the size of the projected range 

contractions (e.g. C. minimum (Haw.) N.E.Br. low exposure, C. lithopsoides high exposure). 

Overall, though, the inability of Conophytum to avoid the negative impacts of climate 

change through adaptive capacity suggests most species in the genus are vulnerable to 

future climatic changes, particularly the highly exposed and sensitive species highlighted 

in this study. 

A macroecological approach was employed for the analyses, dictated primarily by the 

resolution of available climate and species distribution data. While climate is widely 

accepted to explain plant distribution patterns at broader scales (Woodward 1987), local- 

and micro-scale processes, such as the effect that topography and vegetation has on fine-

scale temperature variability (Suggitt et al. 2011), is key to delivering more accurate fine-

scale distribution modelling. This is particularly relevant for Conophytum, as many species 

occur in highly specialised microclimatic niches, particularly in rock crevices (Hammer 

1993; Hammer 2002; Hammer and Young 2017). The consequences of these microhabitat 

preferences in terms of climate change response are less clear. Specialised species have 

been found to be more sensitive to climatic changes owing to a restricted niche breadth, 

leading to these species having fewer habitat and microhabitat options available to them 

when changes in climate occur (Broennimann et al. 2006; Foden et al. 2013). 

Alternatively, microhabitats have the potential to act as climate change refugia, 

mitigating some of the extremes associated with climate change (Maclean et al. 2015; 

Suggitt et al. 2018). For example, the rock crevices inhabited by certain specialised 

Conophytum species could have the capacity to buffer against increasing temperatures, 

or changes in rainfall patterns, as they currently buffer species against environmental 

extremes (e.g. Neubaum et al. 2018; Senanayake et al. 2019). This could facilitate the 

persistence of certain populations for longer than the macroecological models suggest.  

Conservation implications and recommendations 

As the world’s only arid biodiversity hotspot it is problematic that the Succulent Karoo is 

so poorly protected (Cowling et al. 1999; Driver et al. 2003). Biodiversity in the biome is 

under pressure from a range of threats (e.g. mining, intensive agriculture, poaching) 
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necessitating immediate efforts to expand the network to address the current protection 

needs of the biome’s biodiversity. Additionally, there is a need to consider future threats 

over the coming century with climate change focused expansion plans required to future-

proof the protected area network. 

Approximately half of Conophytum species are placed under extinction threat (South 

African National Biodiversity Institute 2015a), requiring the development of evidence-

based conservation strategies targeted at both their current and future threats. The low 

current protection level of the Succulent Karoo biome as a whole is mirrored in the results 

of this study with most Conophytum species currently also poorly protected (i.e. little 

overlap between species ranges and the protected areas). This level of protection 

deteriorates further in the future, particularly under ND, by 2085. Additionally, a larger 

decrease in species richness is projected under future climate scenarios inside protected 

areas (-17%) compared to unprotected regions (-8%) of the Succulent Karoo, again 

highlighting the potential failings of the current protected area network to meet the 

future needs of the genus.  

Deciding how to prioritise species in a genus for targeted climate change-related 

conservation interventions is not always straightforward (Gilbert et al. 2020), but using 

the type of easily calculated metrics from SDMs, e.g. range size change and future 

decreases in protected area overlap, can aid decision making. For example, in this study, 

certain species (C. lithopsoides, C. roodiae, C. rugosum, C. reconditum, C. frutescens, C. 

longum, C. pageae, C. flavum, C. tantillum) were identified as being both exposed to 

climate change (i.e. large range contractions towards the Great Escarpment region) and 

are projected to lose most of their protection by 2085 under ND.  

Contemporary conservation aims are increasingly more focused on the many dimensions 

of biodiversity protection, emphasising the protection of genetic-level diversity (e.g. 

between species populations and disparate lineages), inter alia, in addition to the more 

traditional species-centric focus (Miller et al. 2018). The effectiveness of a protected area 

network may therefore be determined by how well it represents phylogenetic diversity 

(D’Amen et al. 2012; Miller et al. 2018; Levin 2019). This is an issue for Conophytum, as 

there is currently insufficient protection for all strongly supported clades, but Clades 1, 2 

and 5 are particularly poorly protected. Unfortunately, this does not improve under 

future climate scenarios, as all clades, except Clade 2, are projected to experience a 
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decrease in protection, with Clade 5 being particularly concerning losing the largest 

proportion of protected range. 

Current protection of Conophytum species richness is predominantly from the 

Richtersveld and Ai-Ais Hot Springs Transfrontier protected areas (Figure 4.12). However, 

species’ distributions are projected to shift southwards under future climate scenarios, 

resulting in a significant decrease in species richness in both of those protected areas by 

the end of the century (Figures 4.9A to D). The projected southerly range shifts in the 

future will therefore mean an increased role in the protection of the Conophytum genus 

for the Namaqua National Park and Goegap Provincial Nature Reserve in particular 

(Figures S4.11B to E). These protected areas are a lot smaller than the Richtersveld and 

Ai-Ais Hot Springs, meaning overall protection is reduced when analysing protected area 

overlap (Figure 4.11). There is a similar pattern for the individual clades, with a range 

contraction from the north causing the Namaqua National Park, Goegap Provincial Nature 

Reserve and Knersvlakte Nature Reserve to become important refugia of phylogenetic 

diversity for the genus (Figures 4.9E to X). The exception is Clade 1, where a species 

richness gain is associated with a projected eastern range expansion in western South 

Africa and southern Namibia.  

I propose that recommendations to strengthen Conophytum conservation strategies need 

to account for the individual and combined effects of current and future threats. Our 

study strongly signals the magnitude of these future threats identifying climate change 

vulnerable species and clades. The need for evidence-based policy development and 

decision-making underlines the importance of studies like this to aid conservation 

prioritisation and make the best use of available resources.  

Identifying regions for the designation of new protected areas would ideally help achieve 

multiple conservation aims. Evidence from this study highlights an unprotected region 

(Priority Designation Area No. 1) to the south-east of the Richtersveld protected area 

(Figure 4.12), which represents high species richness for the full genus and for Clade 3 

and 4 under both current and future climate (Figure S4.11), in addition to serving as an 

important climate refugium for species projected to contract to this area in the future (C. 

longum, C. pageae, C. flavum, C. tantillum, and C. frutescens) (Figures S4.13, S4.14). A 

second unprotected region (Priority Designation Area No. 2) south-east of the Namaqua 

National Park, surrounding the Sandhoog Nature Reserve (Figure 4.12), would facilitate 

protection of species in Clade 5, C. reconditum which contracts to this region in the future 
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(Figures S4.13, S4.14), in addition to wider protection of genus-level species richness, with 

many species projected to move south to this region (Figure S4.11). Importantly, these 

two regions have been highlighted as priority regions in South Africa in which new 

protected areas should be established (Government of South Africa 2010). They have also 

been prioritised as regions in the Succulent Karoo in need of greater protection by the 

Succulent Karoo Programme (SKEP), overlapping with the Greater Richtersveld and 

Namaqualand Uplands priority regions (SANBI 2021). 

Four new nature reserves were recently approved forming the Karrasberge Protected 

Area (Figure 4.12), targeting the protection of unprotected vegetation types: 

Bushmanland Inselberg Shrubland, Aggeneys Gravel Vygieveld and Bushmanland Arid 

Grassland (WWF 2020). While this protected area is at a good latitude for the future 

protection of Conophytum, optimal future climate conditions lie more to the west 

(Figures S4.11B to E). These new nature reserves are relatively small, but have three 

Conophytum endemic to them, and similar well-targeted and effectively policed 

protected areas could also prove a useful option for conserving vulnerable Conophytum 

populations, particularly where illegal collecting is concerned. Another example of this is a 

new nature reserve that has recently been established in Achab and is home to the only 

known locality of C. achabense. Nonetheless, designating larger regions for protection 

would have the added benefit of helping to conserve other taxonomic groups and the 

biome as a whole (Driver 2003).  

Globally, there is a growing recognition of the value (economic and other) of biodiversity 

and the delivery of associated ecosystem services (Hanley and Perrings 2019), with 

landowners and local communities key to its long-term sustainable management (Stolton 

et al. 2014). In South Africa, the Biodiversity Stewardship scheme (South African National 

Biodiversity Institute 2015b) was established to incentivise private and communal 

landowners to protect and manage land in biodiversity priority regions, often outside 

formally designated lands. The scheme, voluntary in nature, and composed of different 

agreement types, time commitments, and fiscal rewards, is a potentially useful stepping 

stone to more conservation-focused land management and formal designation. 

Encouraging participation in the scheme by landowners in regions where climate change 

exposed Conophytum populations need protection could complement other 

interventions, removing potential points of conflicts associated with legally-binding long-

term protected area designations.  
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One of the major current threats to Conophytum is the illegal collection of specimens 

(Mucina et al. 2006; South African National Biodiversity Institute 2015a), and while 

consistent enforcement of the legal mechanisms that underpin biodiversity protection in 

South Africa and Namibia remains a challenge, failure to do so will facilitate the 

decimation of already threatened populations.  

This study has emphasised the importance of in situ approaches to conserving 

Conophytum. C. lithopsoides is projected to lose all areas of suitable climate by 2085, and 

complementary ex situ conservation interventions (e.g. seed and gene banks, botanic 

garden collections, etc.) should be evaluated sooner rather than later. Other species, such 

as those in Clade 5 are also projected to lose most of their suitable habitat by the end of 

century. However, the SDMs usefully identified areas of suitable climate (and geology) 

outside of their current range. It’s clear that most Conophytum species are unable to 

migrate to these projected regions of range expansion, so the potential of translocation 

programmes should not go unassessed.  

Finally, and importantly, this is the first study that assesses the potential impacts of 

climate change impacts on the future distributions of individual Conophytum species. The 

integration of future threats into species conservation assessments is critically important 

to putting in place adequate conservation policies and strategies to successfully meet the 

current biodiversity crisis head on. I recommend the results of this study are considered 

in the next Red List review of the Conophytum genus (SANBI 2015a), perhaps by using the 

model outputs as an estimate of extent of occurrence (EOO) loss in the future. 
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Conclusion 

Our study emphasises the vulnerability of Conophytum to projected changes in climate in 

south-west southern Africa and suggests potential conservation strategies decision 

makers should consider to protect the genus and, by extension, plant diversity of the 

Succulent Karoo. What happens in reality, though, can only be assessed by the 

establishment of bespoke monitoring programmes to track ecological responses to 

measured environmental changes over the coming decades. This is particularly important 

for the species in the Conophytum genus not included in this modelling study, most of 

which are vulnerable point-endemics or with narrow distributions. While our study 

primarily addresses questions around Conophytum climate change exposure, more 

fundamental research is required to address the many gaps in understanding 

Conophytum climate sensitivity (e.g. physiological tolerances, microclimatic associations, 

interspecific dependencies (e.g. pollinators interactions), and phenological responses) and 

their potential adaptive capacity (e.g. species-specific dispersal mechanisms and rates, 

frequency of stochastic dispersal events, potential for rapid phenotypic and genotypic 

adaptation) (Foden et al. 2013). Protecting the unique Succulent Karoo biome is a global 

priority - implementing an effective Conophytum conservation strategy is an important 

part of this journey.  
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Chapter 5 

Environmental preferences and trait associations of narrow endemic 

Conophytum species  

Abstract 

Narrow endemic species are critical conservation priorities, with small range and 

population sizes, as well as low genetic diversity making them distinctly vulnerable to 

human impacts. Narrow endemics are more likely to occur in and have adaptations to 

high stress environments, in addition to having flowering traits that prioritise persistence 

over colonisation. In this study, a multimodel inference approach was used to assess the 

environmental preferences of narrow endemic species belonging to the species-rich 

Conophytum N.E.Br. (Aizoaceae) genus endemic to the Succulent Karoo. Furthermore, 

associations between floral and leaf traits and narrow endemics were quantified to assess 

their colonisation ability and adaptation to high stress environments. Narrow endemic 

Conophytum species showed a preference for environments with steeper slopes, higher 

elevations and lower moisture availability. Additionally, diurnal flowering was more 

prevalent in narrow endemics, but associations with other functional floral and leaf traits 

were not identified. Narrow endemic Conophytum species were found to be closely 

related to each other highlighting range size as a potential heritable character, with 

speciation of Conophytum narrow endemics likely to be driven by more than one 

pathway. The specialist nature of these species is clear and their risk of extinction never 

higher in the face of increased levels of poaching and global environmental change. 

Bridging the gaps in understanding Conophytum narrow endemic ecology will go some 

way to evidencing the conservation interventions required to ensure their long-term 

protection.  

Introduction 

Narrow endemic species are often the key focus of conservation – determined by their 

highly restricted geographic ranges and small population sizes (Kruckeberg and 

Rabinowitz 1985; Wulff et al. 2011; 2013), low genetic diversity (Ellstrand and Elam 1993; 

Işik 2011) and low reproductive potential (Lavergne et al. 2004; Işik 2011). These traits 

account for the inherent vulnerability of narrow endemics with more intense human 
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activity and human-induced environmental change increasing their risk of extinction 

(Schwartz et al. 2006; Işik 2011). 

Global centres of endemism are a consequence of a complex mix of evolutionary and 

ecological processes reflecting interactions between the region’s climatic, geological and 

biogeographic history (Harrison and Noss 2017), occurring predominantly in mountainous 

regions (e.g. European Alps, central African alpine regions, Sino-Himalayan region), on 

islands (e.g. New Caledonia, Hawaii) or those parts of the world with Mediterranean 

climates (e.g. Cape region of South Africa, the Mediterranean) (Kruckeberg and 

Rabinowitz 1985). Our study system, the Greater Cape Floristic Region (GCFR) in the Cape 

region of South Africa, has one of the highest rates of vascular plant endemism globally, 

with approximately 67% of its ~11,000 native vascular plants endemic to the region (Born 

et al. 2007). Within the GCFR, the Succulent Karoo biome is uniquely biodiverse, 

particularly for an arid ecosystem (Hilton-Taylor 1996; Myers et al. 2000), again with high 

levels of vascular plant endemism (26% of its ~6000 native plants) (Driver et al. 2003). 

One of the most species-rich genera in the Succulent Karoo is Conophytum N.E.Br. 

(Aizoaceae) (Hammer and Young 2017), a genus of dwarf succulent plants. The genus has 

a high incidence of narrow endemism, with around 28% of species having a distribution 

area of <10 km2 (Young and Desmet 2016). More than 60% of taxa in the genus are 

endemic to the Succulent Karoo biome (Young and Desmet 2016). Importantly, the genus 

is broadly representative of other vulnerable dwarf succulents in the Succulent Karoo 

with its constituent species covering the full extent of the biome and a wide variety of 

range sizes (Young and Desmet 2016). It is a highly threatened genus, with around 40% of 

its species currently placed under extinction threat, particularly from mining and illegal 

poaching (SANBI 2015). Critically, most threatened species are narrow endemics, with 

approximately 60% listed as critically endangered, endangered or vulnerable, with the 

remaining species assessed as being rare or critically rare (SANBI 2015). In contrast, 

approximately 25% of broadly distributed Conophytum species are listed as critically 

endangered, endangered or vulnerable (SANBI 2015). 

Despite good knowledge on the current distribution of Conophytum narrow endemics 

(Young and Desmet 2016), conservation of these vulnerable species will be better 

supported through an increased understanding of the environmental preferences of 

these species compared to more broadly distributed species. Additionally, previous 

studies have characterised distinct functional trait profiles for narrow endemic species, 
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with consequences for their persistence in restricted ranges (e.g. Byers and Meagher 

1997; Rossetto et al. 2008) and their adaptation to high stress environments (Grime 

1977), likely also to be relevant in Conophytum. It is also important to account for 

phylogenetic relatedness when assessing narrow endemism drivers, as range size as a 

heritable character, after initial uncertainty (Webb and Gaston, 2003) has gained traction 

in recent years (Hunt et al. 2005; Waldron 2007; Mouillot and Gaston 2007; Abellán and 

Ribera 2011).  

Narrow endemics generally prefer environmentally marginal landscapes (Kruckeberg and 

Rabinowitz 1985; Kessler 2002; Beentje et al. 2006), and this is often explained using two 

possible hypotheses: the ‘refuge’ hypothesis and the ‘specialist’ hypothesis (see Palacio et 

al. 2007; Matesanz et al. 2009; Imbert et al. 2012). The ‘refuge’ hypothesis states that 

these species occur in more marginal, high-stress environments as they are stress 

tolerant, but have low competitive ability and therefore undergo competitive exclusion 

(Drury 1974; Hanski et al. 1993; Buira et al. 2020). This explanation is drawn from findings 

showing a narrow endemic preference for slightly higher elevation (McDonald and 

Cowling 1995; Nogué et al. 2013), steeper, rockier terrain (Sivinski and Knight 1996; 

Lavergne et al. 2004; Thompson 2005; Buira et al. 2020) and specific soils deriving from 

certain lithologies (Cowling et al. 1994; Sivinski and Knight 1996), which are often nutrient 

poor (Cowling et al. 1994). In the ‘specialist’ hypothesis narrowly endemic species are 

specifically adapted to small regions with specific microenvironments, and adaptation to 

such specific environments potentially comes with the cost of lower competitive ability. 

This is often a consequence of microclimatic differences stemming from topographic 

variation, sudden altitudinal changes or rocky outcrops that can lead to the evolution of 

narrowly distributed organisms specifically evolved to those conditions (Kruckeberg and 

Rabinowitz 1985; Kessler 2002; Beentje et al. 2006). As a result of this, it is likely narrowly 

endemic species could evolve certain functional traits in adaptation to highly specific, 

potentially high-stress environments (Grime 1977; Chapin III et al. 1993; Hoffmann et al. 

2000; Reich et al. 2003; Bijlsma and Loeschcke 2005). Importantly, the stress leading to 

divergence needs to be applied consistently and stably for speciation to occur, which is 

likely to have been the case in western southern Africa as climatic consistency is a 

hallmark of the past few million years (Verboom 2009). 

Along with spatial and abiotic factors, narrow endemism has also been attributed to 

differences in persistence and colonisation ability from widespread congeners, 
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particularly through contrasts in flowering traits (Byers and Meagher 1997; Lavergne et al. 

2004; Totté et al. 2015). This has manifested through limitations to dispersal ability 

because of fruiting differences between narrowly endemic and widespread species 

(Rossetto et al. 2008), as well as fewer and smaller flowers with lower pollen/ovule ratios 

and fewer seeds (Lavergne et al. 2004), and that are less attractive to pollinators (Totté et 

al. 2015). Flowering characteristics may therefore be a key predictor of narrow endemism 

and allow inferences to be drawn on the persistence and colonisation strategies of 

Conophytum species. 

In this study, species in the Conophytum genus were catgorised into narrow endemics and 

more broadly distributed species, comparing their environmental preferences and 

functional traits, with the aim of creating a more informed basis for effective 

conservation of the most critically endangered Conophytum species. Three primary 

questions formed the basis of this study: 

(1) do narrow endemics occupy distinct climatic, topographic and geological 

environments compared to their broadly distributed congeners? 

(2) do the floral traits of narrow endemics indicate low colonisation ability? 

(3) do the leaf traits of narrow endemics indicate an adaptation to high-stress 

environments? 

Materials and Methods 

Study area 

The study area incorporates the Succulent Karoo and the surrounding biomes – moving 

into the Fynbos biome in the south to south-west of the genus’ range, the Nama Karoo 

biome to the east and the Desert biome to the north (Figure 5.1). Occurrence points for 

the genus span from 24.83°E to 15.05°E and 34°S to 26.55°S, while the region in which 

the point endemics occur spans from 15.46°E to 19.09°E and 26.57°S to 31.09°S. 

Elevation for species’ occurrence points ranges from almost sea level to around 1400 m 

above sea level. Narrow endemic species’ elevations range from 442 to 1213 m above sea 

level. The most important geomorphological feature of the study area is the Great 

Escarpment which runs parallel to the west coast and forms the eastern boundary to the 

biome (Hilton-Taylor 1996). Species in the genus occur in quartz-pebble-rich plains, on 

granite dominated mountains and on quartz inselbergs (Young and Desmet 2016). They 
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usually occupy very specific niches, such as on rocky outcrops in sandy plains, flat gravel 

plains, the edges of shallow grit pans, gravel plains and south-facing granite slopes (Young 

and Desmet 2016). 

The study region has a highly varied geology. The Richtersveld in the north-west (just 

south of Namibia) is made up of a varied sequence of pre-Gondwanan rocks, into which 

intrusion occurred from the Granites and Gneisses of the Namaqua Metamorphic 

Province at least 1 billion years ago (Cowling et al. 1999; Mucina et al. 2006). After the 

granitic intrusions, sedimentary rocks of the Gariep, Numees and Nama Formations were 

deposited in a rift basin along the west coast of southern Africa between 900 and 500 

million years ago (Martin, 1965). In the south-western and southern Cape, the geology is 

dominated by sandstones and shales of the Cape Fold Belt which is part of the greater 

Cape Supergroup (Mucina et al. 2006).  

In terms of climate, the region is largely in South Africa’s winter rainfall zone, except for 

Bushmanland, in the north-east of the genus’ range, which has year-round rainfall (Hilton-

Taylor 1996; Mucina et al. 2006). The winter rainfall is low, but fairly reliable, with more 

than 40% of the rainfall for the region occurring in the winter months (Hilton-Taylor 1996; 

Mucina et al. 2006). Mean Annual Precipitation (MAP) is generally between 100 and 200 

mm (Mucina et al. 2006), although in the Richtersveld and into the Namib Desert, MAP 

can be below 100 mm. The precipitation that is received is generally from cyclonic frontal 

systems linked to the circumpolar westerly belt (Schulze and McGee 1978). The mean 

annual temperature for this region is 16.8°C (Mucina et al. 2006), with some extreme 

temperatures of above 44°C occurring occasionally at low-lying coastal areas (Rutherford 

and Westfall 1986). Fog is another important supplier of precipitation to the region along 

the coast and escarpment (Hilton-Taylor 1996; Mucina et al. 2006). 
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Occurrence records and defining range size 

A database of Conophytum occurrence records was provided by A. J. Young. The database 

integrates data from recent annual Conophytum focused field surveys (led by Young 

between 2007 and 2019) with quality-checked historical records. The database includes 

the species, subspecies, GPS co-ordinates of the occurrence location, the accuracy of the 

GPS location, map grid reference, collector of the GPS location, description of where the 

point occurs and the country in which the points were obtained. The study focused on 

102 of the 106 species in the Conophytum genus based on the species included in the 

most complete Conophytum phylogenetic tree (Chapter 2). The tree is a maximum clade 

credibility (MCC) ultrametric time-based phylogeny produced from 7 plastid gene regions. 

3999 occurrence points across the 102 Conophytum species with a 1 km2 or higher 

resolution were considered for the climate and geology variables. Only records that had a 

5 m error were considered for elevation, slope and aspect, as these predictor layers are to 

a 30 m2 resolution, equating to 1952 occurrence points across 101 Conophytum species 

(C. concordans G.D.Rowley had no records with a 5 m error).  

Range size was defined for the 102 Conophytum species (Table S5.1) using the alpha hull 

area for the occurrence points for the species considered. The alpha hull reduces bias in 

ranges by excluding discontinuities allowing for a more accurate estimation of range size 

(Burgman and Fox 2003). Alpha hull area was calculated using the R package 

RangeBuilder (Rabosky et al. 2016) using the function Getdynamicalphahull to return the 

alpha hull area in square kilometres. Young and Desmet (2016) defined a Conophytum 

narrow endemic as any species with a range less than 10 km2. For this study, it was 

decided to increase that to any species with a range size less than 20 km2. This was done 

after calculating range sizes for all included species and analysing the pattern of 

occurrence record positions for four extra species which have a range size greater than 10 

km2, but smaller than 20 km2 (C. brunneum S.A.Hammer, C. antonii S.A.Hammer, C. 

arthurolfago S.A.Hammer, C. hermarium (S.A.Hammer) S.A.Hammer) (Table S5.1). These 

species’ occurrence record positions have a similar pattern to those with smaller ranges, 

particularly being limited to occurrence on one or two inselbergs in the entire 

Conophytum range. Further justification comes from the IUCN that defines any species 

with an area of occupancy (AOO) of less than 20 km2 as a potential candidate for a 

vulnerable listing (IUCN 2012), as well as their being an obvious discontinuity in range 

sizes below and above 20 km2, with the next largest range above 20 km2 being ~30km2 
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(Table S5.1). The average number of occurrence points at a 5 m error and for species 

fitting the narrow endemic description was ~3 occurrence points, with 22 of these 

narrowly endemic species having either 1 or 2 occurrence points. In total, 34 species were 

considered narrow endemics for this study (Table 5.1). 

 

 

Table 5.1: The 34 species considered narrow endemics for the purposes of this study. 

 

  
Species included 

 

C. achabense 

S.A.Hammer 

C. burger 

L.Bolus 

C. cubicum 

Pavelka 

C. irmae 

S.A.Hammer & 

Barnhill 

C. smaleorum 

Rodgerson & 

A.J.Young 

C. acutum 

L.Bolus 

C. carpianum 

L.Bolus 

C. daniellii 

Pavelka 

C. 

longibracteatum 

L.Bolus 

C. 

smorenskaduense 

de Boer 

C. antonii 

S.A.Hammer 

C. 

chrisocruxum 

S.A.Hammer 

C. francoiseae 

(S.A.Hammer) 

S.A.Hammer 

C. mirabile 

A.R.Mitch. & 

S.A.Hammer 

C. subterraneum 

Smale & T.Jacobs 

C. 

arthurolfago 

S.A.Hammer 

C. chrisolum 

S.A.Hammer 

C. fraternum 

(N.E.Br.) N.E.Br. 

C. phoeniceum 

S.A.Hammer 

C. vanheerdei 

Tischer 

C. bachelorum 

S.A.Hammer 

C. concordans 

G.D.Rowley 

C. 

halenbergense 

(Dinter & 

Schwantes) 

N.E.Br. 

C. pium 

S.A.Hammer 

C. violaciflorum 

Schick & Tischer 

229



 

Climate, geology and topographical layers 

Abiotic, environmental predictor variables were sourced to understand differences in 

environmental preferences between narrow endemics and broadly distributed 

Conophytum species. Downscaled 1 km2 resolution climate predictor layers were sourced 

from the AFRICLIM database (Platts et al. 2015). The layers used represented current 

climate (mean climate between 1950 and 2000). Downscaling reflected two regional 

models (RCMs) for Africa (SMHI-RC4, CanRCM4) nested within a selection of eight driving 

global models (GCMs) (CCCma-CanESM2, CNRM-CERFACS-CM5, ICHEC-EC-EARTH, MIROC-

MIROC5, MOHC-HadGEM2-ES, MPI-ESM-LR, NCC-NorESM1-M, NOAA-GFDL-ESM2G), to 

produce a more local circulation model with higher accuracy (Platts et al. 2015). 

Worldclim v1.4 was used as baseline climatology to further improve the resolution of the 

downscaled GCMs to 1 km2. For a more detailed explanation on the preparation of these 

climatic predictor variables, see Platts et al. (2015). Along with climatic predictor 

variables, a high-resolution DEM (30 m2) and lower resolution geology layer (1 km2) 

covering southern Africa were acquired from P. G. Desmet. Slope and aspect layers were 

calculated from the DEM using the function terrain in the package raster (Hijmans et al. 

2019) in R (R core team 2015). 

For the continuous environmental variables (climate variables, elevation and slope), the 

average value for each species was calculated. For categorical environmental variables 

(geology and aspect), the category preference for each species was calculated by 

determining the category (ies) with the greatest number of occurrence points for each 

C. brunneum 

S.A.Hammer 

C. confusum 

A.J.Young, 

Rodgerson, 

S.A.Hammer & 

Opel 

C. hanae 

Pavelka 

C. regale Lavis C. youngii 

Rodgerson 

C. bruynsii 

S.A.Hammer 

C. crateriforme 

A.J.Young, 

Rodgerson, 

Harrower & 

S.A.Hammer 

C. hermarium 

(S.A.Hammer) 

S.A.Hammer 

C. schlechteri  

Schwantes 
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species. In all, 23 environmental variables were considered, falling into five broad 

categories  

Temperature: mean annual temperature (Bio 1), mean diurnal range in temperature (Bio 

2), isothermality (Bio 3), temperature seasonality (Bio 4), maximum temperature of the 

warmest month (Bio 5), minimum temperature of the coldest month (Bio 6), annual 

temperature range (Bio 7), mean temperature of the warmest quarter (Bio 10), mean 

temperature of the coolest quarter (Bio 11) 

Precipitation: average annual precipitation (Bio 12), rainfall in the wettest month (Bio 

13), rainfall in the driest month (Bio 14), rainfall seasonality (Bio 15), rainfall in the 

wettest quarter (Bio 16), rainfall in the driest quarter (Bio 17) 

Plant Growth Moisture Indices*: potential evapotranspiration (PET), annual moisture 

index (MI), moisture index in the arid quarter (MIAQ) and moisture index in the moist 

quarter (MIMQ).  

Habitat/Nutrients: geology  

Topographical Variables: elevation, slope and aspect 

To reduce collinearity in the continuous variables, Variance Inflation Factors (VIFs) (Fox 

and Monette 1992) were employed. VIF scores greater than 10 were removed. The final 

group of selected variables was therefore as follows: Bio 1, Bio 2, Bio 3, MIAQ, MIMQ, 

elevation, slope, aspect, geology (Table S5.1). 

* PET is calculated using the Hargreaves method (Hargreaves and Zamani 1985), MI is 

mean annual rainfall/annual PET and MIAQ is mean rainfall/PET for the most arid three 

consecutive months, with MIMQ the same for the least arid three consecutive months 

(Pers. Comm. P. J. Platts). 

Leaf and floral traits 

Many characters were considered for analyses assessing colonisation/persistence and 

high-stress adaptation in Conophytum narrow endemics (Figure S5.4). Leaf characters 

were considered most useful to assess adaptation to high stress, owing to previous work 

indicating potential links between certain Conophytum leaf traits and extreme 

environments (e.g. Opel 2004; Young et al. 2017), while floral characters were considered 

most useful to assess colonisation/persistence difference. A critical consideration was 
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data coverage, and therefore only characters were selected that had data readily 

available for almost every species considered, particularly for the 34 narrow endemics. 

