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Despite decades of broad interest in global patterns of biodiversity, little attention has been given to understanding the remarkable levels of plant diversity present in the world’s five Mediterranean-type climate (MTC) regions, all of which are considered to be biodiversity hotspots. Comprising the Mediterranean Basin, California, central Chile, the Cape Region of South Africa, and southwestern Australia, these regions share the unusual climatic regime of mild wet winters and warm dry summers. Despite their small extent, covering only about 2.2% of world land area, these regions are home to approximately one-sixth of the world vascular plant flora. The onset of MTCs in the middle Miocene brought summer drought, a novel climatic condition, but also a regime of recurrent fire. Fire has been a significant agent of selection in assembling the modern floras of four of the five MTC regions, with central Chile an exception following the uplift of the Andes in the middle Miocene. Selection for persistence in a fire-prone environment as a key causal factor for species diversification in MTC regions has been under-appreciated or ignored. Mechanisms for fire-driven speciation are diverse and may include both directional (novel traits) and stabilizing selection (retained traits) for appropriate morphological and life-history traits. Both museum and nursery hypotheses have important relevance in explaining the extant species richness of the MTC floras, with fire as a strong stimulant for diversification in a manner distinct from other temperate floras. Spatial and temporal niche separation across topographic, climatic and edaphic gradients has occurred in all five regions. The Mediterranean Basin, California, and central Chile are seen as nurseries for strong but not spectacular rates of Neogene diversification, while the older landscapes of southwestern Australia and the Cape Region show significant components of both Paleogene and younger Neogene speciation in their diversity. Low rates of extinction suggesting a long association with fire more than high rates of speciation have been key to the extant levels of species richness.
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INTRODUCTION

Scholars have long sought explanations for patterns in global and regional species richness. Primary among studies of this type has been the quest to explain latitudinal patterns in species diversity, with diversity increasing from the poles to the equator, and with wet equatorial regions exhibiting the world’s highest levels of species richness (Hillebrand, 2004; Erwin, 2009). While the generality of the pattern among many groups of organisms suggests a common explanation, it is difficult to isolate specific causal components of latitude, such as solar radiation or temperature, from a multitude of factors that co-vary with latitude. Identifying factors that influence the diversification rate of a given clade are key to diversity hypotheses, with studies suggesting that the high tropical richness results from accelerated rates of diversification among many tropical clades (e.g., Cardillo et al., 2005; Ricklefs, 2006; Mittelbach et al., 2007; Wiens, 2007; Svenning et al., 2008). However, it is important to consider that low rates of extinction under benign and relatively stable climates rather than high rates of speciation alone may help explain contemporary species richness in the tropics.

On a global scale, distinctions have been made between contemporary processes that promote species richness and historical processes where past events and conditions have played a major role (Ricklefs, 1987; Jansson, 2003; Wiens and Donoghue, 2004; Cowling et al., 2014), For the former approach, correlations between plant species diversity and measures of water-energy availability at continental to global scales have been documented (O’Brien et al., 1998; Francis and Currie, 2003). However, it is not clear if such energy-richness relationships are causal because any variable that co-varies with latitude will tend to correlate closely with species richness on a continental scale (Jansson and Davies, 2008). Looking at geologic time-scales, it has been suggested that the observed diversity gradient may be a product of a latitudinal gradient in the amplitude of climatic shifts over time-scales of 10–100 kyr caused by Milankovitch oscillations in the Earth’s orbit and axial tilt (Dynesius and Jansson, 2000; Jansson and Dynesius, 2002). Rapid shifts in spatial patterns of climatic niches would be expected to drive high diversification rates (Moritz et al., 2000; Kozak and Wiens, 2010). It is notable that the Pleistocene was the coldest and most climatically unstable period in the Cenozoic, and that it has likely left a massive imprint on the distribution and abundance of species. By contrast, global hotspots of endemism have been linked to stable climatic refugia (Harrison and Noss, 2017).

Missing in virtually every analysis of global patterns of biodiversity outlined above is any attempt to explain the remarkable levels of plant diversity present in the world’s five Mediterranean-type climate (MTC) regions, and most notably in the evergreen sclerophyll shrublands that dominate these regions, all of which are considered to represent biodiversity hotspots (Myers et al., 2000). These five regions include the Mediterranean Basin, California, central Chile, the Cape Region of South Africa, and southwestern Australia (Figure 1) and share the globally unusual climatic regime of mild wet winters and warm dry summers. Although collectively covering only about 2.2% of world land area, they are home to approximately one-sixth of the global flora (Cowling et al., 1996; Rundel et al., 2016). These five MTC regions are primarily positioned on the southwest margins of continental land masses at about 30–40oN and S latitude, confounding the classic pattern of reduction in species diversity with increasing latitude.
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FIGURE 1. Global distribution of Mediterranean-climate regions. From Rundel et al. (2016); used with permission.



In this review we ask a series of questions. Are there environmental factors of climate and soils that can explain the species richness of MTC regions? How is fire regime related to the onset of MTC conditions in the Miocene? What plant life-history traits help allow for persistence in a fire-prone environment? What are the evolutionary implications of strategies of resprouters versus obligate seeders after fire? And finally, are MTC regions better considered museums of assembled biodiversity or instead nurseries of active speciation?

CAN ENVIRONMENTAL FACTORS EXPLAIN SPECIES RICHNESS OF THE MTC REGIONS?

There are several important considerations in developing hypotheses to explain the globally significant plant species richness of the five MTC regions. A number of ecological hypotheses have been suggested, with these typically centering on adaptation to seasonal drought, including adaptive radiation associated with heterogeneity of topography, climate, and soils (Hughes, 2017). In understanding species diversity, therefore, it is important to ask if there are ecological factors unique to MTCs that could explain their relatively high plant species diversities. Any hypothesis to explain the globally significant species diversity of the MTC regions must also take into account the differing levels of species richness between the regions across a wide range of spatial scales (Cowling et al., 2014). The Cape Region is consistently the most diverse of the five regions relative to area at any spatial scale, and arguably among the highest in the world per unit land area, followed by southwestern Australia as a distant second (Table 1). The diversity array scaled against area for both the western and eastern Mediterranean Basin show an intermediate pattern of contemporary plant diversity, followed by California and finally central Chile (Rundel et al., 2016).

