Leaps and bounds: geographical and ecological distance constrained the colonisation of the Afrotemperate by Erica
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Abstract
The coincidence of long distance dispersal and biome shift is assumed to be the result of a multifaceted interplay between geographical distance and ecological suitability of source and sink areas. Here, we test the influence of these factors on the dispersal history of the flowering plant genus Erica (Ericaceae) across the Afrotemperate. We quantify similarity of Erica climate niches per biogeographic area using direct observations of species, and test various colonisation scenarios while estimating ancestral areas for the Erica clade using parametric biogeographic model testing. We infer that the overall dispersal history of Erica across the Afrotemperate is the result of infrequent colonisation limited by geographic proximity and niche similarity. However, the Drakensberg Mountains represent a colonisation sink, rather than acting as a “stepping stone” between more distant and ecologically dissimilar Cape and Tropical African regions. ; and sStrikingly, the most dramatic examples of species radiations in Erica were the result of single unique dispersals over longer distances between ecologically dissimilar areas, contradicting the rule of phylogenetic biome conservatism. These results highlight the importance of rare biome shifts, in which a unique dispersal event fuels evolutionary radiationsevolutionary radiation.
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	Comment by Michael Pirie: References for that statement ? 
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[bookmark: __Fieldmark__86297_323143021][bookmark: __Fieldmark__1604_3414344788][bookmark: __Fieldmark__76849_1355720316][bookmark: __Fieldmark__69674_2901337518][bookmark: __Fieldmark__815_2046236570][bookmark: __Fieldmark__28366_1586955725][bookmark: __Fieldmark__74534_2901337518][bookmark: __Fieldmark__719_2128649790][bookmark: __Fieldmark__23665_4276171936][bookmark: __Fieldmark__10165_1032130319][bookmark: __Fieldmark__32437_2901337518][bookmark: __Fieldmark__38308_4276171936][bookmark: __Fieldmark__23324_1032130319][bookmark: __Fieldmark__26251_2606946010][bookmark: __Fieldmark__90362_2901337518]In this paper, we ask whether and to what extent geographic proximity or climatic niche similarity constrained the colonisation of the Afrotemperate by Erica. Until recent work (Pirie, Oliver & Bellstedt, 2011; Pirie et al., 2016), too little was known of the phylogenetic relationships of the 97% of Erica species outside Europe to be able to address such questions. Specifically, we test six biogeographic models, as illustrated in Fig. 1: Three that test the influence of geographic distance, climatic niche similarity, and the combination of both; and three differing stepping stone models that each imply geographical distance effects promoting dispersal predominantly between adjacent areas: northerly “Cape to Cairo”, “Southerly stepping stone” and a model that invokes elements of both, the “Drakenberg melting pot” hypothesis. 