For most characters in the Opel (2004) database, for example, that have not been 

augmented from other sources, only 12 of the 34 narrow endemics have data available. 

Characters outlined in Tables 5.2 and 5.3 were selected. 

For species persistence and colonisation, and how this may differ between the narrow 

endemics and more broadly distributed Conophytum species, three floral characters were 

selected (Table 5.2, Table S5.2). 

Table 5.2: Floral characters selected for use to assess narrow endemic 

colonisation/persistence, along with their character state codes. 

Character Character states 

Phenology 1 – Autumn; 2 – Winter; 3 – Spring; 4 – Summer 

Anthesis 0 – Nocturnal; 1 – Diurnal 

Pollen type 1 – Type A (Tectate imperforate (perforations <4%)  with a very low 

density of microechinii); 2 – Type B (Tectate microperforate possessing 

prominent microechini); 3 – Type C (Tectate microperforate possessing 

inconspicuous/small microechinii); 4 – Type D ( tectate microreticulate 

cristatum; broad muri); 5 – Type E (Tectate microreticulate cristatum; 

broad muri; possessing prominent microechini); 6 – Type F (Intectate) 

 

To understand differences in adaptation to high-stress environments between narrow 

endemics and broadly distributed Conophytum species, five charcaters were selected 

based on the likelihood of their evolution in response to an extreme environment (see 

Opel 2004; Young et al. 2017) (Table 5.3, Table S5.3).  

Table 5.3: Leaf charcters selected for use to assess narrow endemic adaptation to high-

stress environments, along with their trait state codes. 

Character Character states 
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Epidermal extension 

length 

0 – Glabrous epidermis; 1 – Blunt papillae; 2 – Short 

trichomes; 3 – Long trichomes; 4 – Very long trichomes 

Windowed leaves 0 – Absence; 1 – Presence 

Leaf shape 1 – obconical with flat, slightly concave or slightly convex 

apex (button); 2 – cylindrical/globose; 3 – weakly cuneate 

(weakly bilobed); 4 – cuneate (bilobed); 5 - cylindric with a 

convex or truncate apex 

Stomata position 1 – Superficial; 2 – Raised; 0 – Sunken 

Bladder cells 0 – Absent; 1 – Present 

 

Information on character states for the species was sourced from: Hammer (1993), 

Hammer (2002), Powell (2016), Young et al. (2017), Opel (2004), Opel (2005a), Opel 

(2005b), Young (2020, unpublished). 

Data Analysis 

Initial data exploration compared mean values between narrow and broadly distributed 

species for the continuous environmental variables using a Mann-Whitney U test. Count 

data and proportions of broadly and narrowly distributed species were also compared 

across the categorical variables using the Chi-square test. 

Three models were run focusing on narrow endemics and their environmental 

preferences (Model 1), persistence/colonisation (Model 2) and adaptation to a high-stress 

environment (Model 3). The three models were run using binomial (0 = broadly 

distributed species; 1 = narrow endemics) generalised linear models (GLMs) incorporating 

a multimodel inference approach (Burnham and Anderson 2002), with models selected 

based on Akaike Information Criterion corrected for small samples (AICc) score using the 

package glmulti (Calcagno and de Mazancourt 2010) in R (R core team 2020). Global 

models were initially run, with the number of predictors then reduced based on variable 

importance. Variable importance was determined using the sum of the Akaike weights of 

each candidate model for which the variable was present as a predictor (Burnham and 

Anderson 2002). The four most important variables were selected for Model 1, while for 

Models 2 and 3, the least important variable was excluded before the rerun. The rerun 
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incorporated predictor interactions to find the best-fit model. Spatial autocorrelation in 

the residuals of the best-fit models was assessed using the Moran’s I test (Moran 1950) 

(Table S5.4). The influence of phylogeny on significant best-fit models was also tested by 

including phylogenetic relatedness as a random effect on each best-fit model using a 

phylogenetic generalised linear mixed model (PGLMM), as phylogenetic relatedness can 

increase Type I error in a model (Li and Ives 2017). This was done using the function 

pglmm in the package phyr (Li et al. 2020). Where there was a significant phylogenetic 

influence, the PGLMM was reported rather than the best-fit GLM. 

Mapping of small (1) vs large (0) range size as described by Huelsenbeck et al. (2003) was 

performed using the package phytools v.0.6-44 (Revell 2012) using R (R core team 2020). 

A symmetrical rates model (SYM), equal rates model (ER) and unequal rates model (ARD) 

were tested to model the evolution of small vs large range size over the phylogeny. The 

model with the lowest AICc score was selected (Table S5.5). 

To determine if species with a range less than 20 km2 were phylogenetically related, the 

Phylogenetic D statistic (Fritz and Purvis 2010) in the caper package (Orme et al. 2012) 

was employed. The D value is equal to one if a binary trait has a phylogenetically random 

distribution over tree tips and 0 if the observed trait is clumped as if it had evolved under 

Brownian motion (Fritz and Purvis 2010). The test determines if the D value is significantly 

different from a random distribution (1) and from a clumped distribution as under 

Brownian motion (0) (Fritz and Purvis 2010). The trait category is considered to have 

significant phylogenetic signal if its D value is not significantly different from 0 (P Clumped) 

and is significantly different from 1 (P Random) to a delta of 0.05. 

Results 

Range sizes and data exploration 

Range size across the genus varied from 0.00001 to 37,922 km2 with an average of 4119 

(SD ±7256) km2. Thirty-four species were identified as narrow endemic in the 

Conophytum genus (i.e. range size < 20 km2 (Table 5.1; Table S5,1)).  

Environmental preferences of narrow endemic species (Model 1) 

Overall, the multimodel inference approach showed the most important variables 

associated with narrow endemics were slope (∑𝜔𝑖 = 0.78), MIAQ (∑𝜔𝑖 = 0.74), and the 
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interaction between MIAQ and MIMQ (∑𝜔𝑖 = 0.72), all showing model-averaged p-values 

of <0.33 (Table 5.4; Figure 5.2). 
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Table 5.4: Variable importance, estimate and average P-value for all terms when all 

possible models were considered as part of the multimodel inference approach. 

‘Importance’ refers to the sum of Akaike weights for all candidate models in which a 

specific term was a predictor. ‘Estimate’ is the model-averaged term estimate using a 

weighted-mean approach based on Akaike weights across all models considered. ‘P-value’ 

denotes the significance of the average response of a specific term. The symbol ‘:’ refers 

to an interaction between two predictors.  

Term Estimate P-value Importance 

Slope 0.44 ± 0.36 0.22 0.78 

MIAQ -1.15 ± 1.17 0.33 0.74 

MIAQ:MIMQ -0.86 ± 0.87 0.33 0.72 

Elevation:MIAQ 0.38 ± 0.59 0.52 0.39 

Elevation 0.3 ± 0.46 0.52 0.37 

MIMQ:Slope 0.22 ± 0.36 0.54 0.36 

Elevation:Slope 0.14 ± 0.22 0.61 0.35 

Elevation:MIMQ 0.11 ± 0.26 0.68 0.21 

MIAQ:Slope 0.06 ± 0.16 0.7 0.15 

MIMQ -0.01 ± 0.05 0.89 0.09 

 

The top five of models with a difference in AICc (ΔAICc) < 2 from the top model included 

slope (three models), MIAQ (four models), elevation (three models), the interaction of 

MIAQ and MIMQ (five models) and the interaction of elevation and MIAQ (four models) 

as predictors in most models, underscoring the importance of these terms (Table 5.5). 

The initial global model showed elevation, slope, MIAQ and MIMQ as the four most 

important environmental variables (Figure S5.1).  

Table 5.5: Top 5 models from the multimodel inference approach including model terms, 

AICc score, model weight. The symbol ‘:’ refers to an interaction between two predictors. 
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Model AICc Akaike 

Weights 

Area ~ MIAQ + Elevation + Elevation:MIAQ + MIMQ:MIAQ 124.26 0.031 

Area ~ MIAQ + Slope + Elevation + Elevation:MIAQ + 

MIMQ:MIAQ 

124.73 0.025 

Area ~ MIAQ + Slope + MIMQ:MIAQ 124.91 0.023 

Area ~ Slope + Elevation:Slope + Elevation:MIAQ + 

MIMQ:MIAQ 

125.03 0.021 

Area ~ MIAQ + Elevation + Elevation:MIAQ + MIMQ:MIAQ 125.06 0.021 

 

Model estimates for variables in the best-fit model (MIAQ (p = 0.03), elevation (p = 0.05), 

an interaction between MIAQ and MIMQ (p = 0.07), and an interaction between elevation 

and MIAQ (p = 0.08)) predicting narrow endemics are outlined in Table 5.5. Additionally, 

there was a significant influence of phylogeny when considered as a random effect (p = 

0.02), so the PGLMM output is reported (Table 5.6). 

Table 5.6: Summary table for the PGLMM produced from the best-fit GLM showing the 

estimates and significance of different terms in the model and model random effects. The 

model was significant, with MIAQ a significant predictor. The symbol ‘:’ refers to an 

interaction between two predictors.  

Term PGLMM Significant random effect 

Intercept -1.88 ± 0.74* Phylogeny Variance: 0.71 ± 0.84* 

MIAQ -3.159 ± 1.48*  

Elevation 1.229 ± 0.638 .  

Elevation:MIAQ 1.461 ± 0.798 .  

MIMQ:MIAQ -1.377 ± 0.786 .  

 

Floral trait associations of narrow endemic species (Model 2) 
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Overall, the multimodel inference approach showed the most important variables 

associated with narrow endemics were anthesis (diurnal) (∑𝜔𝑖 = 0.77) and phenology 

(various seasons) (∑𝜔𝑖 = 0.76) - although it is worth noting that a diurnal anthesis had a 

much lower P-value (0.19) than all other predictors and interactions, denoting high 

significance in the weighted average model (Table 5.7; Figure 5.3).  
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Figure 5.3: Trait associations of broadly distributed (dark grey) vs narrowly endemic 

Conophytum species (light grey) for A) Phenology, B) Phenology proportion, C) Anthesis, 

D) Anthesis proportion E) Pollen, F) Pollen proportion . Bar charts show a comparison of 

the number of broadly and narrowly distributed species that have each character state. 

Bar charts show a comparison of the number of broadly and narrowly distributed species 

that have each character state, as well as a comparison of the proportions of narrowly 
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and broadly distributed species that have each character state. A black dot above a box 

plot or a bar grouping denotes a significant difference to a 0.05 significance level. 

Table 5.7: Variable importance, estimate and average P-value for all terms when all 

possible models were considered as part of the multimodel inference approach. 

‘Importance’ refers to the sum of Akaike weights for all models in which a specific term 

was a predictor. ‘Estimate’ is the model-averaged term estimate using a weighted-mean 

approach based on Akaike weights across all models considered. ‘P-value’ denotes the 

significance of the average response of a specific term. The symbol ‘:’ refers to an 

interaction between two predictors. 

Term Estimate P-value Importance 

Anthesis diurnal 0.99 ± 0.75 0.19 0.77 

Phenology autumn or summer -4.3 ± 1100 1 0.76 

Phenology winter 13.91 ± 

1731.5 

0.99 0.76 

Phenology winter or spring 13.91 ± 

2996.6 

1 0.76 

Phenology spring 13.91 ± 

2119.9 

0.99 0.76 

Phenology spring or summer -12.67 ± 

1731.2 

0.99 0.76 

Phenology summer 13.91 ± 

2996.6 

1 0.76 

Anthesis diurnal:Phenology autumn or summer 4.61 ± 1100.1 1 0.42 

Anthesis nocturnal:Phenology autumn or 

summer 

-2.19 ± 550.3 1 0.14 

Anthesis diurnal:Phenology winter 2.51 ± 318.8 0.99 0.14 

Anthesis diurnal:Phenology winter or spring 2.51 ± 550.5 1 0.14 
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Anthesis diurnal:Phenology spring 2.51 ± 389.9 0.99 0.14 

Anthesis diurnal:Phenology spring or summer -2.36 ± 318.6 0.99 0.14 

Anthesis diurnal:Phenology summer 2.51 ± 550.5 1 0.14 

Anthesis diurnal:Phenology autumn 0.17 ± 0.32 0.54 0.14 

 

In the top five of models with a ΔAICc < 2 from the top model, anthesis was the only 

predictor included in four of the five models (Table 5.8). Pollen type was excluded from 

the analysis after the initial global model showed low importance (Figure S5.2). 

Table 5.8: Top 5 models from the multimodel inference approach including model terms, 

AICc score and model weight. The symbol ‘:’ refers to an interaction between two 

predictors. 

Model AICc Akaike 

Weights 

Area ~ Anthesis + Phenology 123.51 0.39 

Area ~ Anthesis + Phenology:Anthesis 125.59 0.14 

Area ~ Phenology + Phenology:Anthesis 125.59 0.14 

Area ~ Anthesis + Phenology + Phenology:Anthesis 125.59 0.14 

Area ~ Anthesis 126.26 0.10 

 

Model estimates for the best-fit model (flowering anthesis and phenology) predicting 

narrow endemics are outlined in Table 5.9. Diurnal flowering was a significant predictor of 

small range size (p < 0.05) (Table 5.9). The GLM is reported as there was no significant 

influence of phylogeny on the best-fit model (p = 0.23).  

Table 5.9: Summary table for the best-fit GLM showing the estimates and significance of 

different terms in the model. The model was significant, with diurnal anthesis a significant 

terms.  

242



 

 

 

 

 

 

 

 

 

 

 

Leaf trait associations of narrow endemic species (Model 3) 

Initial analysis found no strong associations between narrow endemism and leaf traits. 

The multimodel inference approach showed all leaf characters tested had low importance 

scores (Maximum ∑𝜔𝑖 = 0.6) and high average p-values (p-value range: 0.59-1) (Table 

S5.6; Figure 5.4). Stomata position was the only character to be included in all the top five 

models, with windowed leaves being included in four of the five (Table S5.7). Epidermal 

extension length was excluded from the analysis after showing low importance in the 

initial global model (Figure S5.3). Model estimates for the best-fit model (including 

stomata position and windowed leaves) are outlined in Table S5.9. Neither character is 

significant (p-values > 0.1). 

Term GLM 

Intercept -1.836 ± 0.54*** 

Anthesis diurnal 1.278 ± 0.6* 

Phenology autumn or 

summer 

0.031 ± 0.916 

Phenology winter 18.122 ± 2284.102  

Phenology winter or spring 18.122 ± 3956.18 

Phenology spring 18.122 ± 2797.442 

Phneology spring or summer -17.01 ± 2284.102 

Phenology summer 18.122 ± 3956.18 
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Heritability of narrow endemism 

Narrow endemism exhibited significant phylogenetic signal (D = 0.49; Pclumped = 0.07; 

Prandom = 0.01; Figure 5.5). 
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Discussion 

Narrow endemics account for approximately 33% of the species in the Conophytum 

genus, most of which are listed as threatened by extinction. Concern for these species 

grows as the impacts of current and future threats in the Succulent Karoo intensify over 

the coming years (Mucina et al. 2006; Midgley and Thuiller 2007). This study presents the 

first attempt at comparing the ecology of narrow endemic and the more broadly 

distributed Conophytum species, with clear potential to aid current and future 

conservation efforts, in addition to identifying data gaps required to address emerging 

hypotheses providing explanations for the small range sizes of narrow endemics. The data 

presented here indicate that particular environmental preferences of narrow endemics 

emerge at different spatial scales, with these species typically tolerating more high-stress, 

marginal environments. Narrow endemic Conophytum species are also associated with 

diurnal flowering, although clear associations with other floral and leaf traits were not 

found.  

The preference of narrow endemic Conophytum species for steeper slopes, higher 

elevation (note the lower model importance scores, however), as well as lower moisture 

(MIAQ and MIAQ:MIMQ) supports hypotheses suggesting narrow endemics more 

generally prefer high-stress environments (McDonald and Cowling 1995; Nogué et al. 

2013; Sivinski and Knight 1996; Lavergne et al. 2004; Thompson 2005; Buira et al. 2020; 

Cowling et al. 1994), often with high topographical complexity (Kruckeberg and 

Rabinowitz 1985; Kessler 2002; Beentje et al. 2006).  

Phylogenetic signal potentially adds further explanation to this preference for high-stress 

environments, as it could provide clues to if narrow endemic speciation in the genus 

follows a specialist or refuge model, and these models provide an understanding of what 

may have driven a species to become narrowly distributed. The significant influence of 

phylogeny when included as a random term in Model 1 (Table 5.6), along with significant 

phylogenetic signal (Figure 5.5) suggests the potential for an association between 

Conophytum phylogenetic relatedness and range size, as many species with small range 

sized are grouped in the same clades (Hunt et al. 2005; Waldron 2007; Mouillot and 

Gaston 2007; Abellan and Ribera 2011). For example, there are clades exclusively made 

up of narrow endemics such as C. francoiseae (S.A.Hammer) S.A.Hammer and C. 

confusum A.J.Young, Rodgerson, S.A.Hammer & Opel (Clade B), C. irmae S.A.Hammer & 

Barnhill, C. fraternum (N.E.Br.) N.E.Br., C. crateriforme A.J.Young, Rodgerson, Harrower & 
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S.A.Hammer, C. bachelorum S.A.Hammer (Clade C), and C. vanheerdei Tischer and C. 

smorenskaduense de Boer (Clade G) (Figure 5.5; Table S5.9). Speciation in these clades, 

potentially facilitated by long distance dispersal events which establishes subpopulations 

of the original species, ultimately results in new species, fitting the characteristics of the 

‘specialist’ hypothesis as species specialise to small regions with specific 

microenvironments (see Palacio et al. 2007; Matesanz et al. 2009; Imbert et al. 2012). 

These dispersal events are thought to be highly uncommon in Conophytum, but could 

occur through anemochory, particularly because of the relatively light and papery 

hygrochastic capsules in the genus in comparison to other genera in the Aizoaceae 

(Powell et al. 2019). Clades which contain pairs of narrow endemic and broadly 

distributed species (e.g. Clade A: C. violaciflorum Schick & Tischer (narrow) and C. 

ectypum N.E.Br. (broad), Clade D: C. jucundum (N.E.Br.) N.E.Br. (broad) and C. carpianum 

L.Bolus (narrow), and Clade H: C. youngii Rodgerson (narrow) and C. rugosum 

S.A.Hammer (broad) (Figure 5.5; Table S5.9)) may be better explained by the ‘refuge’ 

hypothesis (Drury 1974; Hanski et al. 1993; Buira et al. 2020), in which intraspecific 

competition ‘pushes’ peripheral subpopulations of a broadly distributed species to 

higher-stress environments in its range facilitating speciation or the establishment and 

fragmentation of clines as a result of reproductive isolation. 

Narrow endemic Conophytum species are almost exclusively diurnal flowering (only four 

are nocturnal flowering), in contrast to broadly distributed species for which 25 of the 68 

are nocturnal flowering. Diurnal flowering Conophytum species are mainly pollinated by 

pollen wasps from the genus Quartinia, while nocturnally flowering Conophytum species 

are pollinated by moths (Jürgens and Witt 2014). Interestingly, narrow endemics are 

situated in those regions generally favoured by Quartinia wasps (diurnal) and with lower 

moth (mostly nocturnal) species richness, and this potentially precludes them from 

nocturnal flowering (Gess and Gess 2004; Gess and Gess 2010; Mecenero et al. 2020;). 

Consequently, diurnal flowering may be explained by the geographic overlap of narrow 

endemics with distinct pollinator communities, with competition for pollinators linked to 

traits (e.g. diurnal flowering, floral structure, pollen structure (Chapter 2)) that maximise 

persistence of the narrow endemic populations in those regions (Byers and Meagher 

1997; Lavergne et al. 2004; Totté et al. 2015).  

Interestingly, traits potentially arising from high-stress conditions (Model 3) are not more 

prevalent in narrow endemic species than in broadly distributed species. This is 
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somewhat surprising as all the traits considered, except perhaps leaf shape, could be 

considered adaptations to drier or more hostile environmental conditions (Opel 2004; 

Young et al. 2017). It is likely further analyses, particularly focusing more on physiological 

traits as highlighted by Grime (1977) (i.e. low rates of growth, photosynthesis and 

nutrient absorption, high root/shoot ratios, low tissue turnover rates and high 

concentrations of secondary metabolites for plant defence), may uncover high-stress trait 

associations with Conophytum narrow endemics. Exploration of extra characters in Opel 

(2004), albeit for a smaller selection of species, found there was a greater prevalence in 

narrow endemics of a calcium oxalate crystal sand layer in leaf epidermal cells, as well as 

smooth, less prominent epicuticular waxes (Figure S5.4). This highlights the need for an 

expanded character database for these rare species to gain a greater understanding of 

their physiology, morphology and potential vulnerability to current and future 

environmental stress. 

Along with limitations in character data, the lack of high resolution occurrence and spatial 

environmental data has affected our ability to run distribution or environmental niche 

models, one of the most commonly used and important methods for understanding 

species’ distributions, what is controlling their distributions, and how the distributions 

may change in the future, particularly as climate changes (Hao et al. 2019). Much more 

high-resolution occurrence data is required, as even distribution modelling studies using 

few occurrence points did not consider species with 1 or 2 occurrence points for analysis 

(Lannuzel et al. 2021). In the Conophytum database, 22 of the 34 narrow endemics have 

only 1 or 2 occurrence points at a 5 m error. Current and future climate layers also need 

to incorporate microclimatic differences at a very small spatial scale. There is currently no 

dataset like this, and it would potentially need to be created using some form of 

downscaling for the current and future climate layers available (e.g. Holden et al. 2011). 

Conservation Implications 

Conophytum is under serious conservation threat, with a larger proportion of narrow 

endemics (60%) listed as vulnerable, endangered or critically endangered compared to 

the more broadly distributed species (25%) (SANBI 2015). Illegal poaching and habitat 

destruction through mining and livestock agriculture (SANBI 2015) were identified as the 

main threats to Conophyum species, impacting both the narrow endemic and more 

broadly distributed species. Illegal poaching is a particular concern at present, with global 

poaching networks targeting some of the rarest and most obscure species in the genus 
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because of the potential financial benefit of selling these species online (BGCI 2020). 

Economic hardship from the COVID-19 pandemic has exacerbated illegal poaching, with 

local poachers now taking the place of foreign collectors (BGCI 2020). Hundreds of 

thousands of poached plants are being confiscated by South African authorities on a 

monthly basis, with the recent rapid increase in poaching possibly driving certain 

Conophytum species to extinction in the wild (BGCI 2020). Based on the high level of 

threat to Conophytum narrow endemics, gaining a better understanding of the ecological 

preferences and the characteristics of these species should allow for their potential 

vulnerability to be better appreciated and more informed decisions to be made in terms 

of their protection. 

At a local scale, our findings show that these are largely specialist species in comparison 

to the more broadly distributed Conophytum species, preferring narrow niches 

incorporating steeper slopes and, to a lesser extent, higher elevations, making them 

potentially more vulnerable to current and future human impacts than more generalist 

Conophytum species with larger range sizes (Kruckeberg and Rabinowitz 1985; 

Broennimann et al. 2006; Işik 2011; Slatyer et al. 2013; Foden et al. 2013; Wulff et al. 

2013;). Any potential preference of these species for a higher elevation also has possible 

climate change implications. In the case of Conophytum, seven narrow endemic species 

(C. achabense S.A.Hammer, C. hermarium, C. mirabile A.R.Mitch. & S.A.Hammer, C. 

smorenskaduense, C. violaciflorum, C. vanheerdei, C. daniellii Pavelka) all have average 

elevations of over 1000 masl, high considering the elevation of Conophytum occurrence 

only extends to around 1400 masl. Most of these species are associated with inselbergs 

inland of the Great Escarpment and could be severely impacted by a warming climate. 

This is because higher elevation species are known to be under increased threat from a 

warming climate as land surface area reduces at higher elevations, meaning possible 

upslope distribution change to track cooler conditions in a warming world could lead to a 

decline in land surface area with suitable climate (Peters and Darling 1985; Colwell et al. 

2008; La Sorte and Jetz 2010). 

At a broader scale, the findings of this study show that narrow endemics in the genus 

prefer regions of low moisture (i.e. low MIAQ and MIAQ:MIMQ). It is known that 

moisture provision in this region is expected to decrease under future climate (Tadross et 

al. 2017), and this was found to be a strong driver of species range reductions (northerly 

contraction) to more broadly distributed Conophytum species (Chapter 4). It is therefore 
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likely that there may be a similar impact on Conophytum narrow endemics, with current 

ranges reducing as a result of moisture reduction. This is also highlighted by species 

richness of broadly distributed Conophytum species in regions of narrow endemic 

occurrence dropping from ~12 Conophytum species under current climate to ~6 

Conophytum species by 2085 under a no dispersal scenario (Figure 5.6).       
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There has been a general global trend of pollinator population declines (Kearns et al. 

1998; Vanbergen 2013; Sánchez‐Bayo and Wyckhuys 2019), and Quartinia wasps, the 

predominant pollinators of Conophytum narrow endemics, are no exception. Species in 

Quartinia are highly sensitive to habitat change and increased human influence, as many 

have highly limited ranges and are often specialised to pollinate only a select few species 

(Gess and Gess 2010). Extinction of Quartinia species from human impacts could 

therefore have large cascading impacts, particularly for narrow endemic Conophytum 

species. 

Conservation Recommendations 

Considering the highly threatened nature of narrow endemic Conophytum species, a 

broad suite of conservation recommendations is critical for their protection. In many 

cases, ex situ conservation is one of the most effective conservation strategies for these 

species, particularly if populations are under direct threat from poachers, agriculture or 

mining (e.g. Mayzlish-Gati et al. 2018; Kausar et al. 2018). Ex situ initiatives are currently 

ongoing for Conophytum, with off-site cultivation and collection of seeds for seed banks 

seen as some of the most effective ways to protect species from extinction (O’Donnell 

and Skarrock 2017). Translocations and reintroductions offer other interventions that 

facilitate the movement of individuals from threatened locations, start new 

subpopulations or reintroduce individuals of species that have been driven to extinction 

in the wild, and are now seen as a viable option for the management of threatened plant 

species (Zimmer et al. 2019). Such initiatives should not be used to justify the lack of 

sufficient in situ conservation, however, as reintroductions of species that are extinct in 

the wild are not always successful (Abeli et al. 2019). The results of our study would aid in 

selecting suitable sites for reintroduction or translocation.  

Importantly, only 9 of the 34 species considered narrow endemics in this study have 

distribution ranges that overlap with current protected areas (Figure 5.7), with the 

Richtersveld Protected Area providing the most protection for narrow endemics in the 

genus. There is therefore a low level of narrow endemic protection from the current 

protected area network, so the establishment of new, well enforced protected areas to 

cover the distribution of more of these narrow endemic species is another more long-

term priority. A Priority Area (Figure 5.6) for increased narrow endemic Conophytum 

protection aligns partly with a region considered important for the establishment of 

protection for more broadly distributed species (Chapter 4). Our findings show that in situ 
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conservation of these species, in the form of new areas of protection, should include a 

strong focus on topographically complex environments, highlighting the need for any 

newly established protected area to incorporate regions in and around the Great 

Escarpment, and further east, particularly including regions with large numbers of 

inselbergs (Figure 5.6). The establishment of greater protection within this region would 

not only benefit narrow endemic Conophytum species, but the genus as a whole 

(Conophytum species richness in the vicinity of narrow endemics is ~12 compared to ~10 

in the vicinity of more broadly distributed species). Many other species from different 

genera would also benefit from more protection in the region, as well as the pollinators 

for narrow endemic Conophytum and other genera. It would also provide protected 

landscapes in a current protection gap south of the Richtersveld, shown to be an 

important region for future climate protection for more broadly distributed species 

(Chapter 4). Future conditions could become inhospitable for narrow endemic species 

towards the north, so a protected area established further south could provide a new 

keystone region of Conophytum narrow endemic protection in a warmer and drier world. 

Conclusion 

The specialist nature of Conophytum narrow endemic species is clear and their risk of 

extinction never higher in the face of increased levels of poaching and global 

environmental change. Bridging the gaps in understanding Conophytum narrow endemic 

ecology, particularly by extending Conophytum character databases, acquiring more high-

precision occurrence data, and developing high-resolution environmental data, will go 

some way to evidencing the conservation interventions required to ensure their long-

term protection. 

 

 

 

 

 

 

 

254



 

References 

Abeli, T., Dalrymple, S., Godefroid, S., Mondoni, A., Müller, J.V., Rossi, G. & Orsenigo, S. 

2020, "Ex situ collections and their potential for the restoration of extinct 

plants", Conservation Biology, vol. 34, no. 2, pp. 303-313. 

Abellán, P. & Ribera, I. 2011, "Geographic location and phylogeny are the main 

determinants of the size of the geographical range in aquatic beetles", BMC 

Evolutionary Biology, vol. 11, no. 1, pp. 344. 

Beentje, H.J., Luke, W.R.Q., Ghazanfar, S.A. & Moat, J. 2006, "RESTRICTED RANGE 

ENDEMISM IN EAST AFRICAN PLANTS" in Taxonomy and ecology of African plants, 

their conservation and sustainable use, eds. S.A. Ghazanfar & H.J. Beentje, Royal 

Botanic Gardens, Kew, London, pp. 229-245. 

BGCI 2021, Plant poaching is on the rise. What can we do? 

Available: https://www.bgci.org/news-events/plant-poaching-is-on-the-rise-what-

can-we-do/ [2021, 21/05/]. 

Bijlsma, R. & Loeschcke, V. 2005, "Environmental stress, adaptation and evolution: an 

overview", Journal of Evolutionary Biology, vol. 18, no. 4, pp. 744-749. 

Born, J., Linder, H.P. & Desmet, P. 2007, "ORIGINAL ARTICLE: The Greater Cape Floristic 

Region", Journal of Biogeography, vol. 34, no. 1, pp. 147-162. 

BROENNIMANN, O., THUILLER, W., HUGHES, G., MIDGLEY, G.F., ALKEMADE, J.M.R. & 

GUISAN, A. 2006, "Do geographic distribution, niche property and life form explain 

plants' vulnerability to global change?", Global Change Biology, vol. 12, no. 6, pp. 

1079-1093. 