TABLE 1. Plant species richness and fire-response traits in the five Mediterranean-type climate regions of the world.
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The ancient and weathered landscapes of southwestern Australia and the Cape Region are characterized by highly acidic oligotrophic soils that are notably deficient in phosphorus, nitrogen and micronutrients (Lamont, 1995). These landscapes with their relative climatic and tectonic stability over the Cenozoic have a long history of floral diversification (Hopper, 2009; Cowling et al., 2014). Among ecological factors, it has been suggested that adaptation to oligotrophic soils involves a number of unusual mechanisms for coping with these edaphic conditions, and that this adaptive radiation has been associated with diversification (Lambers et al., 2010; Cacho and Strauss, 2014; Laliberté et al., 2015; Rajakaruna, 2017). One such mode of adaptation can be seen in the lineages that have evolved specialized root clusters that release carboxylates which solubilize inorganic phosphorus. This trait is best represented in species-rich lineages like the Proteaceae (Pausas and Lamont, 2018) but it is also present in other less diverse families (Groom and Lamont, 2015). The younger volcanic landscapes of the Chile have not been associated with extensive diversification of the Proteaceae despite the fact that all Chilean species exhibit cluster roots (Lambers et al., 2012), a legacy of their shared Gondwanan history. Both the Cape and southwestern Australia have high levels of edaphic endemism associated with granites, ferricretes, limestone and aeolinites (Cowling et al., 1994a; Hopper and Gioia, 2004; Byrne and Hopper, 2008; Lamont et al., 2016). Similarly, the California flora includes a diverse endemic flora associated with serpentine soils (Harrison et al., 2006). Most species in the Mediterranean Basin exhibit a clear segregation as adapted to limestone or acidic (granites, schists, etc.) soils. However, none of these geologies and associated soils is unique to the MTC regions and cannot alone account for the diversity patterns.

For the geologically younger and tectonically dynamic MTC regions of the Mediterranean Basin, California, and Chile, evolution across isolated habitat “islands” has been important in diversification (Rundel et al., 2016). In contrast to extensive diversification of sclerophyll shrubland lineages in the Paleogene to mid-Neogene in southwestern Australia and the Cape Region (Crisp et al., 2009; Rundel et al., 2016), speciation in these three regions suggests a relative absence of phylogenetic niche conservatism (Donoghue, 2008; Wiens et al., 2010), with a permeable habitat boundary open to recruitment of many lineages from adjacent biomes able to adapt to new and novel environmental conditions. For the Mediterranean Basin, this pattern of diversification can be seen in the complexity of topography, abundance of peninsulas and islands, edaphic conditions, and climate associated with narrow habitat ranges (Thompson, 2005; Médail and Diadema, 2009; Molina-Venegas et al., 2016), and speciation may be related to specific microhabitat conditions (Guzmán et al., 2009). In a similar manner for California, there are major gradients in topography, climate, and edaphic conditions, as well as geographic isolation as with the offshore California Islands. Although this complexity of habitat conditions has certainly promoted diversification, similar habitat complexity can be found in other temperate areas and thus is not unique to the MTC regions.

Chile also presents strong gradients in topographic and climatic conditions. However, its level of plant diversity, while impressive for the small size of the MTC area, is significantly lower than that of the Mediterranean Basin and California (Table 1; Cowling et al., 2014). With regard to the role of niche conservatism in the evolution of its flora, central Chile lies somewhere between the older MTC regions and northern hemisphere areas (Heibl and Renner, 2012; Jara-Arancio et al., 2014). Nevertheless, average elevation in central Chile is probably higher than in California and this might partially account for its overall lower diversity with respect to California (Arroyo, 2018). Even so, this factor is unlikely to totally explain what makes the Neogene evolution of the central Chilean flora so different from that of the other two tectonically younger and dynamic regions. One major difference between central Chile and all other MTCs is the minor role of fire as a selective force following the uplift of the Andes in the middle Miocene (Keeley et al., 2012; Rundel et al., 2016). This brings up the question as to what role might fire have played more generally in plant diversification in the other four MTC regions?

FIRE AND THE ONSET OF MEDITERRANEAN-CLIMATE CONDITIONS

Mediterranean-type climates with summer drought conditions are conducive to regular fire. The mild wet winter-spring seasons lead to moderate productivity generating broad landscapes of contiguous fuels, and the annual summer drought converts this biomass into available fuels (Keeley et al., 2012). Many parts of the globe are fire-prone, but among woody biomes MTC regions are perhaps unequaled in the seasonal predictability of fire, and this predictability contributes to selection for fire-adaptive traits (Table 1). In this regard, fire would seem to be important for our understanding of drivers of diversification in MTC ecosystems in view of increasing evidence that fire has been a major factor explaining global patterns of vegetation distribution and species diversity (Bond et al., 2005; He and Lamont, 2017; Pausas and Ribeiro, 2017). Conditions of seasonality became increasingly common in the Oligocene and early Miocene, and there is evidence for a global onset of MTC conditions of seasonality with summer drought with its relatively predictable crown fire regimes by 15–12 Ma (Rundel et al., 2016) and probably even earlier in some MTC regions (Lamont and He, 2017a). These conditions brought summer drought, a novel climatic condition with associated drought stress, but also importantly the onset of recurrent fire as a nearly ubiquitous component of selection in all of MTC regions, except central Chile. Prior to the Andean uplift in the middle Miocene, the present day strong east-west climatic differentiation across the relatively narrow southern South American land mass would have been far less differentiated with lightning strike fires likely during the summer months in central Chile. The significance of the simultaneous emergence of intensified fire compared with that of open woodlands and seasonal drought as a novel selective regime in four of the MTEs cannot be overemphasized (Lamont and He, 2017a).