Materials and Methods
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[bookmark: __Fieldmark__86550_323143021][bookmark: __Fieldmark__1831_3414344788][bookmark: __Fieldmark__77056_1355720316][bookmark: __Fieldmark__90732_2901337518][bookmark: __Fieldmark__74834_2901337518][bookmark: __Fieldmark__69951_2901337518][bookmark: __Fieldmark__32730_2901337518][bookmark: __Fieldmark__26560_2606946010][bookmark: __Fieldmark__23614_1032130319][bookmark: __Fieldmark__10450_1032130319][bookmark: __Fieldmark__38559_4276171936][bookmark: __Fieldmark__23902_4276171936][bookmark: __Fieldmark__846_2128649790][bookmark: __Fieldmark__955_2046236570][bookmark: __Fieldmark__28509_1586955725][bookmark: __Fieldmark__993_1186401686][bookmark: __Fieldmark__47138_1783702956][bookmark: __Fieldmark__770_1783702956][bookmark: __Fieldmark__653_685583219][bookmark: __Fieldmark__15704_1938002643][bookmark: __Fieldmark__6426_3168382933][bookmark: __Fieldmark__482_655321829][bookmark: __Fieldmark__9410_1255754416][bookmark: __Fieldmark__166_2477667776][bookmark: __Fieldmark__327_2374339064][bookmark: __Fieldmark__1295_1496204816][bookmark: __Fieldmark__2398_1833026673][bookmark: __Fieldmark__86706_323143021]Defining the pure-distance and the niche-based models: Five biogeographic areas of the Erica distribution were defined following Pirie & al. (2016): Europe (including northern Africa); Tropical Africa (TA); Madagascar; Drakensberg; Cape. We obtained occurrence data for Erica species from our own collections, and from PRECIS (representing mostly southern African collections, held by the South African National Biodiversity Institute; http://newposa.sanbi.org/) and GBIF (https://www.gbif.org/) databases. We curated the species occurrence data by removing obviously erroneous locality data, duplicated records, and records with imprecise occurrence data (coordinates with ≤ 3 decimal places, many of which represented centroids of quarter degree squares which were originally represented in PRECIS), but did not further consider the source of or information on the precision of the geographical coordinates, because these are most often not stated in the database-derived occurrence records. This resulted in 6818 individual occurrences representing the species in the phylogenetic trees (Appendix 1). Based on these individual occurrences we estimated the geographic range of the species in the five biogeographic areas (resulting in what we term ‘area ranges’, i.e. the distributional range of all of the species in a certain biogeographic area). To do so, we assigned the species to one of the five biogeographic areas.) We assessed the area ranges around the occurrences of all species in a biogeographic area using an arbitrarily setplacing a buffer of c. 1one°  minutes of arc lat/lon in radius (ca. 11 km) and 50 m elevation around the individual species occurrences (Europe 4667, Tropical Africa 42, Madagascar 70, Drakensberg 58, and Cape 1981 occurrences; Appendix 2) conservatively aiming at a representative approximation of spatial extent (Nakazato, Warren & Moyle, 2010; Anacker & Strauss, 2014) and ecological conditions of the species’ distribution in a respective biogeographic area. Solely Tthese area ranges, which include up to several thousands of spatial points, were used in the subsequent analyses to calculate geographical and ecological distances between biogeographic areas.	Comment by Michael Pirie: you should say here what is the region covered by PRECIS, most readers won’t know it.	Comment by Pirie, PD Dr. Michael: Refs added
[bookmark: __Fieldmark__299_2477667776][bookmark: __Fieldmark__2700_1833026673][bookmark: __Fieldmark__86732_323143021][bookmark: __Fieldmark__1969_3414344788][bookmark: __Fieldmark__77188_1355720316][bookmark: __Fieldmark__86743_323143021][bookmark: __Fieldmark__1976_3414344788][bookmark: __Fieldmark__77193_1355720316][bookmark: __Fieldmark__90871_2901337518][bookmark: __Fieldmark__74956_2901337518][bookmark: __Fieldmark__32908_2901337518][bookmark: __Fieldmark__70070_2901337518][bookmark: __Fieldmark__86768_323143021][bookmark: __Fieldmark__1997_3414344788][bookmark: __Fieldmark__77210_1355720316][bookmark: __Fieldmark__90886_2901337518][bookmark: __Fieldmark__32915_2901337518][bookmark: __Fieldmark__70079_2901337518][bookmark: __Fieldmark__74968_2901337518]To incorporate a measure of geographic proximity among areas in a solely distance-based biogeographic model (the ‘geographic distance’ model; Fig. 1), we calculated the overall minimum geographic pairwise distances between the area ranges according to Meeus (1999) in WGS84 projection using the raster 2.3-33 package (Hijmans, 2015) in R (R Development Core Team, 2013). We converted geographic distances into dispersal rate multipliers (0-1, whereby the largest distance has the smallest dispersal probability), while comparing the effect of scaling the distances linearly (applying a linear model with intercept of 1 and a slope of -1.52-07) and exponentially (-0.25, -1 and -2). 
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Finally, to consider both geographical and environmental distances in a joint model, also accounting for a negative correlation between both geographic and environmental distances (Kendall’s R = -0.64), we used two rate multiplier matrices, representing both climatic niche and physical distance (converted into probabilities; see above), as input.
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Results
Niche similarity model: The environmental space that represents all climates available in the study area – most of Europe and all of Africa – and that was used to approximate the climatic similarity between biogeographic areas (area ranges) calculated as hypervolume corrected Schoener’s D accounting for climatic variation in the study area and between the area ranges, explained >88% of the climate variation on the first two PCA axes. Despite the range of differing conditions within areas, e.g. with rainfall seasonality differing according to elevation, variation between area ranges was considerable (the distribution and the median values for Schoener's D per PCA axis pairwise for the areas are presented in Appendix 6, and for the combined axes 1 and 2 in Appendix 7). According to the latter, the Cape and Drakensberg areas are climatically most similar (D: 0.71) and Europe and Madagascar are most different (D: 0.21). Most similar to the European are the Cape and Drakensberg climates (both D: 0.35), and the Tropical Africa climate (D: 0.27; Fig. 2C).
Biogeographic model testing: Assuming that AIC values of the differing models can be compared (but see Ree and Sanmartín, 2018), DEC/DEC+J models generally fit the data better than Bayarea-like or DIVA-like models.  and DEC+J models generally fit the data better than equivalent DEC ones (Appendix 8). Under DEC+J, models including an adjacent area matrix fitted the data better than those without constraint to dispersal. We additionally fixed the maximum number of ancestral areas to two, increasing the speed of the analyses without negatively impacting model fit. Under DEC, models with maximum areas at nodes restricted to two fitted the data better than those without constraint to ancestral ranges. Under both DEC+J and DEC, geographic distance fitted the data better when translated linearly into dispersal rate probabilities multipliers (0-1) than when scaled linearly or exponentially (Appendix 8); we therefore focus on models using the probabilities, referring to them simply as “geographical distance”. The DEC +J results in general do not show the flaws as reported by Ree and SanMartin Sanmartín (2018). For example, the values for range expansion (parameter d) were similar and low (0.0030 and 0.0027 per Ma respectively; Appendix 9). Under DEC+J, cladogenetic dispersal (parameter j) was 0.0024 per node, i.e. lower than d (particularly given an average branch length across the Erica phylogeny of 1.78 Ma, variance of 11.67) and much lower than the maximum permitted value (3).