Buira, A., Fernández-Mazuecos, M., Aedo, C. & Molina-Venegas, R. 2020, "The 

contribution of the edaphic factor as a driver of recent plant diversification in a 

Mediterranean biodiversity hotspot", Journal of Ecology, vol. n/a. 

Burgman, M.A. & Fox, J.C. 2003, "Bias in species range estimates from minimum convex 

polygons: implications for conservation and options for improved planning", Animal 

Conservation, vol. 6, no. 1, pp. 19-28. 

255

https://www.bgci.org/news-events/plant-poaching-is-on-the-rise-what-can-we-do/
https://www.bgci.org/news-events/plant-poaching-is-on-the-rise-what-can-we-do/


Burnham, K.P. & Anderson, D.R. 2002, Model Selection and Multimodel Inference: A 

practical information-theoretic approach, Springer, New York. 

Byers, D.L. & Meagher, T.R. 1997, "A COMPARISON OF DEMOGRAPHIC CHARACTERISTICS 

IN A RARE AND A COMMON SPECIES OF EUPATORIUM", Ecological Applications, vol. 

7, no. 2, pp. 519-530. 

Calcagno, V. & de Mazancourt, C. 2010, "glmulti: an R package for easy automated model 

selection with (generalized) linear models", Journal of statistical software, vol. 34, no. 

12, pp. 1-29. 

Colwell, R.K., Brehm, G., Cardelús, C.L., Gilman, A.C. & Longino, J.T. 2008, "Global 

Warming, Elevational Range Shifts, and Lowland Biotic Attrition in the Wet 

Tropics", Science, vol. 322, no. 5899, pp. 258. 

Cowling, R.M., Esler, K.J. & Rundel, P.W. 1999, "Namaqualand, South Africa: An Overview 

of a Unique Winter-Rainfall Desert Ecosystem", Plant Ecology, vol. 142, no. 1/2, pp. 

3-21. 

Cowling, R.M., Witkowski, E.T.F., Milewski, A.V. & Newbey, K.R. 1994, "Taxonomic, 

Edaphic and Biological Aspects of Narrow Plant Endemism on Matched Sites in 

Mediterranean South Africa and Australia", Journal of Biogeography, vol. 21, no. 6, 

pp. 651-664. 

Davis Rabosky, A.R., Cox, C.L., Rabosky, D.L., Title, P.O., Holmes, I.A., Feldman, A. & 

McGuire, J.A. 2016, "Coral snakes predict the evolution of mimicry across New World 

snakes", Nature Communications, vol. 7, no. 1, pp. 11484. 

Department of Environmental Affairs 2020, SA Protected Areas Data, Department of 

Environmental Affairs, Pretoria. 

Driver, A., Desmet, P., Rouget, M., Cowling, R. & Maze, K. 2003, Succulent Karoo 

ecosystem plan: Biodiversity component, Cape Conservation Unit Technical Report, 

Cape Town. 

Drury, W.H. 1974, "Rare species", Biological Conservation, vol. 6, no. 3, pp. 162-169. 

Ellstrand, N.C. & Elam, D.R. 1993, "Population Genetic Consequences of Small Population 

Size: Implications for Plant Conservation", Annual Review of Ecology and 

Systematics, vol. 24, no. 1, pp. 217-242. 

256



Foden, W.B., Butchart, S.H.M., Stuart, S.N., Vié, J., Akçakaya, H.R., Angulo, A., DeVantier, 

L.M., Gutsche, A., Turak, E., Cao, L., Donner, S.D., Katariya, V., Bernard, R., Holland, 

R.A., Hughes, A.F., O’Hanlon, S.E., Garnett, S.T., Şekercioğlu, ÇH. & Mace, G.M. 2013, 

"Identifying the World's Most Climate Change Vulnerable Species: A Systematic Trait-

Based Assessment of all Birds, Amphibians and Corals", PLOS ONE, vol. 8, no. 6, pp. 

e65427. 

Fox, J. & Monette, G. 1992, "Generalized Collinearity Diagnostics", Journal of the 

American Statistical Association, vol. 87, no. 417, pp. 178-183. 

FRITZ, S.A. & PURVIS, A. 2010, "Selectivity in Mammalian Extinction Risk and Threat 

Types: a New Measure of Phylogenetic Signal Strength in Binary Traits", Conservation 

Biology, vol. 24, no. 4, pp. 1042-1051. 

Gess, S.K. & Gess, F.W. 2004, "Distributions of flower associations of pollen wasps 

(Vespidae: Masarinae) in southern Africa", Journal of Arid Environments, vol. 57, no. 

1, pp. 17-44. 

Gess, S. & Gess, F. 2010, Pollen Wasps and flowers in southern Africa, SANBI, Pretoria, 

South Africa. 

Grime, J.P. 1977, "Evidence for the Existence of Three Primary Strategies in Plants and Its 

Relevance to Ecological and Evolutionary Theory", The American Naturalist, vol. 111, 

no. 982, pp. 1169-1194. 

Hammer, S. 2002, Dumpling and his wife: new views of the genus Conophytum, EAE 

Creative Colour Ltd. 

Hammer, S. 1993, The Genus Conophytum: A Conograph, Succulent Plant Publications, 

Pretoria. 

Hammer, S. & Young, A.J. 2017, "Conophytum: Ruschioideae" in Illustrated Handbook of 

Succulent Plants, ed. H.E.K. Hartman, Springer-Verlag, Heidelberg, pp. 1-75. 

Hanski, I., Kouki, J. & Halkka, A. 1993, "Three explanations of the positive relationship 

between distribution and abundance of species." in Species diversity in ecological 

communities: historical and geographical perspectives., eds. R.E. Ricklefs & D. 

Schluter, University of Chicago Press, Chicago, pp. 108-116. 

257



Hargreaves, G.H. & Samani, Z.A. 1985, "Reference crop evapotranspiration from 

temperature", Applied Engineering in Agriculture, vol. 1, no. 2, pp. 96-99. 

Harrison, S. & Noss, R. 2017, "Endemism hotspots are linked to stable climatic 

refugia", Annals of Botany, vol. 119, no. 2, pp. 207-214. 

Hijmans, R.J., van Etten, J., Sumner, M., Cheng, J., Bevan, A., Bivand, R., Busetto, L., Canty, 

M., Forrest, D., Ghosh, A., Golicher, D., Gray, J., Greenberg, J.A., Hiemstra, P., 

Institute for Mathematics Applied Geosciences, Karney, A., Mattiuzi, M., Mosher, S., 

Nowosad, J., Pebesma, E., Lemigueiro, O.P., Racine, E.B., Rowlingson, B., Shortridge, 

A., Venables, B. & Wueest, R. 2019, raster: Geographic Data Analysis and Modeling, R 

core team. 

Hilton-Taylor, C. 1996, "Patterns and characteristics of the flora of the Succulent Karoo 

Biome, southern Africa." in The Biodiversity of African Plants, eds. Van der Mesen, L. 

J. G., van der Bugt, X. M. & van Medenbach de Rooy, J. M., Kluwer Academic 

Publishers, The Netherlands, pp. 58-72. 

Hoffmann, A.A. & Hercus, M.J. 2000, "Environmental stress as an evolutionary 

force", Bioscience, vol. 50, no. 3, pp. 217-226. 

Holden, Z.A., Abatzoglou, J.T., Luce, C.H. & Baggett, L.S. 2011, "Empirical downscaling of 

daily minimum air temperature at very fine resolutions in complex 

terrain", Agricultural and Forest Meteorology, vol. 151, no. 8, pp. 1066-1073. 

Huelsenbeck, J.P., Nielsen, R. & Bollback, J.P. 2003, "Stochastic Mapping of Morphological 

Characters", Systematic Biology, vol. 52, no. 2, pp. 131-158. 

Hunt, G., Roy, K. & Jablonski, D. 2005, "Species‐Level Heritability Reaffirmed: A Comment 

on “On the Heritability of Geographic Range Sizes.”", The American Naturalist, vol. 

166, no. 1, pp. 129-135. 

Imbert, E., Youssef, S., Carbonell, D. & Baumel, A. 2012, "Do endemic species always have 

a low competitive ability? A test for two Mediterranean plant species under 

controlled conditions", Journal of Plant Ecology, vol. 5, no. 3, pp. 305-312. 

Işik, K. 2011, "Rare and endemic species: why are they prone to extinction?", Turkish 

Journal of Botany, vol. 35, no. 4, pp. 411-417. 

IUCN 2012, IUCN Red List Categories and Criteria: Version 3.1. IUCN, Gland, Switzerland. 

258



Jürgens, A. & Witt, T. 2014, "Pollen-ovule ratios and flower visitors of day-flowering and 

night-flowering Conophytum (Aizoaceae) species in South Africa", Journal of Arid 

Environments, vol. 109, pp. 44-53. 

Kausar, R., Shah, A.H., Jabeen, T., Alam, J., Ali, N., Majid, A. & Khan, U. 2019, "Ex-situ 

conservation of Haplophyllum gilesii: a critically endangered and narrow endemic 

species of the Karakoram range", Pakistan Journal of Botany, vol. 51, no. 1, pp. 225-

233. 

Kearns, C.A., Inouye, D.W. & Waser, N.M. 1998, "ENDANGERED MUTUALISMS: The 

Conservation of Plant-Pollinator Interactions", Annual Review of Ecology and 

Systematics, vol. 29, no. 1, pp. 83-112. 

Kessler, M. 2002, "The elevational gradient of Andean plant endemism: varying influences 

of taxon-specific traits and topography at different taxonomic levels", Journal of 

Biogeography, vol. 29, no. 9, pp. 1159-1165. 

Kruckeberg, A.R. & Rabinowitz, D. 1985, "Biological Aspects of Endemism in Higher 

Plants", Annual Review of Ecology and Systematics, vol. 16, pp. 447-479. 

La Sorte, F.A. & Jetz, W. 2010, "Projected range contractions of montane biodiversity 

under global warming", Proceedings of the Royal Society B: Biological Sciences, vol. 

277, no. 1699, pp. 3401-3410. 

Lannuzel, G., Balmot, J., Dubos, N., Thibault, M. & Fogliani, B. 2021, "High-resolution 

topographic variables accurately predict the distribution of rare plant species for 

conservation area selection in a narrow-endemism hotspot in New 

Caledonia", Biodiversity and Conservation, vol. 30, no. 4, pp. 963-990. 

Lavergne, S., Thompson, J.D., Garnier, E. & Debussche, M. 2004, "The biology and ecology 

of narrow endemic and widespread plants: a comparative study of trait variation in 

20 congeneric pairs", Oikos, vol. 107, no. 3, pp. 505-518. 

Li, D., Dinnage, R., Nell, L.A., Helmus, M.R. & Ives, A.R. 2020, "phyr: An r package for 

phylogenetic species-distribution modelling in ecological communities", Methods in 

Ecology and Evolution, vol. 11, no. 11, pp. 1455-1463. 

Li, D. & Ives, A.R. 2017, "The statistical need to include phylogeny in trait-based analyses 

of community composition", Methods in Ecology and Evolution, vol. 8, no. 10, pp. 

1192-1199. 

259



Matesanz, S., Valladares, F. & Escudero, A. 2009, "Functional ecology of a narrow endemic 

plant and a widespread congener from semiarid Spain", Journal of Arid 

Environments, vol. 73, no. 9, pp. 784-794. 

Mayzlish-Gati, E., Walczak, M., Singer, A., Faraj, T., Golan, S., Lifshitz, D., Bar, D., Ur, Y., 

Carmeli, D., Lotan, R., Fridman, O., Daniel, A., Sade, Y., Perevolotsky, A., Hadas, R. & 

Barazani, O. 2018, "Ex-situ conservation strategies for endangered plants in the Israel 

Gene Bank", Israel Journal of Plant Sciences, vol. 65, no. 3-4, pp. 121-128. 

McDonald, D.J. & Cowling, R.M. 1995, "Towards a profile of an endemic mountain fynbos 

flora: Implications for conservation", Biological Conservation, vol. 72, no. 1, pp. 1-12. 

Mecenero, S., Edge, D., Staude, H., Coetzer, B., Coetzer, A., Raimondo, D., Williams, M., 

Armstrong, A., Ball, J., Bode, J., Cockburn, K., Dobson, C., Dobson, J., Henning, G., 

Morton, A., Pringle, E., Rautenbach, F., Selb, H., Van der Colff, D. & Woodhall, S. 

2020, "Outcomes of the Southern African Lepidoptera Conservation Assessment 

(SALCA)", Metamorphosis, vol. 31, pp. 1-160. 

Midgley, G.F. & Thuiller, W. 2007, "Potential vulnerability of Namaqualand plant diversity 

to anthropogenic climate change", Journal of Arid Environments, vol. 70, no. 4, pp. 

615-628. 

MORAN, P.A.P. 1950, "NOTES ON CONTINUOUS STOCHASTIC 

PHENOMENA", Biometrika, vol. 37, no. 1-2, pp. 17-23. 

Mouillot, D. & Gaston, K.J. 2007, "Geographical range size heritability: what do neutral 

models with different modes of speciation predict?", Global Ecology and 

Biogeography, vol. 16, no. 3, pp. 367-380. 

Mucina, L., Jurgens, N., le Roux, A., Rutherford, M.C., Schmiedel, U., Esler, K.J., Powrie, 

L.W., Desmet, P.G. & Milton, S.J. 2006, "Succulent Karoo Biome" in The Vegetation of 

South Africa, Lesotho and Swaziland, eds. L. Mucina & M.C. Rutherford, South African 

Biodiversity Institute, Pretoria, pp. 221-299. 

Namibian Chamber of the Environment 2020, Protected Areas, Environmental 

Information Service Namibia. 

Nogué, S., Rull, V. & Vegas-Vilarrúbia, T. 2013, "Elevational gradients in the neotropical 

table mountains: patterns of endemism and implications for conservation", Diversity 

and Distributions, vol. 19, no. 7, pp. 676-687. 

260



O'Donnell, K. & Sharrock, S. 2017, "The contribution of botanic gardens to ex situ 

conservation through seed banking", Plant Diversity, vol. 39, no. 6, pp. 373-378. 

Opel, M.R. 2005a, "Leaf anatomy of Conophytum N.E.Br. (Aizoaceae)", Haseltonia, vol. 11, 

pp. 2-27. 

Opel, M.R. 2005b, "A morphological phylogeny of the genus Conophytum N.E.Br. 

(Aizoaceae)", Haseltonia, vol. 11, pp. 53-77. 

Opel, M.R. 2004, The Morphology and Evolution of the Genus Conophytum N.E.Br. 

(Aizoaceae), University of Connecticut. 

Orme, C., Freckleton, R.P., Thomas, G.H., Petzoldt, T., Fritz, S.A., Isaac, N. & Pearse, W. 

2012, "caper: 

comparative analyses of phylogenetics and evolution in R.", Methods Ecol. Evol., vol. 

3, pp. 145-151. 

Palacio, S., Escudero, A., Montserrat-Martí, G., Maestro, M., Milla, R. & Albert, M.J. 2007, 

"Plants Living on Gypsum: Beyond the Specialist Model", Annals of Botany, vol. 99, 

no. 2, pp. 333-343. 

Peters, R.L. & Darling, J.D.S. 1985, "The Greenhouse Effect and Nature 

Reserves", BioScience, vol. 35, no. 11, pp. 707-717. 

Platts, P.J., Omeny, P.A. & Marchant, R. 2015, "AFRICLIM: high-resolution climate 

projections for ecological applications in Africa", African Journal of Ecology, vol. 53, 

no. 1, pp. 103-108. 

Powell, R.F. 2016, Systematics, diversification and ecology of the Conophytum-clade 

(Ruschieae; Aizoaceae), University of the Western Cape. 

Powell, R.F., Magee, A.R., Forest, F., Cowan, R.S. & Boatwright, J.S. 2019, "A 

phylogeographic study of the stoneplant Conophytum (Aizoaceae; Ruschioideae; 

Ruschieae) in the Bushmanland Inselberg Region (South Africa) suggests 

anemochory", Systematics and Biodiversity, vol. 17, no. 2, pp. 110-123.  

R core team 2020, R: A language and environment for statistical computing., R 

Foundation for Statistical Computing, Vienna. 

261



Reich, P., Wright, I., Cavender‐Bares, J., Craine, J., Oleksyn, J., Westoby, M. & Walters, M. 

2003, "The Evolution of Plant Functional Variation: Traits, Spectra, and 

Strategies", International journal of plant sciences, vol. 164, pp. S143-S164. 

Revell, L.J. 2012, "phytools: an R package for phylogenetic comparative biology (and other 

things)", Methods in Ecology and Evolution, vol. 3, no. 2, pp. 217-223. 

Rossetto, M., Kooyman, R., Sherwin, W. & Jones, R. 2008, "Dispersal limitations, rather 

than bottlenecks or habitat specificity, can restrict the distribution of rare and 

endemic rainforest trees", American Journal of Botany, vol. 95, no. 3, pp. 321-329. 

Rutherford, M.C. & Westfall, R.H. 1986, "Biomes of southern Africa - an objective 

categorization", Memoirs of the Botanical Survey of South Africa, no. 54, pp. 1-98. 

Sánchez-Bayo, F. & Wyckhuys, K.A.G. 2019, "Worldwide decline of the entomofauna: A 

review of its drivers", Biological Conservation, vol. 232, pp. 8-27. 

Schulze, R.E. & McGee, O.S. 1978, "Climatic indices and classifications in relation to the 

biogeography of southern Africa." in Biogeography and ecology of southern Africa., 

eds. M.J.A. Werger & A.C. Bruggen, pp. 19-52. 

Schwartz, M.W., Iverson, L.R., Prasad, A.M., Matthews, S.N. & O'Connor, R.J. 2006, 

"Predicting extinctions as a result of climate change", Ecology, vol. 87, no. 7, pp. 

1611-1615. 

Sivinski, R.C. & Knight, P.J. 1996, "Narrow Endemism in the New Mexico 

Flora", Southwestern Rare and Endangered PlantsUSDA, Flagstaff, Arizona, 1995, pp. 

286. 

Slatyer, R.A., Hirst, M. & Sexton, J.P. 2013, "Niche breadth predicts geographical range 

size: a general ecological pattern", Ecology Letters, vol. 16, no. 8, pp. 1104-1114. 

South African National Biodiversity Institute 2015, Red List of South African Plants. 

Available: redlist.sanbi.org [2020, 18/11/]. 

Stuart Chapin III, F., Autumn, K. & Pugnaire, F. 1993, "Evolution of Suites of Traits in 

Response to Environmental Stress", The American Naturalist, vol. 142, pp. S78-S92. 

Tadross, M., Engelbrecht, F.A., Jack, C., Wolski, P. & Davis-Reddy, C.L. 2017, "Projected 

climate change futures for Southern Africa" in Climate Risk and Vulnerability: A 

262



Handbook for Southern Africa (2nd Ed), eds. C.L. Davis-Reddy & K. Vincent, CSIR, 

Pretoria, South Africa, pp. 20-46. 

Thompson, J.D. 2005, Plant Evolution in the Mediterranean, Oxford University Press, 

Oxford, UK. 

Totté, A., Delgado, A., Navarro, T. & Meerts, P. 2015, "Narrow endemics of the Almeria 

Province (Andalusia, Spain) differ in their traits and ecological niche compared to 

their more widespread congeners", Folia Geobotanica, vol. 50, no. 2, pp. 137-150. 

Vanbergen, A.J. 2013, "Threats to an ecosystem service: pressures on 

pollinators", Frontiers in Ecology and the Environment, vol. 11, no. 5, pp. 251-259. 

Verboom, G.A., Archibald, J.K., Bakker, F.T., Bellstedt, D.U., Conrad, F., Dreyer, L.L., Forest, 

F., Galley, C., Goldblatt, P., Henning, J.F., Mummenhoff, K., Linder, H.P., Muasya, 

A.M., Oberlander, K.C., Savolainen, V., Snijman, D.A., Niet, T.v.d. & Nowell, T.L. 2009, 

"Origin and diversification of the Greater Cape flora: Ancient species repository, hot-

bed of recent radiation, or both?", Molecular phylogenetics and evolution, vol. 51, 

no. 1, pp. 44-53. 

Waldron, A. 2007, "Null Models of Geographic Range Size Evolution Reaffirm Its 

Heritability", The American Naturalist, vol. 170, no. 2, pp. 221-231. 

Webb, T.J. & Gaston, K.J. 2003, "On the Heritability of Geographic Range Sizes", The 

American Naturalist, vol. 161, no. 4, pp. 553-566. 

Wulff, A.S., Hollingsworth, P.M., Ahrends, A., Jaffré, T., Veillon, J., L’Huillier, L. & Fogliani, 

B. 2013, "Conservation Priorities in a Biodiversity Hotspot: Analysis of Narrow 

Endemic Plant Species in New Caledonia", PLOS ONE, vol. 8, no. 9, pp. e73371. 

Young, A.J. & Desmet, P.G. 2016, "The distribution of the dwarf succulent genus 

Conophytum N.E.Br. (Aizoaceae) in southern Africa.", Bothalia, vol. 46, no. 1, pp. 1-

13. 

Young, A.J., Pulido Suarez, L., Kapralov, M. & Opel, M.R. 2017, "Leaf epidermal structure 

in the dwarf succulent genus Conophytum N.E. Br. (Aizoaceae)", Bradleya, vol. 35, pp. 

217-237. 

263



Zimmer, H.C., Auld, T.D., Cuneo, P., Offord, C.A. & Commander, L.E. 2019, "Conservation 

translocation – an increasingly viable option for managing threatened plant 

species", Australian Journal of Botany, vol. 67, no. 7, pp. 501-509. 

 

 

 

 

 

 

 

 

 

 

264



Chapter 6 

General Discussion 

Tying it all together 

This thesis sought to better understand the evolutionary and ecological patterns and 

processes associated with the past and future of a diverse genus of dwarf succulent 

plants (Figure 6.1). A primary aim was to assess what in the past may have driven 

diversification to cause the huge diversity seen in Conophytum (Chapters 2 and 3). This 

diversity has rarely been more vulnerable to extinction, particularly as the world 

undergoes a climatic upheaval unprecedented since the evolution of the genus Homo 

(Foster et al. 2017), as well as broadscale habitat destruction resulting from the 

dominance and prevalence of Homo sapiens on the planet (Rohde 2013). To this end, I 

integrated a range of key ecological and biogeographical concepts and tools to quantify 

the environmental preferences of individual species and across five strongly supported 

clades (Chapter 3, 4, 5), in addition to modelling current and future geographic 

distributions (Chapter 4), with the results evaluated to underpin efforts to protect these 

dwarf succulent plants now and in the future (Figure 6.1).  
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Figure 6.1: A flowchart of the different facets of the thesis and how they link together 
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The importance of the abiotic environment proved critical to many of the key 

evolutionary and ecological patterns and processes assessed in this thesis with strong 

consistencies emerging in the findings for Conophytum across the four data chapters. 

First, the genus was found to be relatively geology specific – at least at the resolution 

being used. Geology was highlighted as an important variable in the SDMs (usually an 

indication of geological specificity for individual species) (Figure 2.4 – Chapter 4) and the 

same geology category (acidic slopes) was found to characterise most species in the 

genus (Figure 3.4 – Chapter 3). Furthermore, the importance of precipitation in explaining 

Conophytum distribution seems clear, with precipitation in the wettest month (Bio 13) 

and moisture index of the moist quarter (MIMQ) two of the most important variables 

when running SDMs (Figure 4.2 – Chapter 4), moisture index of the arid quarter (MIAQ) 

and MIMQ important in explaining narrow endemism (Table 5.3 – Chapter 5), and 

precipitation variables being found to explain a large proportion of the variation across 

the genus when abiotic drivers of diversification were being assessed in a multivariate 

manner (Figure 3.9 – Chapter 3). Finally, both elevation and slope were found to be 

important variables, making a significant contribution to explaining the variation 

associated with the abiotic drivers of diversification (Figure 3.9 – Chapter 3) and a large 

role in explaining narrow endemism (Table 5.3 – Chapter 5). Geology has been highlighted 

as an important variable previously in Conophytum (Young et al. 2016), while the 

importance of precipitation is perhaps not surprising owing to the varied precipitation 

preferences of species from across the Conophytum distribution range, with most species 

preferring low quantities of winter precipitation, while species in Bushmanland towards 

the north-east prefer all-year precipitation, and species in the Fynbos in the south prefer 

higher quantities of winter precipitation (Rebelo et al. 2006; Mucina et al. 2006a; Mucina 

et al. 2006b). Lastly, the importance of elevation and slope (proxies for microclimate 

(Austin 2002)) is also to be expected considering the preference of Conophytum species 

for microhabitats with very specific microclimates (Hammer 1993). 

Biogeographically, this genus is complex. There are a few distributional extensions for 

Conophytum into the Nama Karoo biome in the north-east of the range, the Desert biome 

in the north of the range and the Fynbos biome in the south to south-east of the range 

and away from the core distribution in the central to northern Succulent Karoo. A 

common finding was that species in clades that extend into these peripheral regions of 

Conophytum distribution (Clades 2 in the south to south-east, 3 to the north and 1 to the 

north-east) have ‘abnormal’ adaptations.  It is interesting to note that the two strongly 
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supported clades with distributions situated in the core of the distribution (i.e., Clades 4 

and 5 in the central to northern Succulent Karoo) lack some of the morphological 

adaptations – such as windowed leaves, bladder cells, nocturnal flowering and very long 

epidermal extensions – found in other clades (Chapter 2). These adaptations were found 

to arise multiple times independently across the phylogeny (Chapter 2; as in Opel 2005; 

Powell 2016). This suggests the evolution of these characters may have occurred as 

Conophytum spread from a core region of Conophytum distribution in the central to 

northern Succulent Karoo, where Clades 4 and 5 currently reside. These regions, away 

from the core of the distribution, would have had different biotic and abiotic 

environmental characteristics and potentially driven the development of new 

adaptations. Another example is a Conophytum clade found to be strongly supported in 

only the ultrametric tree including C. regale Lavis, C. pubicalyx Lavis, C. stephanii 

Schwantes and C. depressum Lavis (Chapter 2). Species in this clade were found to occur 

at a higher elevation than those in the core of the genus’ distribution, with very long 

trichomes being prevalent on these species, and potentially having evolved as the range 

of the genus extended into higher elevation ranges, possibly as an adaptation to capture 

fog (Young et al. 2017). Broadly, this points to a genus originating around the northern 

Succulent Karoo (as also suggested by Opel (2005)) with the distribution extending out 

from there, with new adaptations evolving during range expansion in response to 

different environmental conditions. 

Such range expansion could have been partly facilitated by a key Conophytum 

characteristic: they are generally poorly dispersed, but can occasionally disperse long 

distances (Powell et al. 2019). This would make it possible for new, distantly dispersed 

populations to form occasionally, and then remain genetically isolated for millennia, 

forming new species and subspecies. This possibility is also noted by Powell (2016) when 

assessing the potential for allopatric speciation in the genus. When combined with the 

environmental heterogeneity of the Succulent Karoo, it is no surprise that abiotic 

variability has driven speciation in Conophytum. Alas, it is also likely that some speciation 

occurred through genetic drift as a result of the genetic isolation of certain populations – 

meaning directional evolution, despite playing an important role in this genus, did not 

necessarily drive all speciation. 

Some species in Conophytum have, however, also speciated despite having overlapping 

distributions – examples of sympatric or parapatric speciation. Again, this is no surprise 

268



considering the heterogeneity of the study region (Mucina et al. 2006a), as well as the 

specialised nature of many Conophytum species (Hammer 1993). The importance of slope 

and elevation in diversification, as confirmed in this thesis, highlight that fine-scale 

differences in microclimate could drive speciation between two species with overlapping 

distributions, but with contrasting microhabitats within those distributions. An example 

of this is elucidated in Chapter 5, whereby certain narrow endemics may first have 

evolved through the ‘refuge hypothesis’ with a population ‘pushed’ to a higher-stress 

region (potentially a steeper slope, higher elevation or lower moisture) within a broader 

distribution, and speciating to result in a narrow endemic.  

All of this, however, leaves out the strong influence of pollinator specialisation in 

diversification in Conophytum, likely to have been one of the primary drivers of sympatric 

or parapatric speciation in the genus. Competition for an assemblage of pollinators that 

includes many moths may have driven a switch in many species to nocturnal moth 

pollination (Jürgens and Witt 2014), as the open niche was exploited. Splits related to the 

season of flowering also seem to have occurred in the genus as a result of pollinator 

competition. Correlated evolution analyses (Chapter 2) suggested a link between 

nocturnal flowering, flower structure A2 and pollen type D, potentially through initial 

evolution of a nocturnal anthesis and then a new floral structure and pollen type as 

flowers adapted to a new pollinator. The link between nocturnal flowering and a cooler 

temperature (Chapter 3) adds another layer of complexity to this process, suggesting 

differing pollinator assemblages in different climates may have led to a higher probability 

of species in cooler conditions being moth pollinated at night. Two strongly supported 

clades in the genus are either exclusively or predominantly nocturnal flowering – Clades 2 

and 3. For Clade 2, there may have been an initial switch to nocturnal flowering from a 

more southerly distributed Conophytum population, with this population acting as the 

common ancestor for the clade. The characteristic may then have been conserved as the 

clade diversified across the southern and central reaches of the distribution of the genus. 

In Clade 2, this conserved characteristic may have been because of a cluttered pollination 

niche-space, with these southern regions having more plant biomass and diversity than 

further north (Thuiller et al. 2006; Bouvet et al. 2018), meaning greater competition for 

pollination and therefore a greater advantage of maintaining the less common nocturnal 

anthesis. This, along with autumnal Conophytum pollination (in contrast to the more 

common spring) may allow these populations to persist. A similar scenario may have 
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played out for Clade 3 as it diversified through the core region of Conophytum diversity in 

the northern Succulent Karoo.  

What does all of this mean for conservation of the genus? 

The diversification work highlighted that the majority of species in Conophytum are highly 

specialised with strongly defined niches and often very narrow distributions. This 

inherently makes most species in the genus more vulnerable to environmental change 

(Schwartz et al. 2006; Işik 2011; Foden et al. 2013). In addition, the genus is broadly 

distributed over the winter rainfall region of South Africa and southern Namibia where a 

strong decline in rainfall is projected in the future (Tadross et al. 2017). Together this 

suggests Conophytum is highly susceptible to future climate change impacts. 