At the time of first appearance of MTC regimes fire was not new to global terrestrial ecosystems (Bowman et al., 2009; Pausas and Keeley, 2009; Brown et al., 2012; Pausas and Ribeiro, 2013), but in the novel MTCs its widespread presence provided strong selection conditions for persistence in a fire-prone environment. In large part this was driven by the annual summer drought that made fire a highly predictable limiting factor, and thus a recurrent selective pressure, but one with mosaics of intensity in these ecosystems. MTC regions with their patterns of diversification in life-history and morphology related to this persistence in a fire-prone environment challenge the long held paradigm that plant diversity patterns may be largely explained by climate and soils alone (Raven and Axelrod, 1978; see Pausas and Lamont, 2018).

The role of selection for persistence in a fire-prone environment as a stimulus for diversification has received relatively little attention, due in part to the complexity of evolutionary mechanisms for fire-driven speciation (Cowling, 1987; Mucina and Wardell-Johnson, 2011; Schnitzler et al., 2011; Keeley et al., 2012; Ellis et al., 2014). Also underrated has been the significance of the diverse modes of adaptation to a particular fire regime (for example, see Pausas et al., 2018 on resprouting options among seed plants). Fire regime includes frequency, intensity, seasonality, and patterns of fuel consumption, with the potential for multiple temporal patterns of the fire regimes operating on the same landscape (Keeley et al., 2012). Paramount has been the need to show that fire-proneness preceded, or at least coincided with, the advent of novel fire-related traits (Lamont and He, 2017b).

Considered in the context of the intermediate disturbance theory (Huston, 2014), fire regimes offer a variety of ways that such impacts from fire can be expressed (Pausas and Ribeiro, 2013). Frequent disturbances with short intervals between fires select against species with a longer maturation time needed to reach reproductive maturity, or failure to resprout after fire (Lamont et al., 2013; Enright et al., 2014). At the other end of the disturbance gradient, a long interval between fires might exceed the lifespan of a plant species and not allow conditions for seed germination and seedling recruitment (Enright et al., 1998). Other axes of fire disturbance gradients such as fire intensity and fire seasonality can also influence selection and generate landscape mosaics promoting diversity and diversification in the longer term (Heelemann et al., 2008; Mucina and Wardell-Johnson, 2011).

The expanding shrublands of MTC regions in the Miocene offered new habitats for colonization from a regional species pool for taxa with the ability to persist under novel conditions of climate, infertile soils, and intensified fire compared with those of open woodlands (Figure 2). Consistent with this persistence hypothesis is the breadth of independent lineages in disparate plant families that already possessed or developed key life-history strategies to cope with fire (Keeley et al., 2012; Lamont and He, 2017b). This pattern is in contrast to that present in the early Cenozoic lineages of southwestern Australia and the Cape Region (Crisp et al., 2009) and allowed for open recruitment from adjacent biomes. The assembly of a flora from a regional species pool across a permeable habitat boundary is parallel to that hypothesized for the diversification of the Brazilian cerrado from non-fire-prone ancestors in response to savanna expansion and a changing fire regime (Simon et al., 2009; Simon and Pennington, 2012). This contrasts with the Cape Region and southwestern Australia where the ancestors to the lineages diversifying in response to MTC environments were already fire-prone but with less intense fire (He et al., 2016; Lamont and He, 2017b).
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FIGURE 2. Evolutionary diversification of Mediterranean-region floras stimulated by the onset of a Mediterranean-type climate (MTC) with a crown fire regime in the Miocene, and enhanced by niche differentiation continuing through the Pliocene and Pleistocene. Niche drawing by Brews ohare; woolly mammoth by Max Pixel.



PERSISTENCE IN A FIRE-PRONE ENVIRONMENT

Selection for persistence in response to fire as a key causal factor for species diversification in MTC regions has historically been under-appreciated or even ignored in its significance (Raven and Axelrod, 1978). However, the mechanisms for fire-driven speciation are widespread and may include both directional (novel traits) and stabilizing selection (retained traits) for adaptive morphological and life-history traits (Schnitzler et al., 2011; Keeley et al., 2012; Ellis et al., 2014; Enright et al., 2014; Lamont and He, 2017a). There is compelling evidence that fire has played a significant role in impacting the evolution of vascular plants during the Cenozoic (Lamont and He, 2017b). There is also strong evidence based on trait assignments to dated molecular phylogenies to show when fire became sufficiently extensive and recurrent to select for fire-related traits, in ancient lineages such as pines and Banksia (Proteaceae), confirming their fire-adapted status (Crisp et al., 2011; He et al., 2011, 2012). This evolutionary pressure can be seen in an array of adaptive traits in fire-prone environments that select for plant persistence. Thus, such traits may confer superior fitness, whether as adaptations or rarely as exaptations in the presence of a particular fire regime (Keeley et al., 2011; Mucina and Wardell-Johnson, 2011; Enright et al., 2014; but see Bradshaw et al., 2011 for a contrary view), and become genetically fixed through time (Paula et al., 2009; Lamont and He, 2017a). There are numerous examples of adaptive traits for fire persistence: (1) fire-resistant tissues in the form of thick bark and self-pruning of dead branches for trees; (2) high water content in succulent tissues; (3) belowground location of meristematic tissues followed by post-fire resprouting; (4) regeneration from soil-stored heat-resistant seeds; (5) serotiny with canopy seed storage and fire-stimulated seed release); and (6) fire-stimulated flowering (Table 1). Each of these forms of fire persistence is additionally influenced by the nature of the fire regime, in particular the frequency, seasonality, patch size, and intensity of fires (Mucina and Wardell-Johnson, 2011; Keeley et al., 2012). Some of these traits are discussed in the context of MTCs below.