Under DEC+J given the best tree, the “Drakensberg melting pot”, “geographic distance”, and “sSoutherly stepping stone” models revealed the highest log-likelihood scores and lowest AIC valuesbest fit (lowest AIC with deltaAIC ≥2); under DEC the Drakensberg melting pot model alone scored best, but with higher AIC (141 compared to AIC 131 given for DEC+J (; Appendix 8). Adopting DEC+J as the generally better fitting and biologically more realistic better fitting model (see Discussion), we assessed the results given phylogenetic uncertainty represented by selected bootstrap trees. Based on the bootstrap trees, tThe combined niche-geographic distance hypothesis was often among the best fitting models (deltaAIC <2 given eight of nine trees), scoring better than pure distance (deltaAIC <2 for five trees), or niche similarity (deltaAIC <2 for four trees) alone. The “Cape to Cairo” model generally fitted better than most other biogeographic scenarios (deltaAIC <2 for eight of nine trees, compared to Drakensberg melting pot (deltaAIC <2 for two of nine trees) and southerly stepping stone (not amongst the best fitting models); Table 1; Appendix 8). 	Comment by Michael Pirie: “Please, clarify if the “Cape to Cairo” model fits the data better than “Southerly stepping stone” model. Discussion lines 285-287 state: “Cape to Cairo” and “Drakensberg melting-pot” mostly fit the data better than “Southerly stepping stone”. Meanwhile, in the results: “Under DEC+J given the best tree, the Drakensberg melting pot, geographic distance, and southerly stepping stone models revealed the lowest AIC; under DEC the Drakensberg melting pot model alone scored best, but with higher AIC ”. Moreover, in Table 1, the CtoC model does not even appear among the best models when considering the best tree.”
[bookmark: __DdeLink__20045_1032130319][bookmark: _GoBack]Ancestral area reconstruction: Overall, Under DEC+J, irrespective of best fitting model or phylogenetic uncertainty, we infer a colonisation path of Erica from Europe to the Cape via an initial migration to Tropical Africa, under DEC+J and irrespective of best fitting model or phylogenetic uncertainty. When E. arborea is treated as widespread between Europe and Tropical Africa, the common ancestor of the African/Madagascan clade is inferred to have been similarly widespread. When E. arborea is treated as ancestrally European, dispersal from Europe to Tropical Africa is inferred without a transitional widespread distribution. Under DEC, the colonisation path to the Cape is also via an initial migration to Tropical Africa, then a widespread distribution between Tropical Africa and the Cape, followed by an extinction in Tropical Africa. Whether E. arborea is treated as widespread between Europe and Tropical Africa or not, the common ancestor of the African/Madagascan clade is inferred to have been similarly widespread between Europe and tropical Africa. Ancestral area reconstructions given the best tree under the best fitting models (as well as under a model without range or dispersal constraints for comparison; in each case under both DEC+J and DEC) are presented in Appendix 13. Overall, ancestral areas inferred under parsimony were consistent with those inferred under parametric models (more so with those under DEC+J, given that widespread distributions are not incorporated into standard character optimisation), with the numbers and directions of shifts unaffected by phylogenetic uncertainty.
The vast majority of biogeographic events inferred using BSM under both DEC+J and DEC were within-area speciation (97.15 % and 96.26% respectively; Appendix 9). Under DEC+J, few range expansion events were inferred between Europe and Tropical Africa and between Tropical Africa and the Drakensberg region, with most between Cape and the Drakensberg regions (Appendix 10). Dispersal rates between area ranges inferred under BSM are summarised in Fig. 2C. A single founder event (parameter j) was inferred from Tropical Africa to the Cape region, with fewer events between the Drakensberg and Tropical Africa and between Tropical Africa and Madagascar. Overall, most founder events took place from Tropical Africa (1.96 [standard deviation of 0.47] events averaged across 50 BSM; Appendix 11). In addition to the most commonly inferred range expansions given DEC+J, under DEC additional range expansions were inferred from Tropical Africa to Madagascar and from Tropical Africa to the Cape (Appendix 10). With each range expansion under DEC, the corresponding ancestral distribution was widespread. Under both DEC+J and DEC dispersal rates between Tropical Africa and the Drakensberg were roughly symmetrical, as opposed to those between the Cape and the Drakensberg or between Europe and Tropical Africa which were asymmetrical (Fig. 2; Appendix 12). 