This was confirmed in Chapter 4, with clade-level analyses of climate change impacts 

revealing that four of the five strongly supported clades would be severely impacted in 

terms of their future projected ranges, shifting predominantly south in response to 

rainfall declines and higher temperatures. Perhaps unsurprisingly, the extension of 

Conophytum distribution into Bushmanland, a region noted for high temperatures, all-

year precipitation and high potential evapotranspiration promoted the evolution of a few 

species that could be resilient under a future climatic regime. With their windowed leaves 

and bladder cells, in particular, a large proportion of species in Clade 1 may adapt well to 

future climate and increase in range. Interestingly, future climatic changes may be seen as 

a continuation of changes that these species had to endure as they potentially spread 

from a core of Conophytum distribution in early diversification of the genus, albeit over a 

very long time period. 

Diversification analyses highlighted disparate clades in the genus with different 

environmental preferences and traits. New ways of thinking about conservation underline 

the importance of protecting disparate lineages (D’Amen et al. 2012; Levin 2019; Miller et 

al. 2018), so considering strongly supported clades separately was critical, not only 

because of the varied climate change responses but also because future protected areas 

should account for this genetic variation. 

What about the narrow endemics? 

When planning conservation-related analyses for this thesis there was always an 

intention to run broad-scale SDMs for a selection of species in the genus. However, SDMs 

require a certain number of occurrence records to run effectively (Stockwell and Peterson 
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2002; Papeş and Gaubert 2007), inherently biasing this analysis to broadly distributed 

species. Because of the prevalence of the narrow endemics in the genus (which make up 

about a third of the species (Young and Desmet 2016)), the low number of localities 

precluded this traditional approach. As narrow endemics are some of the most 

threatened species in the genus (SANBI 2015), it is vital to account for these species. It 

was therefore decided to assess narrow endemic environmental preferences and trait 

associations. This would allow for a greater understanding of where they occur, why they 

occur there and what their main traits are. Such knowledge could be used as a baseline 

from which to assess the possible impact of climate change on these species, as well as 

allowing for more informed decisions in terms of their protection. Findings showing 

narrow endemic preferences for high-stress environments (particularly steep slopes, high 

elevation and low moisture) provide some possible insights into the causes of the narrow 

distribution in these species, and could provide useful information for their future 

protection, particularly as an initial consideration if determining locations for potential 

translocations. This is currently important considering the impact of illegal collecting on 

narrowly endemic species (SANBI 2015). 

Conophytum as a model genus for the Succulent Karoo 

The potential for Conophytum to act as a model genus for the Succulent Karoo has been 

noted by Young and Desmet (2016). This is partly because of its distribution, which covers 

most vegetation units in the biome, as well as its growth form which, as a dwarf 

succulent, can provide insights more broadly on dwarf succulents in the region. The 

findings from this thesis also generally correspond closely with those for the Succulent 

Karoo, with plant-pollinator specialisation and abiotic environmental heterogeneity both 

shown to be important in driving speciation in Conophytum (Chapter 2, 3), as has been 

suggested for the Succulent Karoo (Esler 1999; Ellis et al. 2014; Linder et al. 2010; Musker 

et al. 2021; Cowling et al. 2009; Mucina et al. 2006a). Short generation times and a 

limited distance of seed dispersal have also been suggested as important Succulent Karoo 

diversification drivers (Mucina et al. 2006a; Musker et al. 2021), with particularly limited 

seed dispersal, being highlighted in this thesis as an important diversification driver in 

Conophytum (Chapter 3). Through this, it could be accepted that this thesis provides 

further evidence for diversification drivers in the broader Succulent Karoo, with the 

potential for results to be extrapolated. Furthermore, climate change modelling results 

mirrored those found more broadly for the Succulent Karoo, as hotter and drier 
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conditions in north-western South Africa and southern Namibia drive a southerly 

displacement in vegetation (Midgley et al. 2002; Midgley and Thuiller 2007; Rutherford et 

al. 1999). Conservation recommendations put forward for this genus could therefore be 

considered highly useful for the conservation of the Succulent Karoo in general. 

Comparisons with other Mediterranean/semi-arid biodiversity hotspots 

Globally, there are five regions with Mediterranean-type climate (MTC): the 

Mediterranean Basin, California, central Chile, the Cape Region of South Africa and south-

western Australia, and all experience dry, warm summers and mild, wet winters (Rundel 

et al. 2018). The research area for this work is an extension of an MTC region, with the 

southern reaches fitting an MTC climate, while those further north still receive rainfall in 

winter, making comparisons with other MTC regions fitting. The MTC climatic regime first 

originated in the middle Miocene during a period of general global cooling (Zachos et al. 

2008). The high diversity in these regions has been attributed to climatic and 

topographical stability (Rundel et al. 2018), particularly in the south-western Australia and 

Cape regions (Cowling et al. 2015; Rundel et al. 2018), driving speciation rates which are 

greater than extinction rates. Topographical, climatic and soil heterogeneity have also 

been highlighted as important speciation drivers in MTC regions (Hughes 2017; Rundel et 

al. 2018), as have been repeatedly highlighted as important in the Succulent Karoo and 

Conophytum. These coupled with pollination ecology (another repeatedly cited driver in 

Conophytum and the Succulent Karoo) and the ability of species in these regions to 

speciate and persist over small spatial scales has driven rapid speciation (Rundel et al. 

2016). The greater climatic and topographical stability experienced in the Cape region 

compared to other MTC regions is likely to be a key driver behind the Cape’s uniquely 

high levels of plant diversity (Cowling et al. 2015). Importantly, in arid and semi-arid 

regions in the New World, populated mainly by succulent plant species in the Cactaceae, 

diversification has been attributed to an expansion of arid conditions in North and South 

America in the late Miocene, along with plant-pollinator specialisation (Hernández-

Hernández et al. 2014), mirroring the process undertaken in Conophytum and the 

Succulent Karoo more generally. 

In South Africa and Australia a decrease in MTC extent is noted under future climate, 

particularly resulting from a lack of contiguous land towards the nearest pole, stopping a 

potential southerly expansion, as species distributions move south in response to climate 

change (Klausmeyer and Shaw 2009). This corresponds with the results of work in this 
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thesis for Conophytum, showing a range contraction from the north of the genus’ range 

because of barriers to southerly range expansion. This was emphasised by Yates et al. 

(2010), who highlighted the similarities between the Cape region and south-western 

Australia in terms of climate and biogeography, and note similar vulnerability in these 

regions to climate change.  

Future research directions 

This thesis acts as a step towards a greater understanding of the drivers of Conophytum 

diversification, as well as providing a deeper knowledge of the ecology and biogeography 

of the genus, and the current and future threats and suggestions on how to mitigate 

those threats. There are numerous further steps, however, that could be taken to build 

on this work: 

- Improving the resolution of the Conophytum phylogeny through the addition of 

nuclear gene regions. Two nuclear regions, nhx1 and ITS were used in this 

research, but possibly partly because of a lack of resolution using only the two 

regions, nuclear and plastid trees were incongruent and therefore could not be 

combined. An experimental combined tree did, however, uncover an interesting 

new clade of three morphologically and biogeographically similar species (C. 

loeschianum (Tischer) Rawé, C. saxetanum (N.E.Br.) N.E.Br. and C. hians N.E.Br.) 

from section Saxetana. This clade has not been uncovered previously in plastid 

Conophytum phylogenies (Powell 2016; Chapter 2), and highlights improvements 

in resolution that could be attained from the inclusion of additional nuclear 

regions. Some other nuclear regions were tested, with the most promising of 

these being ncpGS. This would therefore be a good region to start with when 

trying to add nuclear data.  

- Greater clarity on diversification dates for the genus and subfamily would also 

allow for a more accurately dated tree. Currently, the lack of a good fossil record 

for this genus and subfamily (Klak et al. 2004), mean that potential dates included 

in dated Conophytum phylogenies need to be gleaned from previous phylogenetic 

dating work (e.g. Valente et al. 2014; Klak et al. 2004). This work provides an 

indication of possible dates for a dated phylogeny, but the broad ranges in these 

dates made production of an accurate dated Conophytum tree difficult. 

Furthermore, these dates were suggested for the origin of diversification of the 

Ruschioideae, the subfamily within which Conophytum is placed, rather than for 
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Conophytum itself. Accurate dating of the tree could be undertaken potentially by 

a nesting approach, in which the phylogeny is placed within a broader phylogeny 

for the subfamily or family, with evolutionary dating analyses then run. For this, a 

more definitive dated tree for the Ruschioideae without the current dating 

uncertainty would be useful. Having an accurate, dated tree would allow for 

analyses involving the timing of different biotic and abiotic speciation drivers, 

potentially providing greater insight into the interaction between biotic and 

abiotic drivers of diversification in the genus (e.g. Lagomarsino et al. 2016). 

- Further research, perhaps through field experimentation, could be undertaken, 

exploring mechanisms for the interaction between biotic and abiotic speciation 

drivers suggested in this work. One potentially straight-forward field analysis could 

be an assessment of the pollinator assemblages in warmer and cooler locations of 

the Succulent Karoo, to determine if cooler conditions result in an increased moth 

prevalence, thereby potentially causing a higher probability of nocturnal flowering 

in these regions. This was a suggested mechanism based on a correlation analysis 

in Chapter 3 and would need further investigation to confirm it. 

- Correlative species distribution models have their strengths and weaknesses for 

assessing climate change impacts. They can provide a good initial indication of 

what could occur, as shown here, yet they are generalisations, often incorporating 

only climate and habitat-related variables to build a spatial niche for a particular 

species in order to assess how that niche may change in the future. First, the 

collection of more accurate dispersal data for individual Conophytum species 

could allow for SDMs to be built with accurate, species-specific partial dispersal 

models. Second, the influence of the microclimatic niches to which Conophytum 

are adapted (Hammer 1993) could be assessed as these may exacerbate or 

minimise the vulnerability of individual species (Suggitt et al. 2011; Suggitt et al. 

2018; Maclean et al. 2015). This would require downscaling of the climate data 

that incorporates the topographical inconsistencies of the environment and how 

this influences current climate, so that this influence can be extrapolated to the 

future-climate predictor variables. This downscaling may require field visits so that 

local niche environmental conditions could be measured and nested within more 

broad-scale climate predictor layers. Such field visits could also aid in the 

collection of fog data for the region – ecologically important and currently lacking 

for the Succulent Karoo. Lastly, the incorporation of biotic interactions in future 
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projections is an important area of contemporary research and could be 

implemented when assessing Conophytum vulnerability (e.g. Giannini et al. 2012). 

Changes to pollinator distributions from a changing climate, as well as the 

distributions of other plant species within Conophytum communities, that 

potentially facilitate or hamper the growth of Conophytum species, could buffer or 

exacerbate climate change impacts, and these intricacies would be better 

captured by incorporating biotic interactions in SDMs. 

- Another avenue of research that could be explored for this genus is the use of 

controlled experiments in environmental growth chambers in assessing the 

responses of selected species to environmental conditions resembling current 

climate and future climate. This  would be useful for the improvement of climate 

change projections, as well as assessing potential causes of narrow endemism and 

narrow endemic vulnerability to future climate change.  Similar work has been 

done by Musil (2004, 2009, 2010) for succulents in the Succulent Karoo, although 

not for Conophytum. This would also allow a comparison of the responses of 

narrow and broadly distributed species in the genus, with measured characters 

such as photosynthetic rate, nutrient absorption rate and root/shoot ratios (Grime 

1977). This could help answer key questions resulting from this thesis (Chapter 5) 

as to whether narrowly distributed Conophytum species are better adapted to 

more high-stress conditions and how they might respond to future climate 

change. 

Priority Conservation Interventions 

This thesis has highlighted some important potential conservation interventions for the 

genus in Chapters 4 and 5. If one of these were to be enacted as a priority over the 

coming decade, I would propose the expansion of protection south of the Richtersveld 

and east into the unique Bushmanland region (1st priority area in Figure 4.12 – Chapter 4; 

Priority Area in Figure 5.6 – Chapter 5). This would protect a large region of high 

Conophytum and broader Succulent Karoo species richness that is currently not 

protected. It would also help future-proof the genus from the impacts of climate change, 

as well as protect most disparate lineages, helping conserve phylogenetic diversity. This 

region also has a high proportion of the narrow endemics in the genus and extending 

protection into Bushmanland would provide greater protection for a region of dotted 

inselbergs housing some of the rarest species in Conophytum and incorporating a unique 
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Succulent Karoo/Nama Karoo vegetation mosaic (Mucina et al. 2006b). Along with this, 

the importance of the strong enforcement of any current or future protected areas has 

never been higher owing to the proliferation of the illegal collecting of rare succulent 

species from Conophytum and other Succulent Karoo genera. This needs to be prioritised 

if these species are to persist for generations to come. 

Conclusion 

Conophytum is a highly diverse genus occurring in a global biodiversity hotspot. 

Understanding the reasons for its diversity has provided the backbone for an appraisal of 

its current and future vulnerability. Diversification was found to be driven predominantly 

by niche divergence, with certain characteristics of the genus and the environment in 

which it grows, making it a prime candidate for rapid speciation. A few interacting forces 

seem to have been at play: (i) a region that has been fairly stable climatically and 

geologically, leading to low extinction rates; (ii) an environmentally heterogeneous 

environment driving adaptation to different environmental conditions; (iii) competition 

for pollinators driving the exploration of new pollinator niches; and (iv) a genus which is 

generally poorly dispersed, but occasionally can disperse long distances, resulting in the 

formation of new, distantly distributed populations that then become genetically isolated 

increasing the chances of speciation. Based on their diversity, niche specificity and 

occurrence in a region vulnerable to climate change, most Conophytum species could be 

severely impacted in the future. Those species that have evolved certain morphological 

traits (e.g. windowed-leaves), however, may be more resilient to such changes. Narrow 

endemic Conophytum species, primarily through a combination of their small range and 

population size may also be severely impacted in the future, a situation compounded by 

the proliferation of illegal collecting of these rare species. As a model succulent genus for 

the Succulent Karoo, this thesis also has broad implications for the biome as a whole and 

is important in the protection of a uniquely diverse arid hotspot from current and future 

anthropogenic impacts. This work makes a contribution to our fundamental 

understanding of some of the evolutionary and ecological patterns and processes that 

govern the remarkable biology of Conophytum, and in doing so, hopefully, provide clear 

lines of evidence to support the conservation of this genus and the Succulent Karoo 

biome, now and into an uncertain future. 
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Supplementary material 

Table S2.1: Genbank codes and voucher codes for all nine plastid and nuclear DNA sequences used in the phylogenies. 1109 sequences are included, with 

509 generated in the current study. Those with an MN before the sequence were attained in the current study, while the rest were attained from Genbank 

and were attained for Powell (2016). 

 

Taxon Voucher MatK matk-5’ 

trnk 

Rpl16 Rps16 TrnL-F TrnQUUG-

rps16 

TrnS-trnG ITS nhx1 

Cheiridopsis 

N.E.Br 

          

C. acuminata 

L.Bolus 

Powell 68 

(NBG) 

KY631845 - - KY635099 KY635179 - KY635339 - - 

C. alba-oculata 

Klak & Helme 

Klak 2308 

(BOL) 

KY631846 - MN31771

5 

MN31775

2 

KY635180 KY635260 KY635340 - - 

C. angustifolia 

(L.Bolus) 

R.F.Powell 

EVJ 106/87 

(NBG) 

-  - - - - - - - MN31806

1 

C. aspera L.Bolus Powell 14 

(NBG) 

KY631847  - KY635021 KY635100 KY635181 KY635261 KY635341 MN31796

9 

- 

283



C. brownii Schick 

& Tisch. 

Powell 61 

(NBG) 

KY631848  - KY635022 KY635101 KY635182 KY635262 KY635342 - MN31806

2 

C. caroli-schmidtii 

N.E.Br. 

Powell 105 

(NBG) 

KY631849 - - KY635102 KY635183 KY635263 KY635343 - - 

C. denticulata 

N.E.Br. 

Powell 9 

(NBG) 

KY631850 - KY635023, KY635103, KY635184, KY635264 KY635344 - - 

C. derenbergiana 

Schwantes 

Powell 79 

(NBG) 

KY631851 - KY635024 KY635104 KY635185 KY635265 KY635345 - MN31806

3 

C. gamoepensis 

S.A.Hammer 

Powell 89 

(NBG) 

KY631852 - KY635025 KY635105 KY635186 KY635266 KY635346 - - 

C. glomerata 

S.A.Hammer 

Powell 96 

(NBG) 

KY631853  - KY635026 KY635106 KY635187 KY635267 KY635347 - MN31806

5 

C. herrei L.Bolus Powell 100 

(NBG) 

KY631854 - KY635027 KY635107 KY635188 KY635268 KY635348 - MN31806

6 

C. meyeri N.E.Br. Powell 16 

(NBG) 

KY631855 - KY635028 KY635108, KY635189 KY635269 KY635349 - MN31806

7 

C. minor (L.Bolus) 

H.E.K.Hartmann 

Powell 94 

(NBG) 

KY631856  - KY635029 KY635109 KY635190 KY635270 KY635350 - - 

284



C. namaquensis 

(Sond.) 

H.E.K.Hartmann 

Powell 11 

(NBG) 

KY631857 - KY635030 KY635110 KY635191 KY635271 KY635351 - MN31806

8 

C. pearsonii 

N.E.Br. 

Bruyns 9504 

(BOL) 

KF132664  - KF132178 KF132450 KF132792 KF131885 KF133145 - - 

C. peculiaris 

N.E.Br. 

Powell 15 

(NBG) 

KY631858 - KY635031 KY635111 KY635192 KY635272 KY635352 - MN31806

9 

C. pillansii L.Bolus Powell 45 

(NBG) 

KY631859 - - KY635112, KY635193 KY635273, KY635353 - - 

C. pilosula L.Bolus Powell 69 

(NBG) 

KY631860 - KY635033, KY635113, KY635194 KY635274, KY635354 - MN31807

0 

C. ponderosa 

S.A.Hammer 

Powell 103 

(NBG) 

KY631861 - KY635034, KY635114, KY635195 KY635275, KY635355 - - 

C. purpurea 

L.Bolus 

Powell 85 

(NBG) 

KY631862,  - KY635035, KY635115, KY635196, KY635276, KY635356; - MN31807

1 

C. robusta N.E.Br. Powell 66 

(NBG) 

KY631863  - KY635036 KY635116 KY635197 KY635277 KY635357 - MN31807

2 

C. rostrata N.E.Br Powell 88 

(NBG) 

KY631864  - KY635037 KY635117 KY635198 KY635278 KY635358 - - 

285



C. speciosa L.Bolus Powell 107 

(NBG) 

KY631865  - KY635038 KY635118 KY635199 KY635279 KY635359 - - 

C. umdausensis 

L.Bolus 

Powell 102 

(NBG) 

KY631866  

 

 

- KY635039 KY635119 KY635200 KY635280 KY635360 - MN31807

3 

C. verrucosa 

L.Bolus 

Powell 99 

(NBG) 

KY631867  - KY635040 KY635120 KY635201 KY635281 KY635361 - MN31807

4 

Conophytum 

N.E.Br. 

          

C. achabense 

S.A.Hammer 

Powell 131 

(NBG) 

KY631789 MN31758

8 

KY634965 KY635043 KY635123 KY635204 KY635284 MN31786

7 

MN31797

0 

C. acutum L.Bolus SEBitterfontei

n 

MN24515

3 

MN31758

9 

MN31768

0 

MN31771

6 

MN31775

3 

MN31779

3 

MN31783

5 

MN31786

8 

MN31797

1 

C. albiflorum 

(Rawé) 

S.A.Hammer 

- - - - - - - - MN31786

9 

- 

C. angelicae 

N.E.Br. 

Bruyns 9479 

(NBG) 

KY631790 MN31759

0 

KY634966 KY635044 KY635124 KY635205 KY635285 MN31787

0 

MN31797

2 

286



C. antonii 

S.A.Hammer 

AJY1677 MN24515

4 

MN31759

1 

- MN31771

7 

MN31775

4 

MN31779

4 

- MN31787

1 

MN31797

3 

C. armianum 

S.A.Hammer 

Umdaus MN24515

5 

MN31759

2 

MN31768

1 

- MN31775

5 

MN31779

5 

MN31783

6 

MN31787

2 

MN31797

4 

C. arthurolfago 

S.A.Hammer 

SBrakfontein MN24515

6 

MN31759

3 

- MN31771

8 

MN31775

6 

MN31779

6 

MN31783

7 

MN31787

3 

MN31797

5 

C. auriflorum 

Tisch. 

Mitchell 555 

(KBG) 

KY631791 MN31759

4 

KY634967 KY635045 KY635125 KY635206 KY635286 MN31787

4 

MN31797

6 

C. bachelorum 

S.A.Hammer 

TL MN24515

8 

MN31759

5 

MN31768

2 

MN31771

9 

MN31775

7 

MN31779

7 

MN31783

8 

MN31787

5 

MN31797

7 

C. bicarinatum 

L.Bolus 

TL MN24515

9 

MN31759

6 

- MN31772

0 

MN31775

8 

MN31779

8 

MN31783

9 

MN31787

6 

MN31797

8 

C. bilobum 

(Marloth) N.E.Br. 

Powell 19 

(NBG) 

KY631792 MN31759

7 

KY634968 KY635046 KY635126 KY635207 KY635287 MN31787

7 

MN31797

9 

C. blandum 

L.Bolus 

ARM985A MN24516

0 

MN31759

8 

MN31768

3 

MN31772

1 

MN31775

9 

MN31779

9 

- MN31787

8 

MN31798

0 

C. bolusiae 

Schwantes 

Mitchell 578 

(KBG) 

KY631793 MN31759

9 

KY634969 KY635047 KY635127 KY635208 KY635288 MN31787

9 

MN31798

1 

287



C. breve N.E.Br. Rawé 1162 

(NBG) 

KY631794  MN31760

0 

KY634970 KY635048 KY635128 KY635209 KY635289 MN31788

0 

MN31798

2 

C. brunneum 

S.A.Hammer 

TL MN24516

1 

- MN31768

4 

MN31772

2 

- MN31780

0 

MN31784

0 

MN31788

1 

MN31798

3 

C. bruynsii 

S.A.Hammer 

Bruyns 6784 

(BOL) 

KF132665 MN31760

1 

KF132179 AJ532795 AJ558090 KF131886 KF133146 MN31788

2 

- 

C. burgeri L.Bolus Donor s.n. 

(KBG) 

KY631795 MN31760

2 

KY634971 KY635049 KY635129 KY635210 KY635290 - - 

C. calculus 

(A.Berger) N.E.Br. 

Klak 1641 

(BOL) 

KF132666  - KF132180 KF132451 KF132793 KF131887 KF133147 - - 

C. caroli Lavis Sauer 88/1004 

(NBG) 

KY631796  MN31760

3 

KY635050 KY635050 KY635130 KY635211 KY635291 MN31788

3 

MN31798

4 

C. carpianum 

L.Bolus 

- MN24516

3 

MN31760

4 

- - MN31776

1 

MN31780

2 

MN31784

2 

MN31788

4 

MN31798

5 

C. chauviniae 

(Schwantes) 

S.A.Hammer 

Mitchell 1086 

(KBG) 

KY631797 MN31760

5 

KY634973 KY635051 KY635131 KY635212 KY635292 MN31788

5 

MN31798

6 

C. chrisocruxum 

S.A.Hammer 

- MN24516

4 

- MN31768

6 

MN31772

4 

MN31776

2 

MN31780

3 

MN31784

3 

MN31788

6 

MN31798

7 

288



C. chrisolum 

S.A.Hammer 

TL MN24516

5 

MN31760

7 

MN31768

7 

MN31772

5 

MN31776

3 

MN31780

4 

MN31784

4 

MN31788

7 

MN31798

8 

C. comptonii 

N.E.Br. 

Harrower 

5009 (NBG) 

KY631798 MN31760

8 

KY634974 KY635052 KY635132 KY635213 KY635293 MN31788

8 

MN31798

9 

C. concavum 

L.Bolus 

Lavranos s.n. 

(KBG) 

KY631799 MN31760

9 

KY634975 KY635053 KY635133 KY635214 KY635294 MN31788

9 

MN31799

0 

C. concordans 

G.D.Rowley 

Harrower s.n. 

(NBG) 

KY631800 MN31761

0 

KY634976 KY635054 KY635134 KY635215 KY635295 MN31789

0 

MN31799

1 

C. confusum 

A.J.Young, 

Rodgerson, 

S.A.Hammer & 

Opel 

R&Y1635 MN24516

6 

MN31761

1 

MN31768

8 

MN31772

6 

MN31776

4 

MN31780

5 

MN31784

5 

MN31789

1 

MN31799

2 

C. crateriforme 

A.J.Young, 

Rodgerson, 

Harrower & 

S.A.Hammer 

TL - MN31761

2 

- MN31772

7 

MN31776

5 

- - MN31789

2 

- 

289



C. cubicum 

Pavelka 

TL MN24516

7 

MN31761

3 

- MN31772

8 

MN31776

6 

MN31780

6 

MN31784

6 

MN31789

3 

MN31799

3 

C. danielii Pavelka TL MN24516

8 

MN31761

4 

MN31768

9 

MN31772

9 

MN31776

7 

MN31780

7 

MN31784

7 

MN31789

4 

MN31799

4 

C. depressum 

Lavis 

Powell 53 

(NBG) 

KY631801 MN31761

5 

KY634977 KY635055 KY635135 KY635216 KY635296 MN31789

5 

MN31799

5 

C. devium 

G.D.Rowley 

AJY1040 MN24516

9 

MN31761

6 

MN31769

0 

MN31773

0 

MN31776

8 

MN31780

8 

MN31784

8 

MN31789

6 

MN31799

6 

C. ectypum N.E.Br. Meyer 99A 

(NBG) 

KY631802 - KY634978 KY635056 KY635136 KY635217 KY635297 MN31789

7 

MN31799

7 

C. ernstii 

S.A.Hammer 

Van Jaarsveld 

8512 (NBG) 

KY631803  MN31761

8 

KY634979 KY635057 KY635137 KY635218 KY635298 MN31789

8 

MN31799

8 

C. ficiforme 

N.E.Br. 

Powell 3 

(NBG) 

KY631804 MN31761

9 

KY634980 KY635058 KY635138 KY635219 KY635299 MN31789

9 

MN31799

9 

C. flavum N.E.Br. Powell 57 

(NBG) 

KY631805 MN31762

0 

KY634981 KY635059 KY635139 KY635220 KY635300 MN31790

0 

MN31800

0 

C. francoiseae 

(S.A.Hammer) 

S.A.Hammer 

ARM914 MN24517

0 

MN31762

1 

MN31769

1 

MN31773

1 

MN31776

9 

MN31780

9 

MN31784

9 

MN31790

1 

- 

290



C. fraternum 

(N.E.Br.) N.E.Br. 

CR1232 - MN31762

2 

- MN31773

2 

MN31777

0 

MN31781

0 

- MN31790

2 

MN31800

1 

C. friedrichiae 

Schwantes 

KBG 312/89 

(KBG) 

KY631806 - KY634982 KY635060 KY635140 KY635221 KY635301 MN31790

3 

MN31800

2 

C. frutescens 

Schwantes 

Hammer 679 

(NBG) 

KY631807 MN31762

3 

KY634983 KY635061 - KY635222 KY635302 MN31790

4 

- 

C. fulleri L.Bolus Mitchell 966 

(KBG) 

KY631808 MN31762

4 

KY634984 KY635062 KY635142 KY635223 KY635303 MN31790

5 

MN31800

3 

C. globosum 

N.E.Br. 

Mitchell 1200 

(KBG) 

KY631809 MN31762

5 

KY634985 KY635063 KY635143 KY635224 KY635304 MN31790

6 

MN31800

4 

C. halenbergense 

(Dinter & 

Schwantes) 

N.E.Br. 

- - MT230545 - - MN31777

1 

- - MN31790

7 

- 

C. hammeri 

G.Will. & 

H.C.Kenn. 

ARM669 MN24517

1 

MN31762

6 

MN31769

2 

MN31773

3 

- MN31781

1 

MN31785

0 

MN31790

8 

MN31800

5 

C. hanae Pavelka TL MN24517

2 

MN31762

7 

MN31769

3 

MN68994

3 

MN31777

2 

MN31781

2 

- MN31790

9 

MN31800

6 

291



C. hermarium 

(S.A.Hammer) 

S.A.Hammer 

Powell 

32(NBG) 

KY631810 - KY634986 KY635064 KY635144 - - MN31791

0 

- 

C. herreanthus 

S.A.Hammer 

KBG 103/91 

(KBG) 

KY631811 MN31762

8 

KY634987 KY635065 KY635145 KY635225 KY635305 MN31791

1 

MN31800

7 

C. hians N.E.Br. Harrower 

3246 (NBG) 

KY631812 

 

MN31762

9 

KY634988 KY635066 KY635146 KY635226 KY635306 MN31791

2 

MN31800

8 

C. hyracis 

S.A.Hammer 

TL - - - - - - - MN31791

3 

- 

C. irmae 

S.A.Hammer & 

Barnhill 

R&Y1905 MN24517

3 

MN31763

0 

MN31769

4 

- MN31777

3 

MN31781

3 

- MN31791

4 

MN31800

9 

C. joubertii Lavis Barnhill & 

Hammer 2395 

(NBG) 

KY631813 MN31763

1 

KY634989 KY63506 KY635147 KY635227 KY635307 MN31791

5 

MN31801

0 

C. jucundum 

(N.E.Br.)N.E.Br. 