Shrublands and heathlands dominate all MTC regions and have a crown-fire regime where intense fires sweep across broad landscapes scorching aboveground biomass. The dichotomy of resprouters and obligate seeders, whose parent plants are killed by fire, can be seen in many lineages of sclerophyllous shrubs in MTC regions (Pausas et al., 2004). Resprouters with fire-independent seedling recruitment survive fires as genetic individuals, replacing aboveground tissues structures by resprouting from insulated belowground meristems (Clarke et al., 2013; Pausas et al., 2018). In contrast, obligate seeders are killed by fire and their populations are reestablished by a new generation recruiting from soil- or canopy-stored seeds (Enright et al., 2007). Resprouting is promoted by conditions that do not favor recruitment or seed availability and is common when fires are exceptionally frequent, stochastic, or rare (Lamont et al., 2011; Cowling et al., 2018), while obligate seeding is promoted by moderate intervals of relatively high intensity fires within the lifespan of the species (Pausas and Keeley, 2014). Nevertheless, many fire regimes accommodate both fire-response types and their co-existence is common (Groeneveld et al., 2013; Vilagrosa et al., 2014). In central Chile, many woody species resprout well after anthropogenic fires (Donoso Zegers, 2006; Gómez-González et al., 2017), possibly reflecting an Oligocene or early Miocene history when their lineages would have been subject to more frequent fire before the uplift of the Andes.

One interesting dichotomy among obligate seeders lies in the formation of persistent soil banks versus canopy seed pools. A key difference between soil-storage and canopy-storage strategies is resilience to unpredictable fire cycles. Canopy seed storage becomes much less adaptive than soil-storage when the mean fire interval exceeds the lifespan of the parent plant (Lamont et al., 1991; Enright et al., 1998; Lamont and Enright, 2000; Keeley et al., 2012) or when it is shorter than the maturity age (Pausas and Keeley, 2014). Potential lifetime reproductive output is another important aspect of seed storage. Canopy seed storage is limited by determinant growth patterns that restrict lifetime seed accumulation to the available canopy space, whereas seed output is potentially much greater among species that produce seeds for soil-storage. At the generic level, canopy seed storage is common in southwestern Australia and the Cape Region, but uncommon in the Mediterranean Basin and California and virtually absent in central Chile. In central Chile, where serotiny has not developed, soil seed storage in woody plants is transient or short but is longer in some Fabaceae and Rhamnaceae with hard seed coats (Figueroa and Jaksic, 2004; Donoso Zegers, 2006; Gómez-González et al., 2017). Indeed, some evergreen tree species in the MTC area of Chile are known to have recalcitrant seeds (Donoso Zegers, 2006).

It has been hypothesized that the low-fertility soils of southwestern Australia and the Cape Region may have selected against soil-storage in favor of aerial storage because in such ecosystems high-nutrient seeds are subject to more intense predation when exposed on the soil surface (Keeley et al., 2011), or because the protracted time for maturation in the fruit enables limiting mineral nutrients to accumulate in the seed (Milberg and Lamont, 1997; Lamont and Groom, 2002). Alternatively, Cowling et al. (2005) showed that these two regions have the most reliable winter rains and that this is conducive to the evolution of on-plant seed storage and fire-stimulated seed release as this is more likely to lead to successful recruitment after all fires.

Obligate seeders with soil-storage disperse seeds in time as well as in space (Keeley et al., 2012) and thus most exhibit relatively unspecialized dispersal mechanisms. Capsules with numerous seeds unspecialized for dispersal are common in the five MTC regions. Exceptions are those species that exhibit myrmecochorous traits that confer a dispersal syndrome characterized by specialized seeds that attract ant dispersers. There is a pronounced difference in the degree of myrmecochory present in the five MTC regions (Table 1). The oligotrophic soils in the Cape fynbos and southwestern Australia kwongan are home to literally thousands of species that disperse seeds by ants (Bond and Slingsby, 1983; Lengyel et al., 2010). Although myrmecochorous traits are present in the other three MTC regions, these are rare and the total number of species in all of the other regions combined is an order of magnitude lower than in either fynbos or kwongan (Beattie and Hughes, 2002). The connection between myrmecochory and poor soils is inescapable, even within regions (Milewski and Bond, 1982; Cowling et al., 1994b), and provides a dramatic example of evolutionary convergence (Lengyel et al., 2010). Seed dispersal and burial in open sites reduces the incidence of granivory and incineration during the passage of fire (Auld and Bradstock, 1996), as well as disperses and buries seeds in open sites at a relatively inexpensive carbon cost of the “reward” (Keeley et al., 2012). Recent evidence from southwestern Australia indicates that vertebrates, such as emus and kangaroos, may also be attracted to the aril-bearing seeds and can transport them for several kilometers by contrast with the few meters by ants (Calviño-Cancela et al., 2008; He et al., 2009).

Beyond the iconic evergreen sclerophyllous shrublands and heathlands that form ecologically dominant assemblages across all five MTC regions, there are other woody and herbaceous growth forms that possess effective strategies of fire persistence. Geophytes are an important part of the post-fire flora in all MTC ecosystems, but are particularly prominent in the Cape Region and southwestern Australia. There is good reason to think of these taxa as presenting exaptations to fire as their primary response is to resprout seasonally from bulbs, corms and other underground parts (Keeley et al., 2012; Pausas et al., 2018), and this post-fire response is similar to their post-drought resprouting during the winter rainy season. Many geophytes in the MTC regions have fire-stimulated flowering. Some of these species are fine-tuned to only flower after fire and thus appear to be true fire adaptations (Lamont and Downes, 2011), but many other geophytes resprout and flower under a range of conditions, not only in response to fire. Burchardia umbellata (Colchicaceae), arising 11 million years ago, is of particular interest for not only does it have obligate pyrogenic flowering but it possesses MTC-restricted populations that have obligate summer dormancy (Lamont and He, 2017b).

Much of the species richness of the younger and dynamic landscapes of the Mediterranean Basin and California is formed by diverse clades of annual plants that have adapted well to the cool wet winters and dry summers. Many of these species have deeply dormant seeds with strict dependence on smoke to stimulate germination (Brown, 1993; Dixon et al., 1995; Keeley and Bond, 1997). There is good evidence that this trait evolved through convergence across several of the MTC regions (Keeley and Pausas, 2018). Annuals are less important in central Chile compared with California (Arroyo et al., 1995) and have largely evolved without the influence of fire.