Discussion
In this study, we modelled shifts between biomes and dispersals over larger distances in the evolution of Erica, in order to test six hypotheses for the origins of Afrotemperate plant groups (Fig. 1). Three models concerned general factors considered of importance in limiting plant dispersal: geographical distance, similarity of realised climatic niches, and a combination of geographical and ecological proximity. The remaining three models described specific colonisation hypotheses of the Afrotemperate, in each case proposing a stepwise shift in distributions between adjacent areas. These models differed in the area of origin and in the direction of dispersal: northerly dispersal from the Cape (“Cape to Cairo”), versus southerly dispersal from Europe (“Southerly stepping stone”), or a combination of both (termed here “Drakensberg melting-pot”).	Comment by Michael Pirie: Can we use the term biome here? I am not sure. 
	Comment by Nicolai Nuerk: Why not, the cfr is a different biome than eu (although, we don’t use “biome” as a stat in the biogeo analysis…)
Could use “broad-scale ecogeographic regions” instead…
[bookmark: __Fieldmark__88120_323143021][bookmark: __Fieldmark__3157_3414344788][bookmark: __Fieldmark__78429_1355720316][bookmark: __Fieldmark__92146_2901337518][bookmark: __Fieldmark__76159_2901337518][bookmark: __Fieldmark__24927_4276171936][bookmark: __Fieldmark__1552_2128649790][bookmark: __Fieldmark__39594_4276171936][bookmark: __Fieldmark__34248_2901337518][bookmark: __Fieldmark__27912_2606946010][bookmark: __Fieldmark__24925_1032130319][bookmark: __Fieldmark__29352_1586955725][bookmark: __Fieldmark__11818_1032130319][bookmark: __Fieldmark__1734_2046236570][bookmark: __Fieldmark__71230_2901337518][bookmark: __Fieldmark__88169_323143021][bookmark: __Fieldmark__3202_3414344788][bookmark: __Fieldmark__78470_1355720316][bookmark: __Fieldmark__92185_2901337518][bookmark: __Fieldmark__76199_2901337518][bookmark: __Fieldmark__39611_4276171936][bookmark: __Fieldmark__1559_2128649790][bookmark: __Fieldmark__27941_2606946010][bookmark: __Fieldmark__11839_1032130319][bookmark: __Fieldmark__71281_2901337518][bookmark: __Fieldmark__29368_1586955725][bookmark: __Fieldmark__34296_2901337518][bookmark: __Fieldmark__24950_1032130319][bookmark: __Fieldmark__24940_4276171936][bookmark: __Fieldmark__1745_2046236570]Of the stepping-stone-dispersal models, “Cape to Cairo” and/or “Drakensberg melting-pot” mostly fit the data better than “Southerly stepping stone” for all but the best tree, but relative fit of the models was somewhat sensitive to phylogenetic uncertainty (Table 1). By contrast, the positions of areas relative to one another, and the similarities in their realised climatic niche, were consistently prominent in our results. Of the distance models, the combination of geographical distance and ecologicalniche distance similarity fit the data well, and given the phylogenetic uncertainty, often better than either of these factors individually or the stepping stone models. The generally better fit of the combined geographic and realised niche model affirms the concerted importance of both factors in shaping distributional patterns of plants (Donoghue 2008; Donoghue and Edwards, 2014). Of the nine range expansion events that we inferred (DEC+J, best tree, best model), seven respectively were between adjacent areas or between areas with similar niches environmental conditions (where “similar” is arbitrarily defined as a pairwise Schoener's D > 0.5; Fig. 2). Overall, this represents striking evidence for geographical and ecological distance constraining past and present distributions of Erica species, similar to that inferred for other Mediterranean climate plant groups (Skeels & Cardillo, 2017). Irrespective of model fit, the sequence of dispersal events that we inferred from ancestral area reconstructions, based on both the set of best fitting parametric models and a parsimonious interpretation of the infrequent dispersal events (Fig. 2), does resemble a “Drakensberg melting-pot” scenario. The Drakensberg acted as a sink for dispersals from the adjacent Cape and Tropical African regions, but not as a stepping stone (or indeed a “springboard”; Galley & al., 2007).