Wisura 1589 

(NBG) 

KY631814 MN31763

2 

KY634990 KY635068 KY635148 KY635228 KY635308 MN31791

6 

MN31801

1 

C. 

khamiesbergense 

Klak 2402 

(BOL) 

KY631815 - KY634991 KY635069 - KY635229 KY635309 - - 

292



(L.Bolus)Schwante

s 

C. klinghardtense 

Rawé 

Williamson 

4614 (KBG) 

KY631816 MN31763

3 

KY634992 KY635070 KY635150 KY635230 KY635310 MN31791

7 

- 

C. limpidum 

S.A.Hammer 

Hammer 385 

(NBG) 

KY631817 MN31763

4 

KY634993 KY635071 - KY635231 KY635311 MN31791

8 

MN31801

2 

C. lithopsoides 

L.Bolus 

Powell 29 

(NBG) 

KY631818 MN31763

5 

KY634994 KY635072 KY635152 KY635232 KY635312 MN31791

9 

MN31801

3 

C. loeschianum 

Tischer 

RR1230 MN24517

4 

MN31763

6 

MN31769

5 

- MN31777

4 

MN31781

4 

MN31785

1 

MN31792

0 

MN31801

4 

C. 

longibracteatum 

L.Bolus 

R&Y1929 MN24517

5 

MN31763

7 

MN31769

6 

MN31773

4 

MN31777

5 

MN31781

5 

MN31785

2 

MN31792

1 

MN31801

5 

C. longum N.E.Br. Mitchell 738 

(KBG) 

KY631819  MN31763

8 

KY634995 KY635073 KY635153 KY635233 KY635313 MN31792

2 

MN31801

6 

C. luckhoffii Lavis Harrower 

4211 (NBG) 

KY631820 MN31763

9 

KY634996 KY635074 KY635154 KY635234 KY635314 MN31792

3 

MN31801

7 

293



C. lydiae 

(Jacobsen) 

G.D.Rowley 

CR1132 MN24517

6 

MN31764

0 

MN31769

7 

MN31773

5 

MN31777

6 

MN31781

6 

MN31785

3 

MN31792

4 

MN31801

8 

C. marginatum 

Lavis 

Powell 20 

(NBG) 

KY631821 MN31764

1 

KY634997 KY635075 KY635155 KY635235 KY635315 MN31792

5 

MN31801

9 

C. maughanii 

N.E.Br. 

Bruyns 8913 

(BOL) 

KF132667  - KF132181 KF132452 KF132794 KF131888 KF133148 - - 

C. meyeri N.E.Br. Powell 16 

(NBG) 

KY631822 MN31764

2 

KY634998 KY635076 KY635156 KY635236 KY635316 MN31792

6 

MN31802

0 

C. minimum 

(Haw.) N.E.Br. 

RR714 - MN31764

3 

MN31769

8 

- - MN31781

7 

MN31785

4 

MN31792

7 

MN31802

1 

C. minusculum 

(N.E.Br.) N.E.Br. 

R&Y1732 MN24517

7 

MN31764

4 

MN31769

9 

- MN31777

7 

MN31781

8 

MN31785

5 

MN31792

8 

MN31802

2 

C. minutum 

N.E.Br. 

Harrower 102 

(NBG) 

KY631823 MN31764

5 

KY634999 KY635077 KY635157 KY635237 KY635317 MN31792

9 

MN31802

3 

C. mirabile 

A.R.Mitch. & 

S.A.Hammer 

TL MN24517

8 

MN31764

6 

MN31770

0 

MN31773

6 

- MN31781

9 

- MN31793

0 

MN31802

4 
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C. obcordellum 

N.E.Br. 

Magee 1058 

(NBG) 

KY631824 MN31764

7 

KY635000 KY635078 KY635158 KY635238 KY635318 MN31793

1 

- 

C. obscurum 

N.E.Br. 

LAV25969 MN24517

9 

MN31764

8 

MN31770

1 

MN31773

7 

MN31777

8 

MN31782

0 

MN31785

6 

MN31793

2 

MN31802

5 

C. pageae N.E.Br. Magee 1059 

(NBG) 

KY631825 MN31764

9 

KY635001 KY635079 KY635159 KY635239 KY635319 MN31793

3 

MN31802

6 

C. pellucidum 

Schwantes 

Harrower 

3628 (NBG) 

KY63182 MN31765

0 

KY635002 KY635080 KY635160 KY635240 KY635320 MN31793

4 

MN31802

7 

C. phoeniceum 

S.A.Hammer 

Hammer 1212 

(NBG) 

KY631827 MN31765

1 

KY635003 KY635081 KY635161 KY635241 KY635321 MN31793

5 

MN31802

8 

C. piluliforme 

(N.E.Br.)N.E.Br. 

Bayer s.n. 

(KBG) 

KY631828 MN31765

2 

KY635004 KY635082 KY635162 KY635242 KY635322 MN31793

6 

MN31802

9 

C. pium 

S.A.Hammer 

TL MN24518

0 

MN31765

3 

MN31770

2 

MN31773

8 

MN31777

9 

MN31782

1 

MN31785

7 

MN31793

7 

MN31803

0 

C. praesectum 

N.E.Br. 

SHsn MN24518

1 

MN31765

4 

MN31770

3 

MN31773

9 

MN31778

0 

MN31782

2 

MN31785

8 

MN31793

8 

MN31803

1 

C. pubescens 

(Tischer) 

G.D.Rowley 

MG1802.84 MN24518

2 

MN31765

5 

MN31770

4 

- MN31778

1 

MN31782

3 

- MN31793

9 

MN31803

2 
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C. pubicalyx Lavis SB1521 MN24518

3 

MN31765

6 

MN31770

5 

- MN31778

2 

MN31782

4 

MN31785

9 

MN31794

0 

MN31803

3 

C. quaesitum 

N.E.Br. 

Hammer 909 

(NBG) 

KY631829 MN31765

7 

KY635005 KY635083 - KY635243 KY635323 MN31794

1 

MN31803

4 

C. ratum 

S.A.Hammer 

Powell 24 

(NBG) 

KY631830 - KY635006 KY635084 KY635164 KY635244 KY635324 MN31794

2 

- 

C. reconditum 

A.R.Mitch. 

ARM1268 MN24518

4 

MN31765

8 

MN31770

6 

MN31774

0 

MN31778

3 

- MN31786

0 

MN31794

3 

MN31803

5 

C. regale Lavis Bayer 1081 

(KBG) 

KY631831 MN31765

9 

KY635007 KY635085 KY635165 KY635245 KY635325 MN31794

4 

MN31803

6 

C. ricardianum 

Losch & Tischler 

LAV28184 MN24518

5 

MN31766

0 

MN31770

7 

MN31774

1 

- MN31782

5 

MN31786

1 

MN31794

5 

MN31803

7 

C. roodiae N.E.Br. Powell 51 

(NBG) 

KY631832 MN31766

1 

KY635008 KY635086 KY635166 KY635246 KY635326 MN31794

6 

MN31803

8 

C. rugosum 

S.A.Hammer 

- MN24518

6 

MN31766

2 

MN31770

8 

MN31774

2 

MN31778

4 

MN31782

6 

MN31786

2 

MN31794

7 

MN31803

9 

C. saxetanum 

N.E.Br. 

Wisura 1600 

(NBG) 

KY631833  - KY635009 KY635087 KY635167 KY635247 KY635327 MN31794

8 

MN31804

0 
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C. schlechteri 

Schwantes 

TL MN24518

8 

MN31766

3 

MN31770

9 

MN31774

3 

MN31778

5 

MN31782

7 

MN31786

3 

MN31794

9 

MN31804

1 

C. smaleorum 

Rodgerson & 

A.J.Young 

AJY1259 MN24518

9 

MN31766

4 

MN31771

0 

MN31774

4 

MN31778

6 

MN31782

8 

MN31786

4 

MN31795

0 

MN31804

2 

C. 

smorenskaduense 

de Boer 

Mitchell 672 

(KBG) 

KY631834  MN31766

5 

KY635010 KY635088 KY635168 KY635248 KY635328 MN31795

1 

MN31804

3 

C. stephanii 

Schwantes 

Mitchell 999 

(KBG) 

KY631835 MN31766

6 

KY635011 KY635089 KY635169 KY635249 KY635329 MN31795

2 

- 

C. stevens-

jonesianum 

L.Bolus 

AJY126 - MN31766

7 

- MN31774

6 

MN31778

8 

MN31783

0 

- MN31795

3 

- 

C. subfenestratum 

Schwantes 

Bruyns s.n. 

(KBG) 

KY631836 MN31766

8 

KY635012 KY635090 KY635170 KY635250 KY635330 MN31795

4 

MN31804

4 

C. subterraneum 

Smale & T.Jacobs 

TL MN24519

1 

MN31766

9 

MN31771

2 

MN31774

7 

MN31778

9 

MN31783

1 

MN31786

5 

MN31795

5 

MN31804

5 
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C. 

swanepoelianum 

Rawé 

Harrower 

4993 (NBG) 

KY631837 

 

MN31767

0 

KY635013 KY635091 KY635171 KY635251 KY635331 MN31795

6 

MN31804

6 

C. tantillum 

N.E.Br. 

Harrower 

3684 (NBG) 

KY631838  MN31767

1 

KY635014 KY635092 KY635172 KY635252 KY635332 MN31795

7 

MN31804

7 

C. taylorianum 

(Dinter & 

Schwantes) 

N.E.Br. 

- - - - - - - - MN31795

8 

- 

C. truncatum 

N.E.Br. 

Mitchell s.n. 

(KBG) 

KY631839  MN31767

2 

KY635015 KY635093 KY635173 KY635253 KY635333 MN31795

9 

MN31804

8 

C. turrigerum 

(N.E.Br.) N.E.Br 

- MT23054

6 

MN31767

3 

- MN31774

8 

- - - MN31796

0 

 

C. uviforme (Haw.) 

N.E.Br. 

Littlewood s.n. 

(KBG) 

KY631840 MN31767

4 

KY635016 KY635094 KY635174 KY635254 KY635334 MN31796

1 

MN31804

9 

C. vanheerdei 

Tisch. 

Powell 141 

(NBG) 

KY631841 - KY635017, KY635095 KY635175 KY635255 KY635335 MN31796

2 

MN31805

0 

C. velutinum 

Schwantes 

KGB 57/86 

(KBG) 

KY631842 MN31767

5 

KY635018, KY635096 KY635176 KY635256 KY635336 MN31796

3 

MN31805

1 
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C. verrucosum 

(Lavis) 

G.D.Rowley 

EH980 MN24519

2 

MN31767

6 

- MN31774

9 

MN31779

0 

MN31783

2 

- MN31796

4 

MN31805

2 

C. violaciflorum 

Schick & Tisch 

Mitchell 170C 

(KBG) 

KY631843 MN31767

7 

KY635019 KY635097 KY635177 KY635257 KY635337 MN31796

5 

MN31805

3 

C. wettsteinii 

N.E.Br. 

Powell 50 

(NBG) 

KY631844 MN31767

8 

KY635020 KY635098 KY635178 KY635258 KY635338 MN31796

6 

MN31805

4 

C. youngii 

Rodgerson 

R&Y1965 MN24519

3 

MN31767

9 

MN31771

3 

MN31775

0 

MN31779

1 

MN31783

3 

MN31786

6 

MN31796

7 

MN31805

5 

Drosanthemum 

Schwantes 

          

D. diversifolium 

L.Bolus 

Klak 1743 

(BOL) 

KF132633  - KF132149 KF132435 KF132778 KF131856 KF133116 - - 

Enarganthe N.E.Br           

E. octonaria 

(L.Bolus) N.E.Br 

Klak 491 (BOL) KF132684 - KF132198 AJ532805 AJ439023 JN896433 JN896380 - - 

Ihlenfeldtia 

H.E.K.Hartmann 
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I. vanzylii (L. 

Bolus) 

KGB 222/98 

(KBG) 

KY631868 - KY635041 KY635121 KY635202 KY635282 KY635362 - - 

Jacobsenia L. 

Bolus & 

Schwantes 

          

J. vaginata (L. 

Bolus) Ihlenf. 

Van Jaarsveld 

21145 (BOL) 

KF132704 - KF132216 KF132480 KF132821 KF131924 KF133185 - - 

Jensenobotrya 

A.G.J. Herre 

          

J. lossowiana 

A.G.J. Herre 

Wisura 882 

(BOL) 

KF132703  - KF132215 - KF132820 KF131923 KF133184 - - 

Namaquanthus 

L. Bolus 

          

N. vanheerdei 

L. Bolus 

Klak 251 (BOL) KF132724  - - AJ532810 AJ439049 KF131944 KF133205 - - 

Odontophorus 

N.E.Br 

          

O. angustifolius L. 

Bolus 

EVJ 106/87 

(NBG) 

KY631869 - KY635042, KY635122 KY635203 KY635283 KY635363 - - 
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O. marlothii 

N.E.Br  

Klak 862 (Bol) KF132731 - - - AJ558101 KF131951 KF133212 - - 

Ruschianthus L. 

Bolus 

          

R. fulcatus L. 

Bolus 

Rawe S.N. 

(Bol) 

KF132758 - KF132266 KF132518 KF132857 KF131978 KF133240 - - 

Schlechteranthus 

Schwantes 

          

S. abruptus 

(A.Berger) 

R.F.Powell 

Powell 5 

(NBG) 

 KT281451  - KT248276, KT248288,   KT248312, KT248324 KT248335 - - 

S. albiflorus 

(L.Bolus) Klak 

van Jaarsveld 

4236 (NBG) 

MN24519

4 

- MN31771

4 

MN31775

1 

MN31779

2 

MN31783

4 

- - - 

S. connatus 

(L.Bolus) 

R.F.Powell 

Powell 10 

(NBG) 

MN24519

5 

- KT281449 KT248273 KT248297 - - - - 

S. hallii L.Bolus Klak 259 (BOL) KF132760;  - KF132268 KF132520 KF132859 KF131980 KF133242 - - 
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S. inclusus 

(N.E.Br.) 

R.F.Powell 

Powell 35 

(NBG) 

KT281450  - KT248274 KT248286 KT248310 KT248322 KT248333 - - 

S. parvus 

R.F.Powell & Klak 

Powell 41 

(NBG) 

KT281448  - KT248269 KT248281 KT248305 KT248317 KT248329 - - 

S. pungens 

(H.E.K.Hartmann) 

R.F.Powell 

Powell 28 

(NBG) 

KT281447 - - KT248279 KT248303 KT248315 KT248327 - MN31805

7 

S. spinescens 

(L.Bolus) 

R.F.Powell 

Klak 2424 

(BOL) 

KT248261  - KT248268 KT248280 KT248304 KT248316 KT248328 - MN31805

8 

S. stylosus 

(L.Bolus) 

R.F.Powell 

Powell 75 

(NBG) 

KT248262 - KT248270 KT248282 KT248306 KT248318 KT248330 - MN31805

9 

S. subglobosus 

(L.Bolus) 

R.F.Powell  

Bruyns 8240 

(BOL) 

KF132730  - KF132242 KF132496 KF132837 KF131950 KF133211 - - 

S. tetrasepalus Klak 2411 

(BOL) 

KT248266 - KT248277 KT248289 KT248313 KT248325 KT248336 - MN31806

0 
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(L.Bolus) 

R.F.Powell 
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Table S2.2: All new Conophytum species for which DNA sequences were attained, along 

with the number of regions (out of nine) for which sequences were attained and the 

number of DNA extractions performed for DNA to be used. For those species with all nine 

regions, number of extractions was noted as NA as there was no need for multiple 

extractions for these, as all genetic data had been successfully garnered. 

Species  Number of regions (Out of 9) Number of extractions 

C_achabense 9 NA 

C_acutum 9 NA 

C_albiflorum 1 3 

C_angelicae 9 NA 

C_antonii 7 1 

C_armianum 8 2 

C_arturolfago 8 1 

C_auriflorum 9 NA 

C_bachelorum 9 NA 

C_bicarinatum 8 1 

C_bilobum 9 NA 

C_blandum 8 3 

C_bolusiae 9 NA 

C_breve 9 NA 

C_brunneum 7 1 

C_bruynsii 8 1 

C_burgeri 7 1 

C_calculus 6 1 

C_caroli 9 NA 

C_carpianum 7 1 

C_chauvinae 9 NA 

C_chrisocruxum 8 1 

C_chrisolum 9 NA 

C_comptonii 9 NA 

C_concavum 9 NA 

C_concordans 9 NA 

C_confusum 9 NA 

C_crateriforme 4 3 
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C_cubicum 8 1 

C_danielii 9 NA 

C_depressum 9 NA 

C_devium 9 NA 

C_ectypum 8 1 

C_ernstii 9 NA 

C_ficiforme 9 NA 

C_flavum 9 NA 

C_francoiseae 8 3 

C_fraternum 6 3 

C_friedrichiae 8 1 

C_frutescens 7 1 

C_fulleri 9 NA 

C_globosum 9 NA 

C_halenbergense 3 3 

C_hammeri 8 1 

C_hanae 8 1 

C_hermarium 5 1 

C_herreanthus 9 NA 

C_hians 9 NA 

C_hyracis 1 3 

C_irmae 7 2 

C_joubertii 9 NA 

C_juncundum 9 NA 

C_khamiesbergense 5 1 

C_klinghardtense 8 1 

C_limpidum 8 1 

C_lithopsoides 9 NA 

C_loeschianum 8 1 

C_longibracteatum 9 NA 

C_longum 9 NA 

C_luckhoffii 9 NA 

C_lydiae 9 NA 

C_marginatum 9 NA 
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C_maughanii 6 1 

C_meyeri 9 NA 

C_minimum 6 1 

C_minusculum 8 1 

C_minutum 9 NA 

C_mirabile 7 1 

C_obcordellum 8 1 

C_obscurum 9 NA 

C_pageae 9 NA 

C_pellucidum 9 NA 

C_phoeniceum 9 NA 

C_piluliforme 9 NA 

C_pium 9 NA 

C_praesectum 9 NA 

C_pubescens 7 1 

C_pubicalyx 8 1 

C_quaesitum 8 1 

C_ratum 7 1 

C_reconditum 8 1 

C_regale 9 NA 

C_ricardianum 8 1 

C_roodiae 9 NA 

C_rugosum 9 NA 

C_saxetanum 8 1 

C_schlechteri 9 NA 

C_smaleorum 9 NA 

C_smorenskaduense 9 NA 

C_stephanii 8 1 

C_stevens_jonesianum 5 3 

C_subfenestratum 9 NA 

C_subterraneum 9 NA 

C_swanepoelianum 9 NA 

C_tantillum 9 NA 

C_taylorianum 1 4 
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C_truncatum 9 NA 

C_turrigerum 4 3 

C_uviforme 9 NA 

C_vanheerdei 8 1 

C_velutinum 9 NA 

C_verucosum 7 1 

C_violaciflorum 9 NA 

C_wettsteinii 9 NA 

C_youngii 9 NA 

 

Table S2.3: The extra three nuclear gene regions tested for the collection of genetic data. 

The PCR protocol used for amplification with these regions is also noted. 

Region tested Description PCR Protocol 

ncpGS because it was used 

in other genera in the 

Aizoaceae (Klak et al. 

2013). 

Amplification of the 

chloroplast-expressed 

glutamine synthetase 

region (ncpGS) used 

primers GScpRuschF and 

GScpRuschR (Klak et al. 

2013). 

 

Denaturation at 97 °C for 2 

min, 30 cycles of 

[denaturation at 97 °C for 1 

min, annealing at 58 °C for 

1 min, extension at 72 °C 

for 2 min], final extension 

at 72 °C for 10 min  

 

Isi1 because it was used 

successfully in Cactaceae 

which is succulent and is 

also in the Caryophllales 

order. 

Amplification of isi1 used 

primers ex3f and ex5r 

(Franck et al. 2012). 

 

Denaturation at 94 °C for 3 

min, 40 cycles of 

[denaturation at 97 °C for 

45 s, annealing at 59 °C for 

45 s, extension at 72 °C for 

2 min 30 s], final extension 

at 72 °C for 5 min (Pers. 

Comm. Kapralov 2018) 

 

5S NTS because it was 

used in other genera in the 

Amplication of the 5s non-

transcribed spacer (NTS) 

was performed using 

Denaturation at 97 °C for 2 

min, 30 cycles of 

[denaturation at 95 °C for 1 
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Aizoaceae (Klak et al. 

2003). 

primers P3 and P4 (Klak et 

al. 2003). 

 

min, annealing at 55 °C for 

45 s, extension at 72 °C for 

2 min], final extension at 72 

°C for 7 min (Pers. Comm. 

Kapralov 2018) 
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Table S2.4: Stochastic mapping characters and character codes for the 102 Conophytum species and two outgroup species included when mapping using 

the plastid tree. 1: Soft-bodied leaves (0=absent; 1=present). 2: Windowed leaves (0=absent; 1=present). 3: Anthesis (1=diurnal; 0=nocturnal). 4: Epidermal 

extension length (0=no epidermal extensions; 1=blunt papillae; 2=short; trichomes; 3=long trichomes; 4=very long trichomes). 5: Stomata position 

(0=sunken; 1=level; 2=raised). 6: Bladder cells (0=no; 1=yes). 7. Leaf shape (1=Obconical with flat, slightly concave or convex apex (button); 2=Cylindrical or 

globose (torpedo shape); 3=Weakly cuneate (weakly bilobed); 4=Cuneate (bilobed); 5=Cylindric: apex convex or truncate (windowed cylinders). 8: Pollen 

type (1=A; 2=B; 3=C; 4=D; 5=E; 6=F). 9. Flower structure (0=radiate flower; 1=A1; 2=A2; 3=B1; 4=B2; 5=C). 10: Cell shape (0=polygonal; 1=hexagonal; 

2=interlocking). 11: Flower colour (0=white; 1=yellow; 2=purple). 12: Bladder cells (0=no; 1=yes). C=Conophytum; S=Schlechteranthus; Cheiri=Cheiridopsis 

Species 1 2 3 4 5 6 7 8 9 10 11 12 

C_achabense 1 1 1 0 1 1 2 2 3 2 2 1 

C_acutum 1 1 0 0 1 1 5 4 5 2 NA 1 

C_angelicae 0 0 0 1 1 0 2 4 2 2 NA 1 

C_antonii 0 0 1 1 1 0 3 1 NA 1 2 2 

C_armianum 0 0 0 0 0 0 1 4 2 0 NA 1 

C_arturolfago 1 0 1 1 1 0 1 1 NA 2 2 1 

C_auriflorum 0 0 1 1 1 0 2 3 3 1 1 1 

C_bachelorum 0 0 1 1 1 0 1 2 NA 0 2 3 

C_bicarinatum 0 0 1 1 1 0 3 2 4 1 2 1 

C_bilobum 0 0 1 1 or 2 1 0 4 3 2 0 1 1 

C_blandum 0 0 1 2 1 0 4 1 2 0 2 1 
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C_bolusiae 0 0 1 2 1 0 1 2 3 0 2 3 or 4 

C_breve 0 0 0 1 0 0 1 4 2 0 NA 1 

C_brunneum 0 0 1 0 1 1 2 2 4 0 2 1 

C_bruynsii 0 0 1 1 1 0 2 1 3 1 1 1 

C_burgeri 1 0 1 0 1 1 2 1 2 2 2 1 

C_calculus 0 0 0 1 0 0 2 4 2 0 NA 1 

C_caroli 1 1 1 1 1 1 5 2 1 2 2 1 

C_carpianum 0 0 0 1 2 0 3 4 3 2 NA 1 

C_chauvinae 0 0 1 2 1 0 3 2 1 0 2 1 

C_chrisocruxum 0 0 1 0 1 0 1 2 NA 0 2 4 

C_chrisolum 0 0 1 1 1 0 1 3 NA 0 2 1 

C_comptonii 0 0 0 0 1 0 1 4 2 0 NA 1 

C_concavum 1 1 1 3 1 0 2 3 2 0 1 1 

C_concordans 1 1 1 1 1 1 5 1 1 0 2 1 

C_confusum 0 0 1 1 1 0 1 3 NA 0 2 1 

C_crateriforme 0 0 1 1 1 0 1 3 NA 0 2 1 

C_cubicum 0 0 1 1 1 0 1 2 NA 1 2 1 

C_danielii 0 0 1 3 1 0 3 2 NA 0 2 1 

C_depressum 0 0 0 4 1 0 1 4 2 1 NA 1 
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C_devium 1 1 1 1 1 1 5 2 NA 2 2 1 

C_ectypum 0 0 1 1 1 0 3 3 3 or 4 2 2 1 

C_ernstii 0 0 1 2 1 0 1 1 2 0 2 1 

C_ficiforme 0 0 0 1 1 0 3 4 3 0 NA 1 

C_flavum 0 0 1 1 1 0 1 2 3 0 1 1 

C_francoisea 0 0 1 1 1 0 1 3 NA 0 2 2 or 3 

C_fraternum 0 0 1 1 1 0 1 3 3 0 2 1 or 4 

C_friedrichiae 1 1 1 2 1 1 5 1 1 2 2 1 

C_frutescens 0 0 1 1 1 0 4 3 3 0 1 3 or 4 

C_fulleri 0 0 1 1 1 0 2 2 2 2 2 1 

C_globosum 0 0 1 1 1 0 1 3 3 or 4 0 2 1 

C_halenbergense 0 0 0 1 2 0 4 4 3 2 NA 1 

C_hammeri 1 0 0 0 1 1 2 4 NA 2 NA 1 

C_hanae 0 0 1 2 1 0 3 6 NA 1 or 2 2 1 

C_hermarium 1 0 1 0 1 0 2 5 2 2 1 or 2 1 or 4 

C_herreanthus 0 0 1 1 0 0 4 1 1 1 2 1 

C_hians 0 0 0 2 2 0 3 4 3 2 NA 1 

C_irmae 0 0 1 1 1 0 3 3 NA 2 1 1 

C_joubertii 0 0 0 1 1 0 1 4 1 0 NA 1 
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C_juncundum 0 0 1 1 0 0 1 3 2 0 2 1 

C_khamiesbergense 1 0 1 0 1 0 4 2 1 2 2 3 or 4 

C_klinghardtense 0 0 0 2 2 0 3 4 2 0 NA 1 

C_limpidum 1 1 1 1 1 1 5 2 1 1 2 1 

C_lithopsoides 1 1 1 1 1 0 5 3 4 2 2 1 

C_loeschianum 0 0 0 1 2 0 3 4 3 2 NA 1 

C_longibracteatum 0 0 1 1 1 0 3 2 NA 2 2 1 

C_longum 1 1 1 2 1 1 5 2 3 2 2 1 

C_luckhoffii 0 0 1 0 1 0 3 1 4 2 2 1 

C_lydiae 1 1 1 3 1 1 5 2 NA 2 2 1 

C_marginatum 0 0 1 2 1 0 4 1 3 1 2 1 

C_maughanii 1 1 0 1 1 1 2 4 2 2 NA 1 

C_meyeri 0 0 1 2 1 0 4 2 2 0 1 1 

C_minimum 0 0 0 1 2 0 1 4 2 2 NA 1 

C_minusculum 0 0 1 0 1 0 3 1 4 2 2 1 

C_minutum 0 0 1 1 1 0 1 1 4 0 2 1 

C_mirabile 0 0 1 4 1 0 1 1 NA 0 2 1 

C_obcordellum 0 0 0 1 1 0 1 4 2 2 NA 1 

C_obscurum 0 0 1 1 1 0 1 3 3 0 or 2 2 1 
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C_pageae 0 0 0 1 0 0 1 4 2 0 NA 1 or 4 

C_pellucidum 1 1 1 1 2 0 3 5 4 2 0 1 or 4 

C_phoeniceum 1 1 0 2 1 1 2 4 3 2 NA 1 

C_piluliforme 0 0 0 1 1 0 1 4 2 0 NA 1 

C_pium 0 0 1 0 1 0 3 2 NA 2 2 1 

C_praesectum 1 1 1 2 1 1 5 2 NA 2 2 1 

C_pubescens 1 1 1 3 1 1 5 2 NA 2 2 1 

C_pubicalyx 0 0 0 4 1 0 1 4 2 0 NA 1 

C_quaesitum 0 0 0 1 0 or 1 0 3 4 3 0 NA 1 

C_ratum 1 1 1 1 1 1 2 2 1 2 2 1 

C_reconditum 1 1 1 0 1 1 4 2 3 2 0 or 1 1 or 4 

C_regale 0 0 1 2 1 0 4 1 2 0 2 1 

C_ricardianum 0 0 1 0 1 0 1 2 2 0 2 1 

C_roodiae 1 0 1 1 1 1 3 2 3 2 0 1 

C_rugosum 1 0 0 1 1 1 5 2 2 2 NA 1 

C_saxetanum 0 0 0 1 2 0 3 4 3 2 NA 1 

C_schlechteri 1 0 1 0 1 0 3 3 2 0 0 1 

C_smaleorum 0 0 1 2 1 0 1 3 NA 2 2 2 

C_smorenskaduense 1 1 1 1 1 1 2 1 2 1 2 2 
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C_stephanii 0 0 0 4 2 0 2 4 2 1 NA 1 

C_stevens_jonesianum 0 0 0 1 0 0 1 4 NA 0 NA 1 

C_subfenestratum 1 1 1 2 1 0 3 3 1 0 2 1 

C_subterraneum 1 0 1 1 1 1 2 3 NA 2 2 1 

C_swanepoelianum 0 0 1 1 1 0 3 1 4 2 2 1 

C_tantillum 0 0 1 1 1 0 4 2 3 2 2 1 

C_truncatum 0 0 0 1 2 0 1 4 2 0 NA 1 

C_turrigerum 0 0 1 0 1 0 4 2 3 2 0 or 2 1 or 4 

C_uviforme 0 0 0 2 1 0 1 4 2 0 NA 1 

C_vanheerdei 1 0 1 1 1 1 1 3 3 1 2 1 

C_velutinum 0 0 1 2 1 0 3 3 3 0 2 1 

C_verucosum 1 1 1 3 1 1 5 2 2 2 0 1 

C_violaciflorum 0 0 1 1 1 0 3 3 3 1 2 1 

C_wettsteinii 0 0 1 1 1 0 1 1 3 0 2 1 

C_youngii 1 0 1 0 1 0 3 2 NA 2 2 3 

Cheiri_rostrata 0 0 1 1 NA NA NA NA 0 NA 1 2 

S_albiflorus 0 0 1 1 NA NA NA NA 0 NA 0 3 
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Table S2.5: Stochastic mapping characters and character codes for the 101 Conophytum species and two outgroup species included when mapping using 

the nuclear tree. 1: Soft-bodied leaves (0=absent; 1=present). 2: Windowed leaves (0=absent; 1=present). 3: Anthesis (1=diurnal; 0=nocturnal). 4: 

Epidermal extension length (0=no epidermal extensions; 1=blunt papillae; 2=short; trichomes; 3=long trichomes; 4=very long trichomes). 5: Stomata 

position (0=sunken; 1=level; 2=raised). 6: Bladder cells (0=no; 1=yes). 7. Leaf shape (1=Obconical with flat, slightly concave or convex apex (button); 

2=Cylindrical or globose (torpedo shape); 3=Weakly cuneate (weakly bilobed); 4=Cuneate (bilobed); 5=Cylindric: apex convex or truncate (windowed 

cylinders). 8: Pollen type (1=A; 2=B; 3=C; 4=D; 5=E; 6=F). 9. Flower structure (0=radiate flower; 1=A1; 2=A2; 3=B1; 4=B2; 5=C). 10: Cell shape (0=polygonal; 

1=hexagonal; 2=interlocking). 11: Flower colour (0=white; 1=yellow; 2=purple). 12: Bladder cells (0=no; 1=yes). C=Conophytum; S=Schlechteranthus; 

Cheiri=Cheiridopsis. 