In central Chile, some native herbaceous species clades have the potential to form persistent seed banks with annual species capable of persisting in the soil for longer than perennial species (Arroyo et al., 2006). The existence of an abundant but fairly short-lived herbaceous soil seed bank is typical (Figueroa and Jaksic, 2004; Gómez-González et al., 2011a). Native annual richness and abundance, with some exceptions, tends to be depressed by high- but not by low-intensity litter burning (Gómez-González and Cavieres, 2009; Gómez-González et al., 2011b). Smoke- and heat-stimulated seed germination occurs in some herbaceous species in central Chile (Figueroa et al., 2009; Gómez-González et al., 2011b; Figueroa and Cavieres, 2012), but the majority of species are fire-intolerant, with an increasing number negatively affected as fires become more intense (Gómez-González and Cavieres, 2009). Smoke- and heat-stimulated germination are present in less than a quarter and one-third of woody species in central Chile, respectively, but are mostly limited to colonizers (Muñoz and Fuentes, 1989; Gómez-González et al., 2008, 2017); however, close to half of all woody species are negatively affected and heat tolerance is far less evident than in herbaceous species (see also Table 1 for a comparison of the incidence of fire-response traits for central Chile and among MTC shrublands).

EVOLUTIONARY IMPLICATIONS FOR RESPROUTERS AND OBLIGATE SEEDERS

Because obligate seeders often have shorter generation times than resprouters, this life-history trait could impact on the evolution of these adaptive strategies at both microevolutionary (Verdú and Pausas, 2007; Segarra-Moragues and Ojeda, 2010) and macroevolutionary scales (Bond and Midgley, 2001; He et al., 2011, 2012). Indeed, generation time has been shown to be negatively correlated with molecular substitution rates in angiosperms (Smith and Donoghue, 2008), allowing shorter-lived species to explore a wider environmental space than longer-lived species (Smith and Beaulieu, 2009). This may be one of the reasons for a higher proportion of annual species in the three tectonically active MTC regions than in non-MTC temperate shrublands. It may be significant that the proportion of annual species in the central Chilean flora is much lower than in California (Arroyo et al., 1995). However, there are also potential adaptive advantages associated with resprouters as repositories of past genetic innovations. Obligate seeding species subject their gene pool to intense selection because each fire results in a new generation. Thus, the characteristics of individuals that are selected by circumstances associated with one fire regime may not be subsequently selected if the environment changes, with the rate of change significant.

When Wells (1969) drew attention to the dichotomy of obligate seeders and resprouters, he argued that the obligate seeding strategy leads to much greater rates of speciation. Attempts have been made to understand the relative diversification rates of obligate seeders vs. resprouters (Bond and Midgley, 2001; Lamont and Wiens, 2003; Verdú and Pausas, 2007; Boatwright et al., 2008; Litsios et al., 2014). However, the results are inconclusive because in many of these comparisons the resprouters were also facultative seeders, and thus did not represent a good test of obligate seeding vs. obligate resprouting (Keeley et al., 2012) and because of confounding by the high evolutionary lability between the two fire-response types (He et al., 2011). When studying the whole community rather than a single lineage, there is evidence for the Mediterranean Basin flora of higher speciation rates of lineages associated with the seeder life-history than those lineages associated with obligate resprouting (Verdú and Pausas, 2013; Vargas et al., 2018).

Recent studies of the Restionaceae, an ecologically important group in oligotrophic heathlands of the southern regions of the African and Australian continents (Linder, 2003; Linder et al., 2003), provide an interesting insight into this question. Obligate seeders have diversified faster than resprouters in the Cape Region, but not in southwestern Australia, possibly reflecting a difference in the landscape heterogeneity of the two regions (Litsios et al., 2014). Complicating any simple conclusion, however, is the history of greater fire activity in southwestern Australia extending over 100 million years (Lamont et al., 1985; He et al., 2016). Speciation has hypothetically proceeded more rapidly in the obligate seeder lineages of the Cape Region because of the topographic and climatic mosaics across the landscape. However, collation of many adaptive traits for 40 genera in the flora of the Mediterranean Basin has shown that the diversification of seeders there can be attributed to fire-stimulated germination of their soil-stored seeds and that altitudinal variation is irrelevant (López-Villalta, 2014). Rapid shifts between the fire-response traits of obligate seeding and resprouting rather than differential amounts of extinction counterbalance this greater rate of speciation, resulting in a relatively even balance between the two fire-response traits, except for the Cape Region where obligate seeders have speciated more profusely than resprouters in most endemic clades (Keeley et al., 2012).

MUSEUMS OR NURSERIES?

Timing of diversification is crucial to understand the origin and evolution of plant diversity in any biodiversity hotspot such as the five MTC regions. Paleobotanical and phylogenetic evidence help elucidate whether accumulation of either ‘ancient clades’ (museum hypothesis) or ‘new differentiation’ (nursery hypothesis) better account for the levels of diversity observed (Rabosky and Hurlbert, 2015). In other words, can the plant diversity of the five MTC regions today be explained by a museum hypothesis of accumulated ancient lineages or better by a nursery hypothesis with rapid evolutionary diversification of young lineages influenced by fire? The answer to this question is complex. There are two main components to consider: phylogenetic differentiation and the evolution or adoption of morphological and life-history traits involved in persistence in a fire-prone environment. For a given species richness the museum hypothesis can produce higher phylogenetic diversity than the nursery hypothesis if numerous paleo-endemic elements are present. A mutually non-exclusive hypothesis—i.e., occurrence of spatio-ecological limits—has to be considered to evaluate whether all MTC regions have reached their limit in carrying capacity because of ecological and spatial constraints to diversity (Rabosky and Hurlbert, 2015).