[bookmark: __Fieldmark__88220_323143021][bookmark: __Fieldmark__3249_3414344788][bookmark: __Fieldmark__78513_1355720316][bookmark: __Fieldmark__92231_2901337518][bookmark: __Fieldmark__76245_2901337518][bookmark: __Fieldmark__1568_2128649790][bookmark: __Fieldmark__24955_4276171936][bookmark: __Fieldmark__34344_2901337518][bookmark: __Fieldmark__27973_2606946010][bookmark: __Fieldmark__24978_1032130319][bookmark: __Fieldmark__11862_1032130319][bookmark: __Fieldmark__39630_4276171936][bookmark: __Fieldmark__29376_1586955725][bookmark: __Fieldmark__1758_2046236570][bookmark: __Fieldmark__71320_2901337518][bookmark: __Fieldmark__88296_323143021][bookmark: __Fieldmark__29414_1586955725][bookmark: __Fieldmark__11883_1032130319][bookmark: __Fieldmark__25003_1032130319][bookmark: __Fieldmark__1575_2128649790][bookmark: __Fieldmark__28002_2606946010][bookmark: __Fieldmark__39647_4276171936][bookmark: __Fieldmark__24968_4276171936][bookmark: __Fieldmark__1769_2046236570][bookmark: __Fieldmark__76315_2901337518][bookmark: __Fieldmark__92275_2901337518][bookmark: __Fieldmark__78562_1355720316][bookmark: __Fieldmark__3302_3414344788][bookmark: __Fieldmark__34393_2901337518][bookmark: __Fieldmark__71377_2901337518]Cape lineages found in the Drakensberg have not dispersed to Tropical Africa, and neither have Tropical Africa lineages found in the Drakensberg dispersed further to the Cape. This is unexpected, not only because of the low distances and high niche similarities involved, but also because of the equivalent events inferred in other similarly distributed plant groups (Galley et al., 2007). Striking in a different way are three unique events: the single dispersals from Europe to Tropical Africa, out of Tropical Africa to the Cape, and out of Tropical Africa to Madagascar, which were each over much longer distances. The dispersals to Tropical Africa and to Madagascar both might have involved large shifts in realised niches (indicated by low Schoener‘s D values of 0.298 and 0.274 respectively); that to the Cape, borderline so (Schoener‘s D of 0.560; Fig. 2). Notably, the dispersals to tropical Africa and to the Cape coincided with clear increases in diversification rate (Pirie et al., 2016).	Comment by Michael Pirie: Too speculative in my opinion. Authors use D Schoener index as a proxy for niche similarity. I would like authors to moderate the reliability of this index. In my opinion, strong differences in D schoener values among clades could just reflect very slight fundamental niche differences (or perhaps no differences at all) since all Erica species are adapted to temperate climates. I am pretty sure that niche similarity tests according Broenimann (2012) would indicate that all Erica lineages have climatic niche more similar than expected at random. Perhaps these realized niche differences could not reflect real differences in their fundamental niche. Again, the term ‘niche’ is used without accounting for potential differences between realized and fundamental niches.
	Comment by Nicolai Nuerk: It is right, we do not test for niche shifts, we only relay in the (somehow relative) Schoener’s D values; we should be a bit more carful/conservative with wording/interpretation.
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Conclusions: The overall picture to be gleaned from the colonisation history of Erica across the Afrotemperate is one of infrequent dispersal limited by geographic distance and niche ecological similarity. Lack of dispersals where they might be expected – in the case of Erica, the Drakensberg acting as a sink, rather than stepping stone to wider dispersal – can point to biological and historical idiosyncrasies of particular lineages. Our results also show the importance of single unique events that can run counter to general trends. In Erica, three particularly long distance dispersals, two potentially with large shifts in the realised niche, were followed by species radiations – most notably in the Cape – that dominate the narrative of the group as a whole. Our results serve to further emphasise the importance of such rare events, in which unique biome shifts fuel dramatic evolutionary radiations.
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Fig. 2: Biogeographic scenario. A) Inferred dispersal scenario between the biogeographic areas (colour coded “area ranges” as assessed by the buffered species occurrence data) depicted on the global study area. B) The phylogeny of Erica with a representation of ancestral areas derived from a single BSM analysis using the best tree and model (under DEC+J). C) Climate similarity between area ranges given as hypervolume corrected pairwise climate similarity (Schoener’s D; with D ≥ 0.5 in dark grey, and D < 0.5 in light grey; Table S8) with superimposed black arrows scaled to the dispersal rates per Ma inferred between areas (Table S13). Ma, million years.