Species 1 2 3 4 5 6 7 8 9 10 11 12 

C_achabense 1 1 1 0 1 1 2 2 3 2 2 1 

C_acutum 1 1 0 0 1 1 5 4 5 2 NA 1 

C_albiflorum 0 0 1 0 1 0 3 2 NA NA 0 1 

C_angelicae 0 0 0 1 1 0 2 4 2 2 NA 1 

C_antonii 0 0 1 1 1 0 3 1 NA 1 2 2 

C_armianum 0 0 0 0 0 0 1 4 2 0 NA 1 

C_arturolfago 1 0 1 1 1 0 1 1 NA 2 2 1 

C_auriflorum 0 0 1 1 1 0 2 3 3 1 1 1 

C_bachelorum 0 0 1 1 1 0 1 2 NA 0 2 3 

C_bicarinatum 0 0 1 1 1 0 3 2 4 1 2 1 
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C_bilobum 0 0 1 1 or 2 1 0 4 3 2 0 1 1 

C_blandum 0 0 1 2 1 0 4 1 2 0 2 1 

C_bolusiae 0 0 1 2 1 0 1 2 3 0 2 3 or 4 

C_breve 0 0 0 1 0 0 1 4 2 0 NA 1 

C_brunneum 0 0 1 0 1 1 2 2 4 0 2 1 

C_bruynsii 0 0 1 1 1 0 2 1 3 1 1 1 

C_caroli 1 1 1 1 1 1 5 2 1 2 2 1 

C_carpianum 0 0 0 1 2 0 3 4 3 2 NA 1 

C_chauvinae 0 0 1 2 1 0 3 2 1 0 2 1 

C_chrisocruxum 0 0 1 0 1 0 1 2 NA 0 2 4 

C_chrisolum 0 0 1 1 1 0 1 3 NA 0 2 1 

C_comptonii 0 0 0 0 1 0 1 4 2 0 NA 1 

C_concavum 1 1 1 3 1 0 2 3 2 0 1 1 

C_concordans 1 1 1 1 1 1 5 1 1 0 2 1 

C_confusum 0 0 1 1 1 0 1 3 NA 0 2 1 

C_crateriforme 0 0 1 1 1 0 1 3 NA 0 2 1 

C_cubicum 0 0 1 1 1 0 1 2 NA 1 2 1 

C_danielii 0 0 1 3 1 0 3 2 NA 0 2 1 

C_depressum 0 0 0 4 1 0 1 4 2 1 NA 1 
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C_devium 1 1 1 1 1 1 5 2 NA 2 2 1 

C_ectypum 0 0 1 1 1 0 3 3 3 or 4 2 2 1 

C_ernstii 0 0 1 2 1 0 1 1 2 0 2 1 

C_ficiforme 0 0 0 1 1 0 3 4 3 0 NA 1 

C_flavum 0 0 1 1 1 0 1 2 3 0 1 1 

C_francoisea 0 0 1 1 1 0 1 3 NA 0 2 2 or 3 

C_fraternum 0 0 1 1 1 0 1 3 3 0 2 1 or 4 

C_friedrichiae 1 1 1 2 1 1 5 1 1 2 2 1 

C_frutescens 0 0 1 1 1 0 4 3 3 0 1 3 or 4 

C_fulleri 0 0 1 1 1 0 2 2 2 2 2 1 

C_globosum 0 0 1 1 1 0 1 3 3 or 4 0 2 1 

C_halenbergense 0 0 0 1 2 0 4 4 3 2 NA 1 

C_hammeri 1 0 0 0 1 1 2 4 NA 2 NA 1 

C_hanae 0 0 1 2 1 0 3 6 NA 1 or 2 2 1 

C_hermarium 1 0 1 0 1 0 2 5 2 2 1 or 2 1 or 4 

C_herreanthus 0 0 1 1 0 0 4 1 1 1 2 1 

C_hians 0 0 0 2 2 0 3 4 3 2 NA 1 

C_hyracis 0 0 1 0 1 0 1 3 NA 1 2 1 

C_irmae 0 0 1 1 1 0 3 3 NA 2 1 1 
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C_joubertii 0 0 0 1 1 0 1 4 1 0 NA 1 

C_juncundum 0 0 1 1 0 0 1 3 2 0 2 1 

C_klinghardtense 0 0 0 2 2 0 3 4 2 0 NA 1 

C_limpidum 1 1 1 1 1 1 5 2 1 1 2 1 

C_lithopsoides 1 1 1 1 1 0 5 3 4 2 2 1 

C_loeschianum 0 0 0 1 2 0 3 4 3 2 NA 1 

C_longibracteatum 0 0 1 1 1 0 3 2 NA 2 2 1 

C_longum 1 1 1 2 1 1 5 2 3 2 2 1 

C_luckhoffii 0 0 1 0 1 0 3 1 4 2 2 1 

C_lydiae 1 1 1 3 1 1 5 2 NA 2 2 1 

C_marginatum 0 0 1 2 1 0 4 1 3 1 2 1 

C_meyeri 0 0 1 2 1 0 4 2 2 0 1 1 

C_minimum 0 0 0 1 2 0 1 4 2 2 NA 1 

C_minusculum 0 0 1 0 1 0 3 1 4 2 2 1 

C_minutum 0 0 1 1 1 0 1 1 4 0 2 1 

C_mirabile 0 0 1 4 1 0 1 1 NA 0 2 1 

C_obcordellum 0 0 0 1 1 0 1 4 2 2 NA 1 

C_obscurum 0 0 1 1 1 0 1 3 3 0 or 2 2 1 

C_pageae 0 0 0 1 0 0 1 4 2 0 NA 1 or 4 
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C_pellucidum 1 1 1 1 2 0 3 5 4 2 0 1 or 4 

C_phoeniceum 1 1 0 2 1 1 2 4 3 2 NA 1 

C_piluliforme 0 0 0 1 1 0 1 4 2 0 NA 1 

C_pium 0 0 1 0 1 0 3 2 NA 2 2 1 

C_praesectum 1 1 1 2 1 1 5 2 NA 2 2 1 

C_pubescens 1 1 1 3 1 1 5 2 NA 2 2 1 

C_pubicalyx 0 0 0 4 1 0 1 4 2 0 NA 1 

C_quaesitum 0 0 0 1 0 or 1 0 3 4 3 0 NA 1 

C_ratum 1 1 1 1 1 1 2 2 1 2 2 1 

C_reconditum 1 1 1 0 1 1 4 2 3 2 0 or 1 1 or 4 

C_regale 0 0 1 2 1 0 4 1 2 0 2 1 

C_ricardianum 0 0 1 0 1 0 1 2 2 0 2 1 

C_roodiae 1 0 1 1 1 1 3 2 3 2 0 1 

C_rugosum 1 0 0 1 1 1 5 2 2 2 NA 1 

C_saxetanum 0 0 0 1 2 0 3 4 3 2 NA 1 

C_schlechteri 1 0 1 0 1 0 3 3 2 0 0 1 

C_smaleorum 0 0 1 2 1 0 1 3 NA 2 2 2 

C_smorenskaduense 1 1 1 1 1 1 2 1 2 1 2 2 

C_stephanii 0 0 0 4 2 0 2 4 2 1 NA 1 
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C_stevens_jonesianum 0 0 0 1 0 0 1 4 NA 0 NA 1 

C_subfenestratum 1 1 1 2 1 0 3 3 1 0 2 1 

C_subterraneum 1 0 1 1 1 1 2 3 NA 2 2 1 

C_swanepoelianum 0 0 1 1 1 0 3 1 4 2 2 1 

C_tantillum 0 0 1 1 1 0 4 2 3 2 2 1 

C_taylorianum 0 0 1 2 1 0 1 or 3 3 3 0 2 1 

C_truncatum 0 0 0 1 2 0 1 4 2 0 NA 1 

C_turrigerum 0 0 1 0 1 0 4 2 3 2 0 or 2 1 or 4 

C_uviforme 0 0 0 2 1 0 1 4 2 0 NA 1 

C_vanheerdei 1 0 1 1 1 1 1 3 3 1 2 1 

C_velutinum 0 0 1 2 1 0 3 3 3 0 2 1 

C_verucosum 1 1 1 3 1 1 5 2 2 2 0 1 

C_violaciflorum 0 0 1 1 1 0 3 3 3 1 2 1 

C_wettsteinii 0 0 1 1 1 0 1 1 3 0 2 1 

C_youngii 1 0 1 0 1 0 3 2 NA 2 2 3 

Cheiri_namaquensis 0 0 1 1 NA NA NA NA 0 NA 1 2 

S_pungens 0 0 1 1 NA NA NA NA 0 NA 2 3 
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Table S2.6: Best fit evolutionary model of ER (Equal Rates), SYM (Symmetrical Rates) and ARD (Unequal Rates) based on AICc score for the mapping of the 

12 characters onto the plastid and nuclear phylogenies. 

Character Chloroplast 
  

Nuclear 
  

 
Evolutionary 

Model 

Log-

Likelihood 

AICc 

score 

Evolutionary 

Model 

Log-

Likelihood 

AICc 

score 

Soft-bodied Leaves (Character 1) ER -44.162884 90.36498 ER -62.0717 126.1829 
 

SYM -44.162884 90.36498 SYM -62.0717 126.1829 
 

ARD -42.501663 89.12214 ARD -60.2548 124.6296 

Windowed  Leaves (Character 2) ER -32.67684 67.3929 ER -60.6121 123.2638 
 

SYM -32.67684 67.3929 SYM -60.6121 123.2638 
 

ARD -31.641519 67.40185 ARD -50.6287 105.3774 

Anthesis (Character 3) ER -53.412392 108.864 ER -58.0183 118.0762 
 

SYM -53.412392 108.864 SYM -58.0183 118.0762 
 

ARD -53.363242 110.8453 ARD -54.7803 113.6807 

Epidermal Extensions (Character 4) ER -120.351112 326.1817 ER -167.395 336.8293 
 

SYM -127.829448 291.1134 SYM -146.97 329.4579 
 

ARD -120.351112 326.1817 ARD -126.597 339.0266 

Stomata Position (Character 5) ER -65.643921 133.3278 ER -79.7635 161.5674 
 

SYM -61.57841 136.041 SYM -74.1364 161.1665 
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ARD -57.101205 141.708 ARD -60.2255 147.9964 

Bladder Cells (Character 6) ER -40.288793 82.61759 ER -58.6117 119.2639 
 

SYM -40.288793 82.61759 SYM -58.6117 119.2639 
 

ARD -40.023364 84.16794 ARD -53.1564 110.4351 

Leaf Shape (Character 7) ER -142.604998 287.25 ER -179.902 361.845 
 

SYM -130.208977 282.8355 SYM -162.309 360.2657 
 

ARD -127.457077 305.2845 ARD -152.839 392.2504 

Pollen Type (Character 8) ER -152.987284 308.0146 ER -176.93 355.901 
 

SYM -132.90572 301.3928 SYM -144.429 324.506 
 

ARD -125.79472 337.7866 ARD -140.042 366.6548 

Floral Structure (Character 9) ER -136.682575 275.4164 ER -139.583 281.2192 
 

SYM -109.79396 277.519 SYM -110.01 278.82 
 

ARD -104.105045 389.8317 ARD -102.466 395.1673 

Cell Shape (Character 10) ER -118.971695 239.9834 ER -151.66 305.3608 
 

SYM -98.606977 219.6315 SYM -118.145 258.7629 
 

ARD -96.671945 243.7143 ARD -107.148 264.9297 

Flower Colour (Character 11) ER -69.568758 141.1923 ER -89.8886 181.8313 
 

SYM -60.209557 158.5547 SYM -80.9101 199.8202 
 

ARD -56.772533 215.8178 ARD -60.4897 222.3128 
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Phenology (Trait 12) ER -80.750705 163.5406 ER -94.5709 191.1815 
 

SYM -75.617247 204.5028 SYM -89.0929 231.5932 
 

ARD -71.750912 286.7149 ARD -72.9226 290.0451 
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Table S2.7: Phylogenetic D test results for characters and character states for the nuclear 

tree. Numbers for the character states correspond with the character-state codes in table 

2. P-values with NA are character states with non-significant phylogenetic signal. A lower 

P-value under PRandom means the character state is less likely to be randomly distributed 

across the phylogeny and more likely to have signal and be clumped. A higher P-value 

under PClumped means the distribution of the character state is not significantly different 

from a clumped distribution and therefore has phylogenetic signal. 

Character Character 

States 

D PRandom PClumped 

Soft-bodied leaves 

(Figure S4) 

1 0.46 NA NA 

Windowed leaves 

(Figure S5) 

1 0.67 NA NA 

Anthesis 

(Figure S6) 

1 0.6 NA NA 

Epidermal extension length 0 1.1 NA NA 

(Figure S7) 1 0.83 NA NA 

 2 0.92 NA NA 

 3 1.06 NA NA 

 4 0.94 NA NA 

Stomata position 0 1.12 NA NA 

(Figure S8) 1 1.1 NA NA 

 2 1.17 NA NA 

Bladder cells 

(Figure S9) 

1 0.55 NA NA 

Leaf shape 

(Figure S10) 

1 1 NA NA 

2 1.08 NA NA 

3 0.82 NA NA 

4 1.19 NA NA 

5 0.51 0.01 0.12 

Pollen type 1 0.91 NA NA 

(Figure S11) 2 0.79 NA NA 

 3 1.19 NA NA 
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 4 0.5 NA NA 

 5 0.89 NA NA 

Flower structure 1 0.83 NA NA 

(Figure S12) 2 1.09 NA NA 

 3 1.05 NA NA 

 4 1 NA NA 

 3 or 4 0.88 NA NA 

Cell shape 0 1.1 NA NA 

(Figure S13) 1 1.09 NA NA 

 2 0.97 NA NA 

Flower colour 

(Figure S14) 

0 1.17 NA NA 

1 1.14 NA NA 

2 1.34 NA NA 

Phenology 

(Figure S15) 

1 1.1 NA NA 

2 0.92 NA NA 

3 1.3 NA NA 

3 or 4 1.35 NA NA 

 1 or 4 0.6 NA NA 
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Table S3.1: Mean values for the eight continuous variables for all 102 Conophytum species included in analyses in this study. Aspect and geology 

preferences for all Conophytum species determined by counting the number of occurrence points on each category and selecting the category with the 

highest number of occurrence points. C. concordans has NA for aspect, slope and elevation (30 m resolution) as it had no occurrence records within a 5 m 

error. 

 

Species Bio 11 - 
Mean 
Temperatur
e of Coldest 
Quarter 

Bio 13 - 
Precipitatio
n of Wettest 
Month 

Bio 14 - 
Precipitatio
n of Driest 
Month 

Bio 1 - 
Annual 
Mean 
Temperatur
e 

Bio 2 - 
Mean 
Diurnal 
Range 

Bio 3 - 
Isothermalit
y 

Elevatio
n 

Slope Aspect Geolog
y 

C_achabense 112.5 29.5 5.5 185 159 528.5 1107.5 10.5018
5 

0 5 

C_acutum 135 27.5 2 187.5 154 590 286 1.07079
5 

0 3 

C_angelicae 119.4681 17.82979 4.255319 180.1277 146.744
7 

554.5532 905.222
2 

9.28843
3 

1 5 

C_antonii 124.75 26 3.5 183.75 152 566.5 573 8.11917
6 

1 5 

C_armianum 116.75 16.9375 3.5 174.625 142.25 552.125 842.615
4 

10.7576
7 

1 6 

C_arturolfago 120.6 22.8 5.2 185.2 165.6 558.4 647 4.41069
3 

0 5 

C_auriflorum 123.6842 25.26316 2.578947 169.0526 128.210
5 

587.8947 562 11.6193
8 

1 5 

C_bachelorum 134 16 2 174 122 595 408 10.4097
8 

0 5 
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C_bicarinatum 101.625 39.5 5.125 169 156.125 531.375 698.25 22.7960
4 

1 6 

C_bilobum 123.5068 18.30081 2.894309 168.8049 127.170
7 

585.271 606.595
9 

10.5642 1 5 

C_blandum 120.1053 18.31579 4.473684 185.8421 150.421
1 

544.0526 948.333
3 

10.2833 0 or 1 5 

C_bolusiae 126.8462 13.92308 2.076923 157.0769 106.461
5 

624.1538 355.2 22.2372
6 

1 5 

C_breve 123.6739 20.06522 2.782609 168.2609 126.826
1 

588.1087 620.666
7 

11.3490
6 

1 5 

C_brunneum 127.5 29.75 2.625 180.375 151.125 588.375 452.333
3 

11.7223
3 

1 5 

C_bruynsii 128 30 2.5 179.75 151.25 590.5 452 7.96303
2 

0 or 1 5 

C_burgeri 120 25.14286 5.142857 192.4286 163.285
7 

535.5714 938 2.82099
7 

1 5 

C_calculus 129.4512 26.42683 3.621951 187.9512 152.865
9 

572.8415 541.090
9 

5.00493 0 5 

C_caroli 105 32.44444 7.666667 164.3333 152.555
6 

564 1022.66
7 

3.62073
7 

0 5 

C_carpianum 119.6667 12.66667 3.333333 158 117.5 599.3333 625.333
3 

26.6145
7 

1 5 

C_chauvinae 129.6154 30 3.076923 182.9231 156.923
1 

587.2308 438.5 15.5679
7 

1 5 

C_chrisocruxum 130 15 2 173 125 586 512 19.7659
3 

1 5 

C_chrisolum 134 14 2 175 123 595 359 6.28861
2 

1 5 
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C_comptonii 105.8611 51.27778 5.583333 161.9167 155.305
6 

580.2222 776.586
2 

8.25949
1 

0 5 

C_concavum 137.25 21.9375 2 174.4375 125.062
5 

615.375 142.5 4.32643
5 

0 or 1 5 

C_concordans 123 21 5 188.5 166 557.5 NA NA NA 4 or 2 
C_confusum 130 17 2 171 122 593 327 6.27610

6 
0 5 

C_crateriforme 130.6667 16 2 177.3333 130.333
3 

580.3333 368 8.35995
8 

1 5 

C_cubicum 113.5714 14 4 162.2857 131 574.8571 970.8 22.8825
7 

1 5 

C_danielii 103 33 8 162 150 561 1024.5 9.25958
4 

0 or 1 5 

C_depressum 111.9697 30.48485 5.30303 167.9697 141 564.5455 915.045
5 

6.69004
2 

1 5 

C_devium 122.087 14.52174 3.434783 184.6957 149.434
8 

547.5217 636.666
7 

7.28973
1 

1 5 

C_ectypum 114.2769 21.98462 3.792308 171.5385 138.715
4 

552.8462 905.859
6 

12.0609
7 

1 5 

C_ernstii 133.2 11.8 2.8 181.6 133.2 584.2 312.5 31.7955
8 

1 5 

C_ficiforme 116.7143 65.64286 12.92857 171.1429 138.071
4 

547.2143 358.333
3 

13.6960
3 

1 5 or 6  

C_flavum 116.3425 18.59116 3.585635 173.0773 139.723
8 

554.4144 789.846
2 

9.83725
3 

0 5 

C_francoisea 127.2 14.6 2 156.4 105 626.4 327 34.3090
9 

1 5 

C_fraternum 122 14.66667 3 167.6667 126.5 580 486 24.5046
5 

1 5 
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C_friedrichiae 122.8966 31.03448 3.103448 197.1724 170.034
5 

538.069 971.833
3 

4.12239
6 

1 5 

C_frutescens 125.0833 24.125 2.375 167.9167 125.25 593.25 518.25 14.5991
7 

1 5 

C_fulleri 115.9744 31.48718 4.307692 188.7692 159.948
7 

523.4615 1064.54
5 

8.52145
6 

0 or 1 5 

C_globosum 138.3333 28.93333 2.333333 185.8 153.066
7 

603.6667 283 7.5893 1 5 

C_halenbergense 119 7.714286 1.142857 148.7143 91 588.1429 776.5 19.1017
6 

1 5 

C_hammeri 120.6 13.65 3 171.2 134 568.1 650.157
9 

6.44367
3 

0 5 

C_hanae 120.6667 29.66667 4.666667 178 157 572 649 22.1702
6 

1 5 

C_hermarium 113.3333 23.55556 6.333333 176.8889 146.444
4 

549.6667 1101.5 16.1095
3 

0 5 

C_herreanthus 118.4667 14.13333 3.2 167 130.866
7 

572.3333 669.125 10.0560
9 

1 5 

C_hians 127.1538 13.94231 2.346154 163.7692 115.884
6 

608 395.25 8.88067
9 

0 5 

C_irmae 117 20.66667 3 166.8889 129.666
7 

566.7778 751.714
3 

13.9039
7 

1 5 

C_joubertii 118.7 37.8 19.6 170.9 147.4 572.6 254.4 5.64568
1 

1 6 

C_juncundum 126.4673 11.90654 2.850467 169.215 124.243 590.9907 566.545
5 

16.221 1 5 

C_khamiesbergense 85.78947 43.47368 10.15789 137.5263 135.684
2 

572.4211 1336.33
3 

9.53051
4 

0 5 
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C_klinghardtense 111.8333 9.833333 2 147.6667 101.666
7 

581.4167 837.333
3 

17.9009 1 6 

C_limpidum 116.5 28.08333 5.125 188.3333 160.208
3 

530.375 1023.64
3 

11.6164
8 

0 5 

C_lithopsoides 113.5957 23.74468 6.382979 177.0213 146.234 548.1702 1056.27
3 

14.6288
3 

1 5 

C_loeschianum 143.4286 7.47619 2.380952 183.0476 122.476
2 

603.4286 317.2 9.73013
6 

1 5 

C_longibracteatum 120 27.2 2.8 164.8 126 585.8 662 14.2352
1 

1 5 

C_longum 118.4043 17.53191 3.723404 176.9362 142.553
2 

553 808.592
6 

11.1837
2 

1 5 

C_luckhoffii 109.4 60.05 7.475 164.625 146 567.625 720 11.7173 0 5 
C_lydiae 122.6712 20.67123 5.315068 192.1507 157.739

7 
541.3973 931.631

6 
12.3891

9 
1 5 

C_marginatum 121 21.90476 5.357143 189.9048 156.357
1 

542.2143 1001.65
2 

17.0049
1 

1 5 

C_maughanii 119.3951 21.5679 4.407407 180.0247 145.728
4 

552.8025 867.093 5.36785
5 

0 5 

C_meyeri 128 16.50617 2.209877 164.5309 115.839
5 

608.0494 361.703
7 

14.9417
5 

1 5 

C_minimum 92.42308 25.76923 9.807692 156.7308 156.115
4 

550.2692 869.5 5.19663
7 

1 6 

C_minusculum 108.5479 55.87671 6.123288 164.6027 151.041
1 

574.6438 706.416
7 

9.09665
4 

0 5 

C_minutum 135.7161 29.10323 2.103226 185.2258 149.135
5 

598.9935 298.666
7 

6.85466
5 

1 5 

C_mirabile 112.5 25.5 5.7 173.9 142.3 549.1 1096.9 16.2533
4 

1 5 
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C_obcordellum 118.4754 43.77049 4.535519 174.4153 152.623 576.5027 580.202
7 

7.92975
3 

0 or 1 5 

C_obscurum 127.5354 15.44444 2.383838 168.6768 122.343
4 

595.4343 411.469
4 

10.8703
1 

0 5 

C_pageae 115.8945 27.98624 4.37156 168.6927 140.844 572.7706 790.396
4 

7.98345
6 

0 5 

C_pellucidum 115.5036 29.89855 4.771739 171.7717 144.003
6 

566.6377 819.577
2 

7.90330
8 

0 5 

C_phoeniceum 123 14 3 180 142.5 554.5 599 6.29240
6 

1 5 

C_piluliforme 110.3333 39.66667 19.66667 166.8667 148.666
7 

560.3333 517.666
7 

5.31289
6 

0 or 1 6 

C_pium 136 40 1 180 148 604 253.5 17.4104
7 

1 5 

C_praesectum 118.4286 29.45714 4.571429 191.3143 161.142
9 

526.2857 990.157
9 

6.55080
5 

1 5 

C_pubescens 104.7368 32.31579 7.473684 163.5263 148.789
5 

561 926.166
7 

2.86778
3 

0 4 

C_pubicalyx 97.4 36.9 8.7 154.3 146.4 565.3 1169 6.06262
8 

1 5 

C_quaesitum 128.5714 12.74286 2.657143 173.7143 127.971
4 

588.8286 665.333
3 

22.8402 1 5 

C_ratum 116.4286 28.42857 5.357143 188.7143 160.071
4 

528 977.75 3.10200
8 

0 5 

C_reconditum 110.4324 32.97297 6.189189 168.2432 153.810
8 

569.6216 822.571
4 

7.58437
1 

1 5 

C_regale 121 25 3 179 138 555 855 17.8150
4 

1 5 
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C_ricardianum 131.4167 9.916667 2.75 176.25 126.833
3 

586.6667 631 25.5501
5 

1 5 

C_roodiae 123.5686 28.72549 3.372549 177.7843 145.960
8 

575.4706 641.392
9 

7.97302
6 

1 5 

C_rugosum 125.2 34.31429 3.028571 174.8 149.142
9 

592.3143 490.941
2 

8.02744
3 

0 5 

C_saxetanum 134.4211 8.368421 1.184211 159.9737 95.9210
5 

640.9737 95 15.0761 1 5 

C_schlechteri 128.1429 14.57143 2 165.5714 115.857
1 

603.2857 442 16.4967
3 

1 6 

C_smaleorum 118 16 3 173 139 557 641 14.0037
6 

0 6 

C_smorenskaduense 113 24 7 177 147 547 1090 11.4835
3 

1 5 

C_stephanii 118.0556 17.01852 3.462963 167.6296 130.870
4 

573.6852 695.347
8 

12.5534
5 

1 5 

C_stevens_jonesianu
m 

118.3333 16.64198 3.271605 167.1605 130.543
2 

572.7407 708.357
1 

10.5711
2 

0 5 

C_subfenestratum 141.6296 28.14815 1.888889 193.1852 153.222
2 

599.3704 187.538
5 

5.90052
9 

0 or 1 5 

C_subterraneum 124.2 11 3 172.6 133 577.2 578 3.74118
6 

0 5 

C_swanepoelianum 111.6304 49.97826 5 169.8913 159.043
5 

577.2826 663.531
3 

6.60537
4 

1 5 

C_tantillum 117.5714 20.42857 3.314286 171.2286 135.914
3 

560.4571 764 24.4868
7 

1 5 

C_truncatum 109.9444 38.35185 19.48148 163.6111 143.944
4 

561.0185 612.368
4 

8.63085
2 

1 6 
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C_turrigerum 120.8462 108.3846 17.07692 170.3077 123.461
5 

546 324.333
3 

11.1160
4 

0 or 1 5 

C_uviforme 128.7032 29.81935 3.154839 180.6839 150.4 590.1806 422.014
9 

8.16442
8 

0 5 

C_vanheerdei 115.1667 21.66667 7 179.5 150 546.1667 1038 12.9060
4 

1 5 

C_velutinum 126.5333 23.26667 2.266667 168.7333 125.066
7 

595.5333 423.333
3 

19.1408
5 

1 5 

C_verucosum 112.65 24.4 7.8 179.3 156.85 543.15 928.333
3 

1.80963
2 

0 or 1 4 

C_violaciflorum 116.9091 31.63636 4 173.5455 133.818
2 

557.7273 1069 10.6758
6 

1 5 

C_wettsteinii 116.5 19.56667 3.266667 169.0333 133.766
7 

561.1667 781.578
9 

12.3605
9 

1 5 

C_youngii 128 33 3 175 149 604 540 12.2268
2 

1 5 
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Table S3.2: Evolutionary models, log-likelihood scores and AICc scores used to determine 

the best-fit evolutionary model when mapping the 10 variables over the ultrametric tree. 

The bold model is the one selected for each variable – having the lowest AICc score. For 

continuous variables, we selected between: Brownian Motion (BM) a neutral model in 

which traits evolve randomly (Butler and King 2004); Early Burst (EB) a model in which 

evolution occurs early in the genus’ history to certain optima and slows thereafter 

(Harmon et al. 2010); Ornstein-Uhlenbeck (OU) in which traits evolve towards specific 

optimal values (Butler and King 2004); and White Noise (WN) in which no evolutionary 

model fits the trait’s evolution. For categorical variables, we selected between: A 

symmetrical rates model (SYM), equal rates model (ER) and unequal rates model (ARD). 

 

Trait 

Evolutionary 

Model 

Log-

Likelihood AICc score 

Bio 1 - Annual Mean Temperature BM -382.979672 772.204242 

 
OU -382.968995 774.350361 

 
EB -384.407209 777.22679 

 
WN -384.407209 775.059317 

Bio 2 - Mean Diurnal Range BM -403.425528 813.095953 

 
OU -403.404846 815.222064 

 
EB -404.264776 816.941924 

 
WN -426.98654 860.217978 

Bio 3 - Isothermality BM -447.808488 901.861873 

 
OU -447.808488 904.029346 

 
EB -452.992227 914.396825 

 
WN -467.564932 941.374762 

Bio 11 - Mean Temperature of Coldest Quarter BM -372.98626 752.217418 

 
OU -372.98626 754.384891 

 
EB -377.229346 762.871062 

 
WN -377.229346 760.703589 

Bio 13 - Precipitation of Wettest Month BM -407.112488 820.469873 

 
OU -402.168495 812.749361 

 
EB -401.755384 811.923139 

 
WN -412.337786 830.92047 

Bio 14 - Precipitation of Driest Month BM -261.426635 529.098168 
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OU -258.036332 524.485036 

 
EB -261.158281 530.728934 

 
WN -274.349804 554.944505 

Elevation BM -689.861105 1385.969632 

 
OU -689.861105 1388.138876 

 
EB -689.822161 1388.060989 

 
WN -707.759406 1421.766235 

Slope BM -326.258356 658.764135 

 
OU -325.908078 660.232822 

 
EB -326.25836 660.933386 

 
WN -331.579573 669.406568 

Aspect ER -95.605576 193.251557 

 
SYM -91.151771 188.550966 

 
ARD -87.14833 187.190277 

Geology ER -61.77145 125.5829 

 
SYM -53.483791 142.548977 

 
ARD -47.669798 181.536779 
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Table S3.3: Mean, minimum and maximum values for the five strongly supported clades for the eight continuous variables. 