Consistent with the museum hypothesis, a number of species-rich lineages in southwestern Australia and the Cape Region, most notably in the Proteaceae, Myrtaceae and Haemodoraceae, have ancient origins that proceeded under the influence of fire well before the development of MTCs (Crisp et al., 2011; He et al., 2016; Lamont and He, 2017b). Gradual diversification in fire-prone environments through the Cenozoic, associated with low rates of extinction, has had an impact in influencing the assembly of modern levels of species richness for many lineages in these two regions (Verboom et al., 2009; Cowling et al., 2014). Nevertheless there have been high rates of diversification in many lineages since the onset of a MTC in the Miocene. It is interesting to compare patterns of diversity in fynbos clades between the western Cape with a classic MTC regime and the eastern Cape with aseasonal rainfall. Species diversification in fynbos clades has been much higher in the former (Forest et al., 2018).

In contrast, the climatically unstable Mediterranean Basin has offered fewer opportunities for diversity accumulation in the long term, but it is a hotspot of recent rapid speciation (Valente and Vargas, 2013). Nevertheless, Mediterranean lineages with species favored by the presence of fire include, on the one hand, ancient lineages such as the single species of the only taxonomic family (Drosophyllaceae) endemic to the Mediterranean Basin, and on the other hand, young lineages such as the monotypic genus Pseudomisopates (Plantaginaceae) (Gómez-González et al., 2018; Vargas et al., 2018). Parallel examples of old, poorly diversified woody lineages can be seen in central Chile (Rundel et al., 2016).

There are prominent paleo-endemic lineages of woody plants in all five MTC regions whose ancestry dates back to the Oligocene or earlier. Examples for California include a number of isolated chaparral lineages such as Pickeringia (Fabaceae), Adenostoma (Rosaceae), Cneoridium (Rutaceae), Malosma (Anacardiaceae), and Bergerocactus (Cactaceae) (Baldwin, 2014), that are well adapted to their fire-prone environment. Although a few of these lineages remain ecologically significant today, they have not diversified and contribute little to overall floristic richness at the species level (Lancaster and Kay, 2013). However, these paleo-endemics do provide a contribution to the phylogenetic diversity of each region.

To assess the nursery hypothesis, it is necessary to ask if rates of diversification today and in the past have been unusually high in the MTC regions and how fire regimes may have influenced this diversification (Figure 2). Despite the overall species richness of these regions, rates of net species diversification for most lineages are generally not remarkably high, at least in comparison with species-rich regions such as the páramo (Madriñán et al., 2013). Although a few individual MTC lineages have exhibited extremely high rates of Neogene diversification, as exemplified by Dianthus in the Mediterranean Basin (Valente et al., 2010a,b) and core Ruschioideae (Aizoaceae) in the Cape Region (Klak et al., 2004), richness cannot be explained overall by high diversification rates in the MTC regions as a whole. In the same manner, phylogenetic studies on lineages shared between MTC regions and elsewhere indicate that contrasting diversification rates do not explain differences in extant species richness (Hopper, 2009; Sauquet et al., 2009; Valente et al., 2011; Buerki et al., 2012; Valente and Vargas, 2013). The high diversity of Protea in the Cape Region, for example, has occurred because the clade has been in the Cape almost three times longer than in the adjacent savanna grasslands (Lamont et al., 2017). However, a diversification study at the community level for the Mediterranean Basin showed increased speciation with the hypothesized onset of the MTC and fire (Verdú and Pausas, 2013). Consistent with this is the recent study of 27 dated clades in the Mediterranean Basin showing that species-rich clades (with more species and higher diversification rates) tended to diversify later (post Miocene) than species poor clades (Vargas et al., 2018). Phylogenetic analyses of new comparative studies on diversification rates in subtropical and other temperate regions would be welcome.

Spatio-ecological limits to diversification have been explored in the Cape Region and Mediterranean Basin. An indirect way of investigating the existence of diversity limits is by testing the relationship between clade age and species diversity. If the diversity in a region depends significantly on the diversity carrying capacity/ecological limits for that area, then there should be no relationship between clade age and diversity (Rabosky and Hurlbert, 2015). There is no such relationship for plant clades of the Mediterranean Basin (Valente and Vargas, 2013). In contrast, there is a complex relationship between clade age and richness in the Cape Region. There is evidence of saturation for some clades in the mountains, but in the lowlands, where there have been many more ecological opportunities for speciation since the Miocene; many clades are still radiating rapidly and do not appear to have reached a diversity limit (Valente and Vargas, 2013; Cowling et al., 2017). The same approach has been applied for some lineages of the southwestern Australia flora, where indications of limits to ecological diversity were found (Cook et al., 2015). Spatio-ecological limits need to be tested for the other MTC regions and for lineages including species adapted to fire that may or may not have reached diversity carrying capacity (i.e., a diversity limit).

Both the museum and nursery hypotheses have important relevance in explaining species richness of the MTC floras, with fire as a strong stimulant for diversification in a manner not present in other temperate ecosystems where fire seasonality and regimes differ (Murphy et al., 2013). The Mediterranean Basin, California, and central Chile are seen as nurseries for strong rates of Neogene diversification, while the older landscapes of southwestern Australia and the Cape Region show significant components of both Paleogene and younger Neogene speciation in their diversity. Low rates of extinction suggesting a long association with fire more than high rates of speciation have been key to the extant levels of species richness.

AUTHOR CONTRIBUTIONS

The authors represent a collaborative group of colleagues who jointly conceived, designed the research, and carried out the project. PR took the lead on writing and all coauthors participated in editing resulting drafts.

FUNDING

We acknowledge the following funding support: United States National Science Foundation (PR); CONICYT PFB-23 (MA); the National Research Foundation, South Africa (RC); the United States Geological Survey (JK); long-term support from the Australian Research Council (BL); and the Spanish Ministry of Economy (PV and JP).

ACKNOWLEDGMENTS

We thank numerous colleagues for their insight and helpful discussions that made this review possible.

REFERENCES

Arroyo, M. K. (2018). “Case study 6: central Chile compared to California: the enigma of the Chilean Mediterranean-type climate flora,” in The Biology of Mediterranean-Type Ecosystems, eds K. J. Esler, A. Jacobsen, and R. B. Pratt (Oxford: Oxford University Press), 85–86.