Tables
Table 1: Best fitting biogeographic models given the best tree (DEC+J and DEC) and nine selected bootstrap trees (DEC+J). Dispersal multipliers are indicated where relevant, as are the Log likelihood (LnL), Akaike Information Criterion (AIC), and overall deltaAIC scores for models. Models with deltaAIC of 0 are indicated in bold type. DMP=Drakensberg mekting-pot; Dist=Distance; SSS=Southerly stepping-stone; CtoC=Cape to Cairo

	Tree
	Model
	Dispersal multiplier
	LnL
	AIC
	deltaAIC

	Best (DEC+J)
	DMP
	0.5
	-62.5
	131
	0

	
	DMP
	0.1
	-62.5
	131
	0

	
	DMP
	0.25
	-62.5
	131
	0

	
	DMP
	0.75
	-62.6
	131.2
	0.2

	
	Dist
	-
	-62.8
	131.6
	0.58

	
	SSS
	0.5
	-63.1
	132.3
	1.3

	
	SSS
	0.25
	-63.3
	132.7
	1.7

	Best (DEC)
	DMP
	0.75
	-68.6
	141.2
	0

	
	DMP
	0.5
	-68.7
	141.3
	0.1

	
	
	
	
	
	

	BS 0_0
	Niche+Dist
	-
	-61.2
	128.4
	0

	
	CtoC
	0.25
	-61.7
	129.4
	1

	
	CtoC
	0.1
	-62.1
	130.1
	1.7

	
	Dist
	-
	-62.2
	130.4
	2

	0_1
	Niche+Dist
	-
	-65.6
	137.1
	0

	
	CtoC
	0.1
	-65.8
	137.6
	0.5

	
	CtoC
	0.25
	-66.1
	138.3
	1.2

	0_2
	Niche+Dist
	-
	-60.2
	126.3
	0

	
	CtoC
	0.25
	-60.4
	126.7
	0.4

	
	CtoC
	0.1
	-60.4
	126.9
	0.6

	
	Dist
	-
	-61
	127.9
	1.6

	1_0
	CtoC
	0.1
	-58.7
	123.5
	0

	
	CtoC
	0.25
	-59.5
	124.9
	1.4

	1_1
	Niche+Dist
	-
	-61.7
	129.4
	0

	
	Niche
	-
	-62.6
	131.2
	1.8

	1_2
	Niche+Dist
	-
	-55.9
	117.9
	0

	
	CtoC
	0.25
	-56.5
	119
	1.1

	
	CtoC
	0.1
	-56.9
	119.7
	1.8

	
	Dist
	-
	-56.9
	119.7
	1.8

	2_0
	Niche+Dist
	-
	-62.3
	130.6
	0

	
	CtoC
	0.25
	-62.6
	131.2
	0.6

	
	Dist
	-
	-62.8
	131.5
	0.9

	
	CtoC
	0.1
	-62.9
	131.8
	1.2

	
	CtoC
	0.5
	-63.1
	132.3
	1.7

	
	Niche
	-
	-63.2
	132.4
	1.8

	2_1
	Dist
	-
	-56.5
	119.1
	0

	
	DMP
	0.1
	-56.6
	119.2
	0.1

	
	DMP
	0.25
	-56.6
	119.2
	0.1

	
	DMP
	0.5
	-57
	120
	0.9

	
	CtoC
	0.5
	-57.2
	120.4
	1.3

	
	Niche+Dist
	-
	-57.2
	120.4
	1.3

	
	CtoC
	0.25
	-57.5
	121
	1.9

	
	Niche
	-
	-57.6
	121.1
	2

	2_2
	Dist
	-
	-65.3
	135.6
	0

	
	Niche+Dist
	-
	-65.2
	136.4
	0.8

	
	DMP
	0.25
	-65.5
	137
	1.4

	
	CtoC
	0.5
	-65.5
	137
	1.4

	
	DMP
	0.1
	-65.5
	137.1
	1.5

	
	CtoC
	0.25
	-65.6
	137.1
	1.5

	
	Niche
	-
	-65.8
	137.5
	1.9

	
	DMP
	0.5
	-65.8
	137.6
	2




Appendices
Appendix 1: Methods: occurrence data
Appendix 2: Methods: Global environmental space, area ranges, and climate similarity analysis
Appendix 3: Methods: Biogeographic models; example files for BioGeoBEARS analyses
Appendix 4: Methods: Selected bootstrap trees used to represent phylogenetic uncertainty between geographically restricted major clades
Appendix 5: Methods: Mesquite file used for parsimony ancestral state reconstruction including RAXML bootstrap trees
Appendix 6: Results: pairwise climate similarity (Schoener's D) between biogeographic areas per PC axis
Appendix 7: Results: Pairwise climate similarity (Schoener's D) between biogeographic areas for combined PC axes
Appendix 8: Results of the different models under DEC+J and DEC (generally the better models compared to DIVA-like and BAYAREA-like-models)
Appendix 9: Results: Summary of event counts from 50 BSMsbiogeographical stochastic mappings under the best inferred model using the best tree
Appendix 10: Results: Range-expansion dispersal (all observed “d” dispersals). Mean and SD presented from 50 BSMs under the best inferred model using the best treeNumber of range-expansion dispersal events (mean and standard deviation of all observed “d” dispersals) averaged across 50 biogeographical stochastic mappings under the best inferred model using the best tree.
Appendix 11: Results: Number of cladogenetic dispersal events (mean and standard deviation of all observed jump 'j' dispersals) averaged from 50 biogeographical stochastic mappings under the best inferred model using the best tree.Cladogenetic dispersal (mean of all observed jump 'j' dispersals) from 50 BSMs under the best inferred model using the best tree
Appendix 12: Results: ALL dispersal (mean of all observed anagenetic 'a', 'd' dispersals, PLUS cladogenetic founder/jump dispersal) from 50 BSMs under the best inferred model using the best treeNumber of all dispersal events (mean and standard deviation of all observed anagenetic 'a', 'd' dispersals, PLUS cladogenetic founder/jump dispersal) averaged from 50  biogeographical stochastic mappings under the best inferred model using the best tree. 
Appendix 13: Results: Ancestral area reconstructions inferred using BioGeoBEARS given the best tree under the best fitting models given A: DEC+J; B: DEC; and without range or dispersal constraint: C: DEC+J; D: DEC.  For each model the single most probable state is shown first (boxes with areas at nodes) followed by the relative probability of each state represented with pie charts at nodes. Areas are represented by colours: Dark blue for Europe (E); green for Tropical Africa (T); yellow for Madagascar (M); light blue for Drakensberg (D); red for Cape (C); and further colours for widespread distributions as indicated in the legends. 
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