 
Bio 1 - Mean 

Annual 

Temperature 

(˚Cx10) 

Bio 2 - 

Mean 

Diurnal 

Range 

(˚Cx10) 

Bio 3 - 

Isothermality 

(x100) 

Bio 11 - 

Mean 

Temperature 

of Coldest 

Quarter 

(˚Cx10) 

Bio 13 - 

Precipitation 

of Wettest 

Month (mm) 

Bio 14 - 

Precipitation 

of Driest 

Month (mm) 

Elevation 

(masl) 

Slope (˚) 

Clade 1 

mean 

184.1488 154.4107 543.3452 117.5774 23.9881 5.166667 933.5434 10.33729 

Clade 1 

min 

152 134 505 96 8 1 467 0.352245 

Clade 1 

max 

228 189 576 149 39 11 1224 37.30489 

Clade 2 

mean 

173.8337 150.3523 576.3063 119.1379 37.77899 7.21663 527.1359 7.885678 

Clade 2 

min 

121 101 517 63 16 1 10 0.555511 

Clade 2 

max 

202 170 644 149 92 43 1390 31.5338 

354



Clade 3 

mean 

172.8149 140.0221 568.9745 119.1579 23.34465 3.75382 735.8727 8.811808 

Clade 3 

min 

132 94 518 81 7 1 91 0.529798 

Clade 3 

max 

200 167 673 148 45 11 1370 34.71408 

Clade 4 

mean 

168.0511 125.135 589.7505 124.4213 18.44172 2.736196 560.6702 11.70595 

Clade 4 

min 

153 100 545 104 6 1 50 0.747621 

Clade 4 

max 

195 154 659 154 35 6 1169 43.95475 

Clade 5 

mean 

176.5341 147.2955 582.8182 124.3182 31.04545 3.227273 582.6596 8.173721 

Clade 5 

min 

145 131 556 95 24 1 294 1.067851 

Clade 5 

max 

189 159 614 140 54 8 849 14.99285 
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Table S3.4: Correlation (r) between the presence of a selection of specific traits and the eight continuous variables. P-values come from Mann-Whitney U 

tests done to validate the correlations between traits and environmental variables. 

 
Presence 

of sunken 

stomata 

Presence 

of raised 

stomata 

Presence 

of 

windows 

Presence 

of very 

long 

trichomes 

Presence of 

nocturnal 

flowering 

Elevation r = -0.11; 

p = 0.91 

r = 0.05; 

p = 0.5 

r = -0.01; 

p < 0.01 

r = 0.21; p 

= 0.03 

r = -0.07; p 

= 0.17 

Slope r = 0.03; 

p = 0.83 

r = 0.03; 

p = 0.37 

r = -0.45; 

p < 0.01 

r = -0.02; 

p = 0.84 

r = -0.23; p 

= 0.04 

Bio 1 (Mean Annual 

Temperature) 

r = -0.04; 

p = 0.45 

r = -0.47; 

p < 0.01 

r = 0.42; 

p < 0.01 

r = -0.25; 

p = 0.11 

r = -0.26; p 

= 0.02 

Bio 2 (Mean Diurnal Range) r = -0.18; 

p = 0.26 

r = -0.48; 

p < 0.01 

r = 0.37; 

p < 0.01 

r = 0.06; p 

= 0.74 

r = -0.21; p 

= 0.13 

Bio 3 (Isothermality) r = 0.21; 

p = 0.71 

r = 0.14; 

p = 0.06 

r = -0.11; 

p < 0.01 

r = -0.19; 

p = 0.41 

r = 0.3; p = 

0.14 

Bio 11 (Mean Temperature 

of Coldest Quarter) 

r = 0.05; 

p = 0.91 

r = -0.17; 

p = 0.55 

r = 0.13; 

p = 0.21 

r = -0.22; 

p = 0.03 

r = -0.07; p 

= 0.73 
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Bio 13 (Precipitation of 

Wettest Month) 

r = -0.19; 

P = 0.13 

r = -0.46; 

p = 0.01 

r = -0.07; 

p = 0.3 

r = -0.04; 

p = 0.38 

r = -0.1; p = 

0.55 

Bio 14 (Precipitation of 

Driest Month) 

r = -0.2; p 

= 0.7 

r = 0.08; 

p = 0.32 

r = -0.2; p 

= 0.04 

r = 0.12; p 

= 0.08 

r = 0.13; p = 

0.89 
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Table S4.1: Broadly distributed species for which SDMs were run, along with their 

preference of habitat, predominant biome and the number of occurrence points included 

in the models. 
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Species Leaf Shape Habitat Number of 
occurrence 
points 

Predominant Biome 

Conophytum 
angelicae (Dinter & 
Schwantes) N.E.Br. 

Cylindrical or 
globose (torpedo 
shaped) 

Usually found on 
granite or quartz. 

39 Nama Karoo 

Conophytum 
bilobum (Marloth) 
N.E.Br. 

Cuneate (bilobed) Broadly distributed 
over a wide range 
of rock types. 

286 Succulent Karoo 

Conophytum breve 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found in granite 
crevices or in 
patches of 
quartzite. 

84 Succulent Karoo 

Conophytum 
calculus (A.Berger) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Generally on 
quartzite patches in 
full sun. 

75 Succulent 
Karoo/Nama Karoo 

Conophytum 
comptonii N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Usually found 
exposed on eroded 
Table Mountain 
Sandstone. 

28 Fynbos 

Conophytum 
depressum Lavis 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found in areas of 
grit on exfoliating 
granite slabs. 

31 Succulent Karoo 

Conophytum 
ectypum N.E.Br. 

Weakly cuneate 
(weakly bilobed) 

Found on quartz or 
granite shaded 
crevices and 
outcrops. 

95 Succulent Karoo 

Conophytum flavum 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found on outcrops 
of quartz, shale or 
granite. 

140 Succulent Karoo 

Conophytum 
friedrichiae (Dinter) 
Schwantes 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Found sunken in 
quartz plains or 
crevices. 

25 Nama Karoo 

Conophytum 
frutescens 
Schwantes 

Cuneate (bilobed) Found on outcrops 
of quartz. 

21 Succulent Karoo 

Conophytum fulleri 
L.Bolus 

Cylindrical or 
globose (torpedo 
shape) 

Quartz fissures or 
sheer faces. 

24 Nama Karoo 

Conophytum hians 
N.E.Br. 

Weakly cuneate 
(weakly bilobed) 

Found on 
depressions in 
quartzite. 

38 Succulent Karoo 

Conophytum 
jucundum (N.E.Br.) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 

Found on outcrops 
of granite, shale or 
sandstone. 

91 Succulent Karoo 
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convex apex 
(button) 

Conophytum 
limpidum 
S.A.Hammer 

 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Found on quartz on 
either slopes or 
steep faces – 
usually partially 
shaded. 

20 Nama Karoo 

Conophytum 
lithopsoides L.Bolus 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Always on quartz. 29 Nama Karoo 

Conophytum longum 
N.E.Br. 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Found on quartz or 
granite. 

35 Succulent Karoo 

Conophytum 
luckhoffii Lavis 

Weakly cuneate 
(weakly bilobed) 

Found in Table 
Mountain 
Sandstone – usually 
in moss or lichen. 

30 Fynbos 

Conophytum lydiae 
(H.Jacobsen) 
G.D.Rowley 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Found on quartz 
plains. 

57 Nama Karoo 

Conophytum 
marginatum Lavis 

Cuneate (bilobed) Found on slopes of 
quartz. 

67 Nama Karoo 

Conophytum 
maughanii N.E.Br. 

Cylindrical or 
globose (torpedo 
shape) 

Found in quartz 
plains. 

70 Succulent 
Karoo/Nama Karoo 

Conophytum meyeri 
N.E.Br. 

Cuneate (bilobed) Usually found in 
shaded areas of 
quartz, granite or 
sandstone. 

65 Succulent Karoo 

Conophytum 
minimum (Haw.) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Usually protected in 
crevices on shale, 
quartz or 
sandstone. 

24 Succulent Karoo 

Conophytum 
minusculum 
(N.E.Br.) N.E.Br. 

Weakly cuneate 
(weakly bilobed) 

Usually found in 
damp depression 
on Table Mountain 
Sandstone. 

58 Fynbos 

Conophytum 
minutum (Haw.) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found on shale, 
granite or quartz. 

130 Succulent Karoo 

Conophytum 
obcordellum (Haw.) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found on Table 
Mountain 
Sandstone or 
granite. 

156 Fynbos 
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Conophytum 
obscurum N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found on 
sandstone, granite 
or quartz. 

86 Succulent Karoo 

Conophytum pageae 
(N.E.Br.) N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found shale, quartz 
or granite. 

193 Succulent Karoo 

Conophytum 
pellucidum 
Schwantes 

Weakly cuneate 
(weakly bilobed) 

Found on quartz or 
granite. 

225 Succulent Karoo 

Conophytum 
praesectum N.E.Br. 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Usually on quartz. 31 Nama Karoo 

Conophytum 
quaesitum (N.E.Br.) 
N.E.Br. 

Weakly cuneate 
(weakly bilobed) 

Found on steep 
slopes of quartz, 
usually in the 
shade. 

29 Succulent Karoo 

Conophytum 
reconditum 
A.R.Mitch 

Cuneate (bilobed) Usually in fine 
granite scree. 

26 Succulent Karoo 

Conophytum 
roodiae N.E.Br. 

Weakly cuneate 
(weakly bilobed) 

On quartz or 
granite. 

38 Succulent Karoo 

Conophytum 
rugosum 
S.A.Hammer 

Cylindric: apex 
convex or 
truncate 
(windowed 
cylinders) 

Found on quartz or 
granite rubble. 

29 Succulent Karoo 

Conophytum 
saxetanum (N.E.Br.) 
N.E.Br. 

Weakly cuneate 
(weakly bilobed) 

On gneiss or 
dolomite, 
particularly in 
coastal areas. 

29 Succulent Karoo 

Conophytum 
stephanii Schwantes 

Cylindrical or 
globose (torpedo 
shape) 

Always on quartz. 38 Succulent Karoo 

Conphytum stevens-
jonesianum L.Bolus 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

On granite sheets 
or quartz scree. 

72 Succulent Karoo 

Conophytum 
subfenestratum 
Schwantes 

Weakly cuneate 
(weakly bilobed) 

Found sunken in 
quartz. 

24 Succulent Karoo 

Conophytum 
swanepoelianum 
Rawé 

Weakly cuneate 
(weakly bilobed) 

Usually found on 
sand from Table 
Mountain 
Sandstone. 

37 Fynbos 

Conophytum 
tantillum N.E.Br. 

Cuneate (bilobed) On quartz or granite 
cliffs or pans. 

26 Succulent Karoo 
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Table S4.2: Evolutionary models, log-likelihood scores and AICc scores used to determine 

the best-fit evolutionary model when mapping SDM spatial outputs over the ultrametric 

tree. The bold model is the one selected for each variable – having the lowest AICc score. 

For continuous variables, we selected between: Brownian Motion (BM) a neutral model in 

which traits evolve randomly (Butler and King 2004); Early Burst (EB) a model in which 

evolution occurs early in the genus’ history to certain optima and slows thereafter 

(Harmon et al. 2010); Ornstein-Uhlenbeck (OU) in which traits evolve towards specific 

optimal values (Butler and King 2004); and White Noise (WN) in which no evolutionary 

model fits the trait’s evolution. 

  
RCP 8.5 

  
RCP 4.5 

  

Analysis Time 

Slice 

Evolutionar

y Model 

Log-

Likelihoo

d 

AICc 

Score 

Evolutionar

y Model 

Log-

Likelihoo

d 

AICc 

Score 

Gap 

Analysis 

Current BM -181.6 369.8

4 

BM -181.6 369.8

4 
  

OU -181.5 372.0

9 

OU -181.5 372.0

9 
  

EB -181.6 372.2

9 

EB -181.6 372.2

9 

Conophytum 
taylorianum (Dinter 
& Schwantes) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) to 
weakly cuneate 
(weakly bilobed). 

Found on 
sandstone, quartz 
or granite cliffs. 

33 Succulent Karoo 

Conophytum 
truncatum (Thunb.) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found on 
sandstone, shale, 
silcrete or quartz. 

49 Succulent 
Karoo/Fynbos/Nama 
Karoo 

Conophytum 
uviforme (Haw.) 
N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Usually found on 
limestone, shale, 
granite, quartz or 
sandstone. 

133 Succulent Karoo 

Conophytum 
wettsteinii 
(A.Berger) N.E.Br. 

Obconical with 
flat, slightly 
concave or 
convex apex 
(button) 

Found on shaded 
slabs of granite. 

25 Succulent Karoo 
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WN -187.9 382.4

3 

WN -187.9 382.4

3 
 

Future 

2055 

Full 

Dispersa

l 

BM -232.46 471.5

5 

BM -212.88 432.3

9 

  
OU -232.23 473.5

4 

OU -212.88 434.8

4 
  

EB -232.52 474.1

2 

EB -212.88 434.8

4 
  

WN -232.52 471.6

7 

WN -212.88 432.3

9 
 

Future 

2055 No 

Dispersa

l 

BM -212.67 431.9

8 

BM -210.33 427.2

9 

  
OU -212.64 434.3

6 

OU -210.33 429.7

4 

 
 

EB -213.01 435.1

1 

EB -210.33 429.7

4 
  

WN -213.01 432.6

6 

WN -210.33 427.2

9 
 

Future 

2085 

Full 

Dispersa

l 

BM -245.96 498.5

4 

BM -214.28 435.2 

  
OU -245.87 500.8

3 

OU -214.03 437.1

5 
  

EB -245.96 500.9

9 

EB -214.28 437.6

5 
  

WN -245.96 498.5

4 

WN -214.29 435.2

2 
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Future 

2085 No 

Dispersa

l 

BM -224.73 456.0

8 

BM -211.56 429.7

5 

  
OU -224.73 458.5

3 

OU -211.56 432.2 

  
EB -225.23 459.5

5 

EB -211.56 432.2 

  
WN -225.23 457.1 WN -212.19 431 

Species 

Elevatio

n 

Change 

Future 

2055 

Full 

Dispersa

l 

BM -237.66 481.9

4 

BM -235.59 477.8

1 

  
OU -237.66 484.3

9 

OU -235.59 480.2

6 
  

EB -237.66 484.3

9 

EB -235.59 480.2

6 
  

WN -237.66 481.9

4 

WN -235.59 477.8

1 
 

Future 

2055 No 

Dispersa

l 

BM -237.82 482.2

8 

BM -231.67 469.9

8 

  
OU -237.82 484.7

3 

OU -231.67 472.4

3 
  

EB -237.82 484.7

3 

EB -231.67 472.4

3 
  

WN -237.82 482.2

8 

WN -231.67 469.9

8 
 

Future 

2085 

Full 

BM -253.24 513.1

3 

BM -235.89 478.4

1 
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Dispersa

l 
  

OU -253.24 515.5

9 

OU -235.89 480.8

6 
  

EB -253.24 515.5

9 

EB -235.89 480.8

6 
  

WN -253.24 513.1

3 

WN -235.89 478.4

1 
 

Future 

2085 No 

Dispersa

l 

BM -256.57 519.7

8 

BM -235.82 478.2

8 

  
OU -256.57 522.2

4 

OU -235.8 480.6

7 
  

EB -256.57 522.2

4 

EB -235.82 480.7

3 
  

WN -256.57 519.7

8 

WN -235.82 478.2

8 

Species 

Latitude 

Change 

Future 

2055 

Full 

Dispersa

l 

BM -25.83 58.23 BM -23.99 54.6 

  
OU -25.83 60.73 OU -23.25 55.59 

  
EB -25.78 60.64 EB -23.99 57.05 

  
WN -26.39 59.42 WN -23.99 54.6 

 
Future 

2055 No 

Dispersa

l 

BM -18.16 42.96 BM -12.79 32.22 

  
OU -17.71 44.49 OU -12.35 33.78 

  
EB 18.16 45.41 EB -12.98 35.05 

  
WN -18.23 43.08 WN -12.98 32.6 

375



 
Future 

2085 

Full 

Dispersa

l 

BM -49.01 104.6

6 

BM -26.64 59.92 

  
OU -48.62 106.3

6 

OU -26.64 62.37 

  
EB -48.6 106.3 EB -26.54 62.15 

  
WN -49.01 104.6

6 

WN -27.25 61.13 

 
Future 

2085 No 

Dispersa

l 

BM -42.74 92.13 BM -14.61 35.85 

  
OU -42.64 94.38 OU -14.47 38.03 

  
EB -42.74 94.6 EB 15.12 39.32 

  
WN -42.75 92.15 WN -15.12 36.87 

Species 

Range 

Change 

Future 

2055 

Full 

Dispersa

l 

BM -238.04 482.7

2 

BM -230.03 466.6

9 

  
OU -237.77 484.6

1 

OU -230.03 469.1

4 
  

EB -238.04 485.1

7 

EB -230.03 469.1

4 
  

WN -238.04 482.7

2 

WN -230.03 466.6

9 
 

Future 

2055 No 

Dispersa

l 

BM -193.56 393.7

5 

BM -191.8 390.2

4 

  
OU -193.05 395.1

8 

OU -191.15 391.3

8 
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EB -193.56 396.2 EB -191.8 392.6

9 
  

WN -193.56 393.7

5 

WN -191.8 390.2

4 
 

Future 

2085 

Full 

Dispersa

l 

BM -256.02 518.6

8 

BM -239.36 485.3

4 

  
OU -255.11 519.3 OU -238.92 486.9

3 
  

EB -256.02 521.1

3 

EB -239.36 487.7

9 
  

WN -256.02 518.6

8 

WN -239.36 485.3

4 
 

Future 

2085 No 

Dispersa

l 

BM -201.82 410.2

7 

BM -194.33 395.3

8 

  
OU -200.56 410.1

9 

OU -193.21 395.4

9 
  

EB -201.82 412.7

3 

EB -194.33 397.7

3 
  

WN -201.82 410.2

7 

WN -194.33 395.2

8 
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Figure S4.1: Average TSS and AUC scores over all species and the five selected clades. 
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Figure S4.13: Species maps for SDMs run for individual species for the full dispersal scenario. Maps are for current (cur), 2055 (fut), 2085 (futend), RCP 4.5 

(45), RCP 8.5 (85).   
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Figure S4.14: Species maps for SDMs run for individual species for the no dispersal (nd) scenario. Maps are for 2055 (fut), 2085 (futend), RCP 4.5 (45), RCP 

8.5 (85).   
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Table S5.1: Species names, area values, average values for each species for continuous environmental variables (Bio 1, Bio 2, Bio 3, MIAQ, MIMQ, 

Elevation, Slope) and most prevalent categorisation for each species for the categorical variables (Aspect, Geology). These were all variables included in 

Model 1 and 102 species were included in the model (68 narrowly distributed and 34 broadly distributed. A narrow endemic species is considered a 

species with a range < 20 km2. 

Species Area Areabinom bio1 bio2 bio3 miaq mimq elevation  slope aspect geology 

C_achabense 0.234644 1 185 159 528.5 7.5 16.5 1107.5 10.50185 0 9 

C_acutum 1.91443 1 187.5 154 590 2 37.25 286 1.070795 0 7 

C_angelicae 18886.85 0 180.1277 146.7447 554.5532 3.276596 18.97872 905.2222 9.288433 1 9 

C_antonii 12.51454 1 183.75 152 566.5 2.75 37.5 573 8.119176 1 9 

C_armianum 210.2591 0 174.625 142.25 552.125 2.4375 24.6875 842.6154 10.75767 1 13 

C_arturolfago 17.65817 1 185.2 165.6 558.4 3.2 34.6 647 4.410693 0 9 

C_auriflorum 454.2354 0 169.0526 128.2105 587.8947 2 38.68421 562 11.61938 1 9 

C_bachelorum 0.00001 1 174 122 595 2 23 408 10.40978 0 9 

C_bicarinatum 529.7638 0 169 156.125 531.375 4.375 60.5 698.25 22.79604 1 13 

C_bilobum 20362.89 0 168.8049 127.1707 585.271 2.168022 26.92954 606.5959 10.5642 1 9 

C_blandum 118.8412 0 185.8421 150.4211 544.0526 2.631579 26.47368 948.3333 10.2833 0 or 1 9 

C_bolusiae 44.3495 0 157.0769 106.4615 624.1538 2 20.61538 355.2 22.23726 1 11 

C_breve 15233.57 0 168.2609 126.8261 588.1087 2.152174 29.91304 620.6667 11.34906 1 9 

C_brunneum 10.23213 1 180.375 151.125 588.375 2 44.25 452.3333 11.72233 1 9 
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C_bruynsii 0.062624 1 179.75 151.25 590.5 2 43.25 452 7.963032 0 or 1 9 

C_burgeri 0.024449 1 192.4286 163.2857 535.5714 5.142857 14.14286 938 2.820997 1 9 

C_calculus 20239.53 0 187.9512 152.8659 572.8415 3.219512 32.64634 541.0909 5.00493 0 9 

C_caroli 724.592 0 164.3333 152.5556 564 4.444444 52.77778 1022.667 3.620737 0 9 

C_carpianum 4.60275 1 158 117.5 599.3333 2.333333 18 625.3333 26.61457 1 9 

C_chauvinae 135.5235 0 182.9231 156.9231 587.2308 2.153846 40.92308 438.5 15.56797 1 9 

C_chrisocruxum 0.001159 1 173 125 586 2 21 512 19.76593 1 9 

C_chrisolum 0.00001 1 175 123 595 1 19 359 6.288612 1 9 

C_comptonii 1174.733 0 161.9167 155.3056 580.2222 4.194444 82.86111 776.5862 8.259491 0 11 

C_concavum 55.19769 0 174.4375 125.0625 615.375 2 32.0625 142.5 4.326435 0 or 1 9 

C_concordans 0.00001 1 188.5 166 557.5 3 32 NA NA NA 5 or 2 

C_confusum 0.00001 1 171 122 593 2 24 327 6.276106 0 9 

C_crateriforme 0.010732 1 177.3333 130.3333 580.3333 2 22.66667 368 8.359958 1 9 

C_cubicum 0.12955 1 162.2857 131 574.8571 3 20.71429 970.8 22.88257 1 9 

C_danielii 1.30E-05 1 162 150 561 5 53 1024.5 9.259584 0 or 1 9 

C_depressum 5346.416 0 167.9697 141 564.5455 3.424242 48.93939 915.0455 6.690042 1 9 

C_devium 336.1235 0 184.6957 149.4348 547.5217 2.130435 20.34783 636.6667 7.289731 1 9 

C_ectypum 3450.863 0 171.5385 138.7154 552.8462 2.684615 33.30769 905.8596 12.06097 1 9 

C_ernstii 29.03406 0 181.6 133.2 584.2 2.2 9.4 312.5 31.79558 1 9 
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C_ficiforme 919.9036 0 171.1429 138.0714 547.2143 8.571429 112.2857 358.3333 13.69603 1 11 

C_flavum 5442.365 0 173.0773 139.7238 554.4144 2.447514 27.64641 789.8462 9.837253 0 9 

C_francoisea 0.906609 1 156.4 105 626.4 2 21.8 327 34.30909 1 11 

C_fraternum 3.501908 1 167.6667 126.5 580 2 21.33333 486 24.50465 1 9 

C_friedrichiae 23651.93 0 197.1724 170.0345 538.069 4.172414 15.55172 971.8333 4.122396 1 5 or 9 

C_frutescens 280.3611 0 167.9167 125.25 593.25 2 36.79167 518.25 14.59917 1 9 

C_fulleri 1598.357 0 188.7692 159.9487 523.4615 6.538462 16.58974 1064.545 8.521456 0 or 1 9 

C_globosum 345.3957 0 185.8 153.0667 603.6667 2.066667 37.73333 283 7.5893 1 9 

C_halenbergense 0.403448 1 148.7143 91 588.1429 1.142857 7.714286 776.5 19.10176 1 1 

C_hammeri 295.2055 0 171.2 134 568.1 2 19.6 650.1579 6.443673 0 9 

C_hanae 0.719708 1 178 157 572 3 43.33333 649 22.17026 1 9 

C_hermarium 18.70065 1 176.8889 146.4444 549.6667 3.888889 36.66667 1101.5 16.10953 0 9 

C_herreanthus 408.8037 0 167 130.8667 572.3333 2.2 20.66667 669.125 10.05609 1 9 

C_hians 3427.655 0 163.7692 115.8846 608 1.980769 20.09615 395.25 8.880679 0 11 

C_irmae 5.073574 1 166.8889 129.6667 566.7778 2 31.11111 751.7143 13.90397 1 9 

C_joubertii 3304.697 0 170.9 147.4 572.6 12.5 44.4 254.4 5.645681 1 13 

C_juncundum 5442.718 0 169.215 124.243 590.9907 1.990654 16.25234 566.5455 16.221 1 9 

C_khamiesbergense 88.85337 0 137.5263 135.6842 572.4211 7.157895 80.36842 1336.333 9.530514 0 9 

C_klinghardtense 184.0344 0 147.6667 101.6667 581.4167 2 15.41667 837.3333 17.9009 1 10 
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C_limpidum 1887.398 0 188.3333 160.2083 530.375 6.166667 16.41667 1023.643 11.61648 0 9 

C_lithopsoides 619.1827 0 177.0213 146.234 548.1702 3.978723 36.48936 1056.273 14.62883 1 9 

C_loeschianum 598.2465 0 183.0476 122.4762 603.4286 1.428571 8.333333 317.2 9.730136 1 9 

C_longibracteatum 7.484114 1 164.8 126 585.8 2 42.8 662 14.23521 1 9 

C_longum 1706.775 0 176.9362 142.5532 553 2.468085 25.85106 808.5926 11.18372 1 9 

C_luckhoffii 10597.7 0 164.625 146 567.625 5.475 100.775 720 11.7173 0 11 

C_lydiae 7619.482 0 192.1507 157.7397 541.3973 3.438356 21.72603 931.6316 12.38919 1 9 

C_marginatum 5772.189 0 189.9048 156.3571 542.2143 3.833333 23.65476 1001.652 17.00491 1 9 

C_maughanii 16775.89 0 180.0247 145.7284 552.8025 3.925926 22.66667 867.093 5.367855 0 9 

C_meyeri 6430.269 0 164.5309 115.8395 608.0494 1.987654 24.17284 361.7037 14.94175 1 9 

C_minimum 8938.105 0 156.7308 156.1154 550.2692 7.076923 38.42308 869.5 5.196637 1 13 

C_minusculum 7503.875 0 164.6027 151.0411 574.6438 4.630137 90.06849 706.4167 9.096654 0 11 

C_minutum 13248.39 0 185.2258 149.1355 598.9935 2.096774 40.80645 298.6667 6.854665 1 9 

C_mirabile 1.374971 1 173.9 142.3 549.1 3.8 39 1096.9 16.25334 1 9 

C_obcordellum 26327.86 0 174.4153 152.623 576.5027 3.540984 66.65574 580.2027 7.929753 0 or 1 2 

C_obscurum 6844.498 0 168.6768 122.3434 595.4343 1.969697 22.17172 411.4694 10.87031 0 11 

C_pageae 37921.91 0 168.6927 140.844 572.7706 3.119266 42.51835 790.3964 7.983456 0 9 

C_pellucidum 14985.86 0 171.7717 144.0036 566.6377 3.141304 46.28623 819.5772 7.903308 0 9 

C_phoeniceum 0.134438 1 180 142.5 554.5 2 20 599 6.292406 1 9 
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C_piluliforme 2882.865 0 166.8667 148.6667 560.3333 12.33333 51.53333 517.6667 5.312896 0 or 1 13 

C_pium 0.001262 1 180 148 604 2 47 253.5 17.41047 1 9 

C_praesectum 3410.759 0 191.3143 161.1429 526.2857 5.942857 15.8 990.1579 6.550805 1 9 

C_pubescens 656.857 0 163.5263 148.7895 561 4.684211 52.63158 926.1667 2.867783 0 5 

C_pubicalyx 161.2255 0 154.3 146.4 565.3 5.3 62.2 1169 6.062628 1 9 

C_quaesitum 10146.65 0 173.7143 127.9714 588.8286 2.114286 11.82857 665.3333 22.8402 1 9 

C_ratum 67.54879 0 188.7143 160.0714 528 6.785714 15.57143 977.75 3.102008 0 9 

C_reconditum 2466.048 0 168.2432 153.8108 569.6216 4 52.13514 822.5714 7.584371 1 9 

C_regale 0.011922 1 179 138 555 2 36 855 17.81504 1 9 

C_ricardianum 81.81362 0 176.25 126.8333 586.6667 2 10.25 631 25.55015 1 9 

C_roodiae 4156.946 0 177.7843 145.9608 575.4706 2.254902 42.39216 641.3929 7.973026 1 9 

C_rugosum 5346.349 0 174.8 149.1429 592.3143 2.457143 48.2 490.9412 8.027443 0 1 

C_saxetanum 9101.365 0 159.9737 95.92105 640.9737 1.421053 11.60526 95 15.0761 1 1 

C_schlechteri 0.139553 1 165.5714 115.8571 603.2857 2 20.57143 442 16.49673 1 13 

C_smaleorum 0.001424 1 173 139 557 2 23 641 14.00376 0 10 

C_smorenskaduense 0.00001 1 177 147 547 4 38 1090 11.48353 1 9 

C_stephanii 4902.883 0 167.6296 130.8704 573.6852 2.462963 25.27778 695.3478 12.55345 1 9 

C_stevens_jonesianum 10874.37 0 167.1605 130.5432 572.7407 2.308642 24.53086 708.3571 10.57112 0 9 

C_subfenestratum 1094.989 0 193.1852 153.2222 599.3704 2 39.2963 187.5385 5.900529 0 or 1 12 
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C_subterraneum 5.36E-05 1 172.6 133 577.2 2 15 578 3.741186 0 9 

C_swanepoelianum 729.425 0 169.8913 159.0435 577.2826 3.804348 76.21739 663.5313 6.605374 1 11 

C_tantillum 1350.976 0 171.2286 135.9143 560.4571 2.314286 30.6 764 24.48687 1 9 

C_truncatum 24487.04 0 163.6111 143.9444 561.0185 15.11111 46.18519 612.3684 8.630852 1 13 

C_turrigerum 1259.949 0 170.3077 123.4615 546 11.15385 204.6154 324.3333 11.11604 0 or 1 9 

C_uviforme 24505.62 0 180.6839 150.4 590.1806 2.535484 43.29677 422.0149 8.164428 0 9 

C_vanheerdei 0.190034 1 179.5 150 546.1667 4 33.66667 1038 12.90604 1 9 

C_velutinum 76.41137 0 168.7333 125.0667 595.5333 2 35.06667 423.3333 19.14085 1 9 

C_verucosum 9356.186 0 179.3 156.85 543.15 4.9 33 928.3333 1.809632 0 or 1 5 

C_violaciflorum 1.643075 1 173.5455 133.8182 557.7273 3 49.81818 1069 10.67586 1 9 

C_wettsteinii 2394.642 0 169.0333 133.7667 561.1667 2.333333 29.36667 781.5789 12.36059 1 9 

C_youngii 0.00001 1 175 149 604 3 46 540 12.22682 1 9 
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Table S5.2: Species names and trait categories for phenology, anthesis and pollen type as 

included for Model 2. Phenology: 1 = Autumn, 2 = Winter, 3 = Spring, 4 = Summer. 