Arroyo, M. T. K., Cavieres, L., Marticorena, C., and Muñoz-Schick, M. (1995). “Convergence in the Mediterranean floras in central Chile and California: insights from comparative biogeography,” in Ecology and Biogeography of Mediterranean Ecosystems in Chile, California, and Australia, eds M. T. Arroyo, P. H. Zedler, and M. D. Fox (New York, NY: Springer), 43–88.

Arroyo, M. T. K., Chacon, P., and Cavieres, L. A. (2006). Relationship between seed bank expression, adult longevity and aridity in species of Chaetanthera (Asteraceae) in central Chile. Ann. Bot. 98, 591–600. doi: 10.1093/aob/mcl134

Auld, T. D., and Bradstock, R. A. (1996). Soil temperatures after the passage of a fire: do they influence the germination of buried seeds? Aust. J. Ecol. 21, 106–109. doi: 10.1111/j.1442-9993.1996.tb00589.x

Baldwin, B. G. (2014). Origins of plant diversity in the California Floristic Province. Annu. Rev. Ecol. Evol. Syst. 45, 347–369. doi: 10.1111/evo.12016

Beattie, A. J., and Hughes, L. (2002). “Ant–plant interactions,” in Plant–Animal Interactions: An Evolutionary Approach, eds C. M. Herrera and O. Pellmyr (London: Blackwell), 211–235.

Boatwright, J. S., Savolainen, V., Van Wyk, B. E., Schutte-Vlok, A. L., Forest, F., and van der Bank, M. (2008). Systematic position of the anomalous genus Cadia and the phylogeny of the tribe Podalyrieae (Fabaceae). Syst. Bot. 33, 133–147. doi: 10.1600/036364408783887500

Bond, W. J., and Midgley, J. J. (2001). Ecology of sprouting in woody plants: the persistence niche. Trends Ecol. Evol. 16, 45–51. doi: 10.1016/S0169-5347(00)02033-4

Bond, W. J., and Slingsby, P. (1983). Seed dispersal by ants in shrublands of the Cape Province and its evolutionary implications. S. Afr. J. Sci. 79, 231–233.

Bond, W. J., Woodward, F. I., and Midgley, G. F. (2005). The global distribution of ecosystems in a world without fire. New Phytol. 165, 525–538. doi: 10.1111/j.1469-8137.2004.01252.x

Bowman, D. M., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., Cochrane, M. A., et al. (2009). Fire in the Earth system. Science 324, 481–484. doi: 10.1126/science.1163886

Bradshaw, S. D., Dixon, K. W., Hopper, S. D., Lambers, H., and Turner, S. R. (2011). Little evidence for fire-adapted plant traits in Mediterranean climate regions. Trends Plant Sci. 16, 69–76. doi: 10.1016/j.tplants.2010.10.007

Brown, N. A. C. (1993). Seed germination in the fynbos fire ephemeral, Syncarpha vestita (L) B-Nord is promoted by smoke, aqueous extracts of smoke and charred wood derived from burning the ericoid-leaved shrub, Passerina vulgaris Thoday. Int. J. Wildland Fire 3, 203–206. doi: 10.1071/WF9930203

Brown, S. A. E., Scott, A. C., Glasspool, I. J., and Collinson, M. E. (2012). Cretaceous wildfires and their impact on the Earth system. Cretac. Res. 36, 162–190. doi: 10.1016/j.cretres.2012.02.008

Buerki, S., Jose, S., Yadav, S. R., Goldblatt, P., Manning, J. C., and Forest, F. (2012). Contrasting biogeographic and diversification patterns in two Mediterranean-type ecosystems. PLoS One 7:e39377. doi: 10.1371/journal.pone.0039377

Byrne, M., and Hopper, S. D. (2008). Granite outcrops as ancient islands in old landscapes: evidence from the phylogeography and population genetics of Eucalyptus caesia (Myrtaceae) in Western Australia. Biol. J. Linn. Soc. 93, 177–188. doi: 10.1111/j.1095-8312.2007.00946.x

Cacho, N. I., and Strauss, S. Y. (2014). Occupation of bare habitats, an evolutionary precursor to soil specialization in plants. Proc. Natl. Acad. Sci. U.S.A. 111, 15132–15137. doi: 10.1073/pnas.1409242111

Calviño-Cancela, M., He, T., and Lamont, B. B. (2008). Distribution of myrmecochorous species over the landscape and their potential long-distance dispersal by emus and kangaroos. Divers. Distrib. 14, 11–17. doi: 10.1111/j.1472-4642.2007.00402.x

Cardillo, M., Orme, C. D. L., and Owens, I. P. (2005). Testing for latitudinal bias in diversification rates: an example using New World birds. Ecology 86, 2278–2287. doi: 10.1890/05-0112

Clarke, P. J., Lawes, M. J., Midgley, J. J., Lamont, B. B., Ojeda, F., Burrows, G. E., et al. (2013). Resprouting as a key functional trait: how buds, protection and resources drive persistence after fire. New Phytol. 197, 19–35. doi: 10.1111/nph.12001

Cook, L. G., Hardy, N. B., and Crisp, M. D. (2015). Three explanations for biodiversity hotspots: small range size, geographical overlap and time for species accumulation. An Australian case study. New Phytol. 207, 390–400. doi: 10.1111/nph.13199

Cowling, R. M. (1987). Fire and its role in coexistence and speciation in Gondwanan shrublands. S. Afr. J. Sci. 83, 106–111.

Cowling, R. M., Bradshaw, P. L., Colville, J. F., and Forest, F. (2017). Levyns’ Law: explaining the evolution of a remarkable longitudinal gradient in Cape plant diversity. Trans. R. Soc. S. Afr. 72, 184–201. doi: 10.1080/0035919X.2016.1274277

Cowling, R. M., Gallien, L., Richardson, D. M., and Ojeda, F. (2018). What predicts the richness of seeder and resprouter species in fire-prone Cape fynbos: rainfall reliability or vegetation density? Austral Ecol. doi: 10.1111/aec.12606

Cowling, R. M., Ojeda, F., Lamont, B. B., Rundel, P. W., and Lechmere-Oertel, R. (2005). Rainfall reliability, a neglected factor in explaining convergence and divergence of plant traits in fire-prone Mediterranean-climate ecosystems. Glob. Ecol. Biogeogr. 14, 509–519. doi: 10.1111/j.1466-822X.2005.00166.x

Cowling, R. M., Pierce, S. M., Stock, W. D., and Cocks, M. (1994a). “Why are there so many myrmecochorous species in Cape fynbos?,” in Plant-Animal Interactions in Mediterranean-Type Ecosystems, eds M. Arianoutsou and R. M. Groves (Dordrecht: Kluwer).

Cowling, R. M., Potts, A. J., Bradshaw, P., Colville, J., Arianoutsou, M., Ferrier, S., et al. (2014). Variation in plant diversity in Mediterranean climate ecosystems: the role of climatic and topographical stability. J. Biogeogr. 42, 552–564. doi: 10.1111/jbi.12429

Cowling, R. M., Rundel, P. W., Lamont, B. B., Arroyo, M. K., and Arianoutsou, M. (1996). Plant diversity in mediterranean-climate regions. Trends Ecol. Evol. 11, 362–366. doi: 10.1016/0169-5347(96)10044-6

Cowling, R. M., Witkowski, E. T. F., Milewski, A. V., and Newbey, K. R. (1994b). Taxonomic, edaphic and biological aspects of narrow plant endemism on matched sites in Mediterranean South Africa and Australia. J. Biogeogr. 21, 651–664. doi: 10.2307/2846038

Crisp, M. D., Arroyo, M. T., Cook, L. G., Gandolfo, M. A., Jordan, G. J., McGlone, M. S., et al. (2009). Phylogenetic biome conservatism on a global scale. Nature 458, 754–756. doi: 10.1038/nature07764

Crisp, M. D., Burrows, G. E., Cook, L. G., Thornhill, A. H., and Bowman, D. M. (2011). Flammable biomes dominated by eucalypts originated at the Cretaceous-Palaeogene boundary. Nat. Commun. 2:193. doi: 10.1038/ncomms1191

Dixon, K. W., Roche, S., and Pate, J. S. (1995). The promotive effect of smoke derived from burnt native vegetation on seed germination of Western Australian plants. Oecologia 101, 185–192. doi: 10.1007/BF00317282

Donoghue, M. J. (2008). A phylogenetic perspective on the distribution of plant diversity. Proc. Natl. Acad. Sci. U.S.A. 105(Suppl. 1), 11549–11555. doi: 10.1073/pnas.0801962105

Donoso Zegers, C. (ed.). (2006). Las Especies Arbóreas de los Bosques Templados de Chile y Argentina. Autoecología. Valdivia: Maria Cuneo Ediciones, 678.

Dynesius, M., and Jansson, R. (2000). Evolutionary consequences of changes in species’ geographical distributions driven by Milankovitch climate oscillations. Proc. Natl. Acad. Sci. U.S.A. 97, 9115–9120. doi: 10.1073/pnas.97.16.9115

Ellis, A. G., Verboom, G. A., Van der Niet, T., Johnson, S. D., and Linder, H. P. (2014). “Speciation and extinction in the greater Cape Floristic Region,” in Fynbos: Ecology, Evolution and Conservation of a Megadiverse Region, eds N. Allsopp, J. F. Colville, and G. A. Verboom (Oxford: Oxford University Press), 119–141.

Enright, N. J., Fontaine, J. B., Lamont, B. B., Miller, B. P., and Westcott, V. C. (2014). Resistance and resilience to changing climate and fire regime depend on plant functional traits. J. Ecol. 102, 1572–1581. doi: 10.1111/1365-2745.12306

Enright, N. J., Marsula, R., Lamont, B. B., and Wissel, C. (1998). The ecological significance of canopy seed storage in fire-prone environments: a model for non-sprouting shrubs. J. Ecol. 86, 946–959. doi: 10.1046/j.1365-2745.1998.00312.x

Enright, N. J., Mosner, E., Miller, B. P., Johnson, N., and Lamont, B. B. (2007). Soil versus canopy seed storage and plant species coexistence in species-rich shrublands of southwestern Australia. Ecology 88, 2292–2304. doi: 10.1890/06-1343.1

Erwin, D. H. (2009). Climate as a driver of evolutionary change. Curr. Biol. 19, R575–R583. doi: 10.1016/j.cub.2009.05.047

Figueroa, F. A., and Cavieres, L. A. (2012). The effect of heat and smoke on the emergence of exotic and native seedlings in a Mediterranean fire-free matorral of central Chile. Rev. Chil. Hist. Nat. 85, 101–111. doi: 10.4067/S0716-078X2012000100008

Figueroa, F. A., Cavieres, L. A., Gómez-González, S., Molina Montenegro, M., and Jaksic, F. M. (2009). Do heat and smoke increase emergence of exotic and native plants in the matorral of central Chile? Acta Ecol. 35, 335–340. doi: 10.1016/j.actao.2008.12.004

Figueroa, J. A., and Jaksic, J. M. (2004). Seed bank and dormancy in plants of the Mediterranean region of central Chile. Rev. Chil. Hist. Nat. 77, 201–215.

Forest, F., Colville, J. F., and Cowling, R. M. (2018). “Evolutionary diversity patterns in the Cape flora of South Africa,” in Phylogenetic Diversity: Applications and Challenges in Biodiversity Science, eds R. Scherson and D. P. Faith (Berlin: Springer Verlag).

Francis, A. P., and Currie, D. J. (2003). A globally consistent richness-climate relationship for angiosperms. Am. Nat. 161, 523–536. doi: 10.1086/368223

Gómez-González, S., and Cavieres, L. A. (2009). Litter burning does not equally affect seedling emergence of native and alien species of the Mediterranean-type Chilean matorral. Int. J. Wildland Fire 18, 213–221. doi: 10.1071/WF07074

Gómez-González, S., Paniw, M., Antunes, K., and Ojeda, F. (2018). Heat shock and plant leachates regulate seed germination of the endangered carnivorous plant Drosophyllum lusitanicum. Web