Anthesis: 0 = Nocturnal, 1 = Diurnal. Pollen type: 1 = Type A (Tectate imperforate 

(perforations <4%)  with a very low density of microechinii), 2 = Type B (Tectate 

microperforate possessing prominent microechini), 3 = Type C (Tectate microperforate 

possessing inconspicuous/small microechinii), 4 = Type D ( tectate microreticulate 

cristatum; broad muri), 5 = Type E (Tectate microreticulate cristatum; broad muri; 

possessing prominent microechini), 6 = Type F (Intectate). 

Species Phenology Anthesis Pollen 

C_achabense 1 1 2 

C_acutum 1 0 4 

C_angelicae 1 0 4 

C_antonii 2 1 1 

C_armianum 1 0 4 

C_arturolfago 1 1 1 

C_auriflorum 1 1 3 

C_bachelorum 3 1 2 

C_bicarinatum 1 1 2 

C_bilobum 1 1 3 

C_blandum 1 1 1 

C_bolusiae 3 or 4 1 2 

C_breve 1 0 4 

C_brunneum 1 1 2 

C_bruynsii 1 1 1 

C_burgeri 1 1 1 

C_calculus 1 0 4 

C_caroli 1 1 2 
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C_carpianum 1 0 4 

C_chauvinae 1 1 2 

C_chrisocruxum 4 1 2 

C_chrisolum 1 1 3 

C_comptonii 1 0 4 

C_concavum 1 1 3 

C_concordans 1 1 1 

C_confusum 1 1 3 

C_crateriforme 1 1 3 

C_cubicum 1 1 2 

C_danielii 1 1 2 

C_depressum 1 0 4 

C_devium 1 1 2 

C_ectypum 1 1 3 

C_ernstii 1 1 1 

C_ficiforme 1 0 4 

C_flavum 1 1 2 

C_francoisea 2 or 3 1 3 

C_fraternum 1 or 4 1 3 

C_friedrichiae 1 1 1 

C_frutescens 3 or 4 1 3 

C_fulleri 1 1 2 

C_globosum 1 1 3 

C_halenbergense 1 0 4 

C_hammeri 1 0 4 
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C_hanae 1 1 6 

C_hermarium 1 or 4 1 5 

C_herreanthus 1 1 1 

C_hians 1 0 4 

C_irmae 1 1 3 

C_joubertii 1 0 4 

C_juncundum 1 1 3 

C_khamiesbergense 3 or 4 1 2 

C_klinghardtense 1 0 4 

C_limpidum 1 1 2 

C_lithopsoides 1 1 3 

C_loeschianum 1 0 4 

C_longibracteatum 1 1 2 

C_longum 1 1 2 

C_luckhoffii 1 1 1 

C_lydiae 1 1 2 

C_marginatum 1 1 1 

C_maughanii 1 0 4 

C_meyeri 1 1 2 

C_minimum 1 0 4 

C_minusculum 1 1 1 

C_minutum 1 1 1 

C_mirabile 1 1 1 

C_obcordellum 1 0 4 

C_obscurum 1 1 3 
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C_pageae 1 or 4 0 4 

C_pellucidum 1 or 4 1 5 

C_phoeniceum 1 0 4 

C_piluliforme 1 0 4 

C_pium 1 1 2 

C_praesectum 1 1 2 

C_pubescens 1 1 2 

C_pubicalyx 1 0 4 

C_quaesitum 1 0 4 

C_ratum 1 1 2 

C_reconditum 1 or 4 1 2 

C_regale 1 1 1 

C_ricardianum 1 1 2 

C_roodiae 1 1 2 

C_rugosum 1 0 2 

C_saxetanum 1 0 4 

C_schlechteri 1 1 3 

C_smaleorum 2 1 3 

C_smorenskaduense 2 1 1 

C_stephanii 1 0 4 

C_stevens_jonesianum 1 0 4 

C_subfenestratum 1 1 3 

C_subterraneum 1 1 3 

C_swanepoelianum 1 1 1 

C_tantillum 1 1 2 
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C_truncatum 1 0 4 

C_turrigerum 1 or 4 1 2 

C_uviforme 1 0 4 

C_vanheerdei 1 1 3 

C_velutinum 1 1 3 

C_verucosum 1 1 2 

C_violaciflorum 1 1 3 

C_wettsteinii 1 1 1 

C_youngii 3 1 2 

 

Table S5.3: Species names and trait categories for epidermal extension length, windowed 

leaves, leaf shape, stomata, bladder cells as included for Model 3. Epidermal extension 

length: 0 = Glabrous epidermis; 1 = Blunt papillae; 2 = Short trichomes; 3 = Long 

trichomes; 4 = Very long trichomes. Windowed leaves: 0 = Absence; 1 = Presence. Leaf 

shape: 1 = obconical with flat, slightly concave or slightly convex apex (button); 2 = 

cylindrical/globose; 3 = weakly cuneate (weakly bilobed); 4 = cuneate (bilobed); 5 = 

cylindric with a convex or truncate apex. Stomata position: 1 – Superficial; 2 – Raised; 0 – 

Sunken. Bladder cells: 0 – Absent; 1 – Present. 

Species Epidermal 

extension 

windowed body 

shape 

stomata bladder 

C_achabense 0 1 2 1 1 

C_acutum 0 1 5 1 1 

C_angelicae 1 0 2 1 0 

C_antonii 1 0 3 1 0 

C_armianum 0 0 1 0 0 

C_arturolfago 1 0 1 1 0 

C_auriflorum 1 0 2 1 0 
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C_bachelorum 1 0 1 1 0 

C_bicarinatum 1 0 3 1 0 

C_bilobum 1 or 2 0 4 1 0 

C_blandum 2 0 4 1 0 

C_bolusiae 2 0 1 1 0 

C_breve 1 0 1 0 0 

C_brunneum 0 0 2 1 1 

C_bruynsii 1 0 2 1 0 

C_burgeri 0 0 2 1 1 

C_calculus 1 0 2 0 0 

C_caroli 1 1 5 1 1 

C_carpianum 1 0 3 2 0 

C_chauvinae 2 0 3 1 0 

C_chrisocruxum 0 0 1 1 0 

C_chrisolum 1 0 1 1 0 

C_comptonii 0 0 1 1 0 

C_concavum 3 1 2 1 0 

C_concordans 1 1 5 1 1 

C_confusum 1 0 1 1 0 

C_crateriforme 1 0 1 1 0 

C_cubicum 1 0 1 1 0 

C_danielii 3 0 3 1 0 

C_depressum 4 0 1 1 0 

C_devium 1 1 5 1 1 

C_ectypum 1 0 3 1 0 
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C_ernstii 2 0 1 1 0 

C_ficiforme 1 0 3 1 0 

C_flavum 1 0 1 1 0 

C_francoisea 1 0 1 1 0 

C_fraternum 1 0 1 1 0 

C_friedrichiae 2 1 5 1 1 

C_frutescens 1 0 4 1 0 

C_fulleri 1 0 2 1 0 

C_globosum 1 0 1 1 0 

C_halenbergense 1 0 4 2 0 

C_hammeri 0 0 2 1 1 

C_hanae 2 0 3 1 0 

C_hermarium 0 0 2 1 0 

C_herreanthus 1 0 4 0 0 

C_hians 2 0 3 2 0 

C_irmae 1 0 3 1 0 

C_joubertii 1 0 1 1 0 

C_juncundum 1 0 1 0 0 

C_khamiesbergense 0 0 4 1 0 

C_klinghardtense 2 0 3 2 0 

C_limpidum 1 1 5 1 1 

C_lithopsoides 1 1 5 1 0 

C_loeschianum 1 0 3 2 0 

C_longibracteatum 1 0 3 1 0 

C_longum 2 1 5 1 1 
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C_luckhoffii 0 0 3 1 0 

C_lydiae 3 1 5 1 1 

C_marginatum 2 0 4 1 0 

C_maughanii 1 1 2 1 1 

C_meyeri 2 0 4 1 0 

C_minimum 1 0 1 2 0 

C_minusculum 0 0 3 1 0 

C_minutum 1 0 1 1 0 

C_mirabile 4 0 1 1 0 

C_obcordellum 1 0 1 1 0 

C_obscurum 1 0 1 1 0 

C_pageae 1 0 1 0 0 

C_pellucidum 1 1 3 2 0 

C_phoeniceum 2 1 2 1 1 

C_piluliforme 1 0 1 1 0 

C_pium 0 0 3 1 0 

C_praesectum 2 1 5 1 1 

C_pubescens 3 1 5 1 1 

C_pubicalyx 4 0 1 1 0 

C_quaesitum 1 0 3 0 or 1 0 

C_ratum 1 1 2 1 1 

C_reconditum 0 1 4 1 1 

C_regale 2 0 4 1 0 

C_ricardianum 0 0 1 1 0 

C_roodiae 1 0 3 1 1 
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C_rugosum 1 0 5 1 1 

C_saxetanum 1 0 3 2 0 

C_schlechteri 0 0 3 1 0 

C_smaleorum 2 0 1 1 0 

C_smorenskaduense 1 1 2 1 1 

C_stephanii 4 0 2 2 0 

C_stevens_jonesianum 1 0 1 0 0 

C_subfenestratum 2 1 3 1 0 

C_subterraneum 1 0 2 1 1 

C_swanepoelianum 1 0 3 1 0 

C_tantillum 1 0 4 1 0 

C_truncatum 1 0 1 2 0 

C_turrigerum 0 0 4 1 0 

C_uviforme 2 0 1 1 0 

C_vanheerdei 1 0 1 1 1 

C_velutinum 2 0 3 1 0 

C_verucosum 3 1 5 1 1 

C_violaciflorum 1 0 3 1 0 

C_wettsteinii 1 0 1 1 0 

C_youngii 0 0 3 1 0 

 

Table S5.4: Observed and expected values, along with p-values for the Moran’s I test for 

spatial autocorrelation for the three models. 

 
Observed Expected P-value 

Model 1 0.0046 -0.01 0.6035 

Model 2 -0.0236 -0.0099 0.6291 
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Model 3 -0.0084 -0.0099 0.9575 

 

Table S5.5: Evolutionary models tested for the mapping of small (<20 km2) vs large (>20 

km2) range size. ER = Equal rates, SYM = Symmetrical rates, ARD = Unequal rates. The 

lowest AICc score was selected as the best-fit evolutionary model. 

 

Trait Evolutionary 

Model 

Log-

Likelihood 

AICc 

score 

Range Size (>20 km2 vs <20 

km2) 

ER -63.323686 128.6874 

 
SYM -63.323686 128.6874 

 
ARD -62.466319 129.0539 

 

Table S5.6: Variable importance, estimate and average P-value for all terms when all 

possible models were considered as part of the multimodel inference approach for Model 

3. ‘Importance’ refers to the sum of Akaike weights for all models in which a specific term 

was a predictor. ‘Estimate’ is the model-averaged term estimate using a weighted-mean 

approach based on Akaike weights across all models considered. ‘P-value’ denotes the 

significance of the average response of a specific term. The symbol ‘:’ refers to an 

interaction between two predictors. 

 
Estimate P-value Importance 

Stomata superficial or sunken -0.0249 1 0.6009 

Stomata superficial 10.3097 0.9909 0.6009 

Stomata raised 9.7653 0.9913 0.6009 

Windowed present -3.7001 0.9986 0.5609 

Bladder cells present 2.166 0.989 0.4776 

Bladder cells present:Windowed present 3.3203 0.9937 0.3343 

Badder cells present:Stomata sunken 0.2875 0.5933 0.2593 

Stomata sunken:Windowed present 1.0569 0.9986 0.2198 

Bladder cells absent:Stomata superficial or 

sunken 

-1.7102 0.9984 0.2092 

Bladder cells absent:Stomata sunken 1.8875 0.9904 0.2092 
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Leaf shape cylindric/globose 0.0179 0.8989 0.158 

Leaf shape weakly cuneate 0.0245 0.8302 0.158 

Leaf shape cuneate -0.1827 0.6127 0.158 

Leaf shape cylindric with a convex or 

truncate apex 

-0.2791 0.6026 0.158 

Bladder cells absent:Windowed present -2.5442 0.9927 0.1519 

Bladder cells absent:Stomata superficial -1.6995 0.9914 0.1046 

Bladder cells absent:Stomata raised 1.6995 0.9914 0.1046 

Stomata superficial or sunken:Windowed 

absent 

0.0002 1 0.084 

Stomata sunken:Windowed absent 1.5445 0.9992 0.084 

Stomata raised:Windowed absent 1.4708 0.9992 0.084 

Bladder cells present:Windowed absent 0.0702 0.6657 0.0821 

Stomata raised:Windowed present -1.2966 0.9967 0.0794 

Bladder cells absent:Windowed absent 0.0078 0.8148 0.0324 

Stomata superificial:Windowed absent 0.0012 1 0.0046 

 

Table S5.7: Top 5 models from the multimodel inference approach for Model 3 including 

model terms, AICc score and model weight. The symbol ‘:’ refers to an interaction 

between two predictors. 

Model AICc Akaike 

Weights 

Area ~ Stomata + Windowed 130.04 0.044 

Area ~ Stomata 130.06 0.044 

Area ~ Stomata + Windowed + Bladder cells + Bladder 

cells:Stomata 

130.54 0.034 

Area ~ Stomata + Windowed + Bladder cells:Stomata 130.54 0.034 

Area ~ Stomata + Windowed + Bladder cells 130.54 0.034 

 

Table S5.8: Summary table for the best-fit GLM for Model 3 showing the estimates and 

significance of different terms in the model. The model was not significant, with no 

significant terms.  
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Term GLM 

Intercept -17.57 ± 1495 

Stomata superficial or 

sunken 

-1.893x10-9 ± 

4.229x10-3 

Stomata sunken 17.26 ± 1495 

Stomata raised 16.24 ± 1495 

Windowed present -0.819 ± 0.57 

 

Table S5.9: Clades including narrow endemics in the phylogeny that were potentially 

following a ‘refuge’ or ‘specialist’ hypothesis. Phylogenetic support refers to the support 

from phylogenies run in Chapter 2. The narrow endemism hypothesis suggested is a 

possible hypothesis (‘refuge’ or ‘specialist’) that seems to fit both the phylogenetic data 

and the spatial occurrence data. Confidence in prediction gives the confidence we have in 

the prediction based on phylogenetic support, environmental preferences and spatial 

data. Species potentially following a ‘refuge’ hypothesis are more likely to have a smaller 

distance from each other as the narrow endemic is ‘pushed’ to the periphery of the 

broadly distributed species’ distribution, but the two species occur next to each other. 

Those potentially following a ‘specialist’ hypothesis may have specialised to a niche from 

a long-distance dispersal event, equating to a larger distance between the two species. 

Clade Phylogenetic 

Support 

(Chapter 2) 

Species included Possible narrow 

endemism 

model 

Distance from 

each other 

(Average 

distance 

where more 

than two 

species) 

Confidence 

in prediction 

A High C. violaciflorum 

(N), C. ectypum 

(B) 

Refuge based on 

preference for 

higher elevation 

for the narrow 

endemic (1069 

masl vs 906 

masl). 

1 km High 
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B Low C. francoiseae 

(N), C. confusum 

(N) 

Specialist 38 km Medium 

C Medium C. irmae (N), C. 

fraternum (N), C. 

crateriforme (N), 

C. bachelorum (N)  

Specialist 130 km Medium 

D Medium C. jucundum (B), 

C. carpianum (N) 

Refuge based on 

preference for 

higher slope for 

the narrow 

endemic (27˚ vs 

16˚). 

1 km High 

E Low C. chauviniae (B), 

C. brunneum (N) 

Specialist 25 km Medium 

F Low C. schlechteri (N), 

C. bolusiae (B) 

Specialist 16 km Medium 

G High C. vanheerdei (N), 

C. 

smorenskaduense 

(N) 

Specialist 8 km High 

H High C. youngii (N), C. 

rugosum (B) 

Refuge based on 

preference for 

higher slope for 

the narrow 

endemic (12˚ vs 

8˚). 

1 km High 

I Medium C. regale (N), C. 

pubicalyx (B) 

Specialist 107 km Medium 

J High C. concordans 

(N), C. longum (B) 

Specialist 175 km Medium 
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Figure S5.1: Variable importance values for variables included in the initial global run of 

Model 1 as part of the multimodel inference approach. ‘Importance’ refers to the sum of 

Akaike weights for all models in which a specific term was a predictor. The red line refers 

to a cut-off point that can suggest a differentiation between important and unimportant 

variables. 
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Figure S5.2: Variable importance values for variables included in the initial global run of 

Model 2 as part of the multimodel inference approach. ‘Importance’ refers to the sum of 

Akaike weights for all models in which a specific term was a predictor. The red line refers 

to a cut-off point that can suggest a differentiation between important and unimportant 

variables. 
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Figure S5.3: Variable importance values for variables included in the initial global run of 

Model 3 as part of the multimodel inference approach. ‘Importance’ refers to the sum of 

Akaike weights for all models in which a specific term was a predictor. The red line refers 

to a cut-off point that can suggest a differentiation between important and unimportant 

variables. 
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Figure S5.4: Bar charts denoting the number of narrow endemics and broadly distributed 

species with a certain trait state for 44 extra traits from Opel (2004), Liede and Hammer 

(1990) and Hammer (1993, 2002). These traits were not included in the models because 

of insufficient data. A star above the bars denotes a significant chi-square test, suggesting 

a significant trait association for either narrow or broadly distributed species. Cell shape: 

0 – Polygonal; 1 – Hexagonal; 2 – Interlocking; Soft-bodied leaves: 0 – Absence; 1 – 

Presence. Opel1 (Layer of calcium oxalate crystal sand in outer wall of epidermal cells): 0 

– Present; 1 – Absent. Opel2 (Extent of crystal sand layer across the surface of epidermal 

cells): 0 – Continuous across entire surface; 1 – Confined to central part of each cell. 

Opel3 (Extent of crystal sand layer through the cell wall: 0 – Throughout entire thickness 

of wall; 1 – Absent from inner layer of wall. Opel4 (Transectional pattern of grain size in 

crystal sand layer): 0 – Centrifugal increase; 1 – Centripetal increase; 2 – No pattern. 

Opel5 (Distribution of crystal sand): 0 – outer periclinal wall of epidermis only; 1 – outer 

periclinal and interior anticlinal walls. Opel6 (Hypodermis, distinguished by epidermis-like 

characteristics like thickened cell walls or a lack of plastids): 0 – Absent; 1 – One layer; 2 – 
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Two layers. Opel7 (Tanniniferous idioblasts in mesophyll of leaf): 0 = Present; 1 = Absent. 

Opel8 (Tanniniferous idioblast shape): 0 – All rounded; 1 – Both rounded and ablong. 

Opel9 (Raphide bundle density in leaf mesophyll): 0 – Moderate densities (0.5-1.0 

bundles per mm2 of thin-section); 1 – High densities (1.3-1.6 bundles per mm2 of thin-

section). Opel10 (Druse density in the leaf mesophyll): 0 – High density (5-10 druses per 

mm2 of leaf section); 1 – Low density (less than 0.5 druses per mm2). Opel11 (Wide band 

tracheids): 0 – Present; 1 – Absent. Opel13 (Papillae on subsidiary cells): 0 – Absent; 1 – 

Present. Opel14 (Papillae orientation): 0 – More or less erect; 1 – Appressed (papillae 

bent towards apex of leaf). Opel16 (Leaf epidermal cell margins): 0 – Straight; 1 – 

Undulate. Opel17 (Leaf epidermal cell corners): 0 – Meet at straight angles; 1 – 

Interlocking. Opel19 (Modal number of subsidiary cells flanking each pair of guard cells): 0 

– Two; 1 – Three; 2 – Four. Opel20 (Geometry of opposite pairs of subsidiary cells): 0 – 

Parallel to each other; 1 – Nested, with overlapping ends. Opel21 (Cuticular surface of 

individual leaf cells): 0 – Minutely rugose; 1 – Smooth (disregarding epicuticular waxes); 2 

– With minute ridges or folds; 3 – With raised ring of bumps around cell periphery. 

Opel22 (Epicuticular waxes): 0 – Prominently present as plates or particles; 1 – Not 

prominent (forming a smooth continuous layer). Opel23 (Covering of stomatal opening): 0 

– None; 1 – Inwardly-bending ring of papillae. Opel24 (Chromosome number): 0 – 18 

(diploid); 1 – 36 (tetraploid). Opel25 (Branching architecture): 0 – No branching; 1 – 

pseudodichotomy. Opel27 (Leaf lobes): 0 – Absent; 1 – Present. Opel28 (Apiculus): 0 – 

Absent; 1 – Present. Opel29 (Cotyledon shape): 0 – Obconical; 1 – Globose. Opel30 (Red 

lines): 0 – Present; 1 – Absent. Opel31 (Sheath): 0 – Absent/incomplete; 1 – Complete but 

shed; 2 – Perpetual. Opel32 (Fissure vestiture): 0 – Papillate; 1 – Glabrous. Opel34 

(Annual number of leaf pairs): 0 – More than one leaf pair per year; 1 – only one leaf pair 

per year. Opel35 (Epidermis): 0 – Homocellular; 1 – Heterocellular. Opel36 (Epidermal 

colour): 0 – Green; 1 – Purple-brown. Opel37 (Proximal epidermal colour): 0 – Green; 1 – 

Red. Opel38 (White dots): 0 – Absent; 1 – Present. Opel39 (Filamentous staminodes): 0 – 

Absent; 1 – Present. Opel42 (Anther exsertion): 0 – Exposed; 1 – Hidden. Opel43 (Number 

of locules per capsule): 0 – Three to four; 1 – Five; 2 – Six or more. Opel44 (Bract 

position): 0 – Hidden; 1 – Exserted. Opel45 (Placentation): 0 – Parietal; 1 – Axial. Opel46 

(Corolla): 0 – Free; 1 – Tubular. Opel47 (Hypanthium): 0 – Absent; 1 – Present. Flower 

colour: 0 – White; 1 – Yellow; 2 – Purple; Flower structure: 0 – radiate; 1 – A1 (Short calyx 

and corolla tubes, with anthers and style branches which extend beyond the mouth of the 

tube); 2 – A2 (Short calyx and corolla tubes with anthers and style-branches which are 
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shorter than the petaloid staminodes); 3 – B1 (Short calyx-tubes and long corolla-tubes 

with reflexed petaloid staminodes and well-exposed anthers); 4 – B2 (Short calyx-tubes 

and long corolla-tubes with short filaments and infundibuliform petaloid staminodes); 5 – 

C (Very short calyx-tube with a long corolla-tube, petaloid staminodes that are fused for 

most of their length and anthers that remain within the corolla-tube).  
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Figure S5.5: Bar charts denoting the proportions of narrow endemics and broadly 

distributed species with a certain trait state for 44 extra traits from Opel (2004), Liede and 

Hammer (1990) and Hammer (1993, 2002). These traits were not included in the models 

because of insufficient data. A black dot above the bars denotes a significant chi-square 

test, suggesting a significant trait association for either narrow or broadly distributed 

species. Cell shape: 0 – Polygonal; 1 – Hexagonal; 2 – Interlocking; Soft-bodied leaves: 0 – 

Absence; 1 – Presence. Opel1 (Layer of calcium oxalate crystal sand in outer wall of 

epidermal cells): 0 – Present; 1 – Absent. Opel2 (Extent of crystal sand layer across the 

surface of epidermal cells): 0 – Continuous across entire surface; 1 – Confined to central 

part of each cell. Opel3 (Extent of crystal sand layer through the cell wall: 0 – Throughout 

entire thickness of wall; 1 – Absent from inner layer of wall. Opel4 (Transectional pattern 

of grain size in crystal sand layer): 0 – Centrifugal increase; 1 – Centripetal increase; 2 – 

No pattern. Opel5 (Distribution of crystal sand): 0 – outer periclinal wall of epidermis 

only; 1 – outer periclinal and interior anticlinal walls. Opel6 (Hypodermis, distinguished by 

epidermis-like characteristics like thickened cell walls or a lack of plastids): 0 – Absent; 1 – 

One layer; 2 – Two layers. Opel7 (Tanniniferous idioblasts in mesophyll of leaf): 0 = 

Present; 1 = Absent. Opel8 (Tanniniferous idioblast shape): 0 – All rounded; 1 – Both 

rounded and ablong. Opel9 (Raphide bundle density in leaf mesophyll): 0 – Moderate 

densities (0.5-1.0 bundles per mm2 of thin-section); 1 – High densities (1.3-1.6 bundles 

per mm2 of thin-section). Opel10 (Druse density in the leaf mesophyll): 0 – High density 

(5-10 druses per mm2 of leaf section); 1 – Low density (less than 0.5 druses per mm2). 

Opel11 (Wide band tracheids): 0 – Present; 1 – Absent. Opel13 (Papillae on subsidiary 

cells): 0 – Absent; 1 – Present. Opel14 (Papillae orientation): 0 – More or less erect; 1 – 

Appressed (papillae bent towards apex of leaf). Opel16 (Leaf epidermal cell margins): 0 – 

Straight; 1 – Undulate. Opel17 (Leaf epidermal cell corners): 0 – Meet at straight angles; 1 

– Interlocking. Opel19 (Modal number of subsidiary cells flanking each pair of guard cells): 

0 – Two; 1 – Three; 2 – Four. Opel20 (Geometry of opposite pairs of subsidiary cells): 0 – 

Parallel to each other; 1 – Nested, with overlapping ends. Opel21 (Cuticular surface of 

individual leaf cells): 0 – Minutely rugose; 1 – Smooth (disregarding epicuticular waxes); 2 

– With minute ridges or folds; 3 – With raised ring of bumps around cell periphery. 

Opel22 (Epicuticular waxes): 0 – Prominently present as plates or particles; 1 – Not 

prominent (forming a smooth continuous layer). Opel23 (Covering of stomatal opening): 0 

– None; 1 – Inwardly-bending ring of papillae. Opel24 (Chromosome number): 0 – 18 

(diploid); 1 – 36 (tetraploid). Opel25 (Branching architecture): 0 – No branching; 1 – 
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pseudodichotomy. Opel27 (Leaf lobes): 0 – Absent; 1 – Present. Opel28 (Apiculus): 0 – 

Absent; 1 – Present. Opel29 (Cotyledon shape): 0 – Obconical; 1 – Globose. Opel30 (Red 

lines): 0 – Present; 1 – Absent. Opel31 (Sheath): 0 – Absent/incomplete; 1 – Complete but 

shed; 2 – Perpetual. Opel32 (Fissure vestiture): 0 – Papillate; 1 – Glabrous. Opel34 

(Annual number of leaf pairs): 0 – More than one leaf pair per year; 1 – only one leaf pair 

per year. Opel35 (Epidermis): 0 – Homocellular; 1 – Heterocellular. Opel36 (Epidermal 

colour): 0 – Green; 1 – Purple-brown. Opel37 (Proximal epidermal colour): 0 – Green; 1 – 

Red. Opel38 (White dots): 0 – Absent; 1 – Present. Opel39 (Filamentous staminodes): 0 – 

Absent; 1 – Present. Opel42 (Anther exsertion): 0 – Exposed; 1 – Hidden. Opel43 (Number 

of locules per capsule): 0 – Three to four; 1 – Five; 2 – Six or more. Opel44 (Bract 

position): 0 – Hidden; 1 – Exserted. Opel45 (Placentation): 0 – Parietal; 1 – Axial. Opel46 

(Corolla): 0 – Free; 1 – Tubular. Opel47 (Hypanthium): 0 – Absent; 1 – Present. Flower 

colour: 0 – White; 1 – Yellow; 2 – Purple; Flower structure: 0 – radiate; 1 – A1 (Short calyx 

and corolla tubes, with anthers and style branches which extend beyond the mouth of the 

tube); 2 – A2 (Short calyx and corolla tubes with anthers and style-branches which are 

shorter than the petaloid staminodes); 3 – B1 (Short calyx-tubes and long corolla-tubes 

with reflexed petaloid staminodes and well-exposed anthers); 4 – B2 (Short calyx-tubes 

and long corolla-tubes with short filaments and infundibuliform petaloid staminodes); 5 – 

C (Very short calyx-tube with a long corolla-tube, petaloid staminodes that are fused for 

most of their length and anthers that remain within the corolla-tube). 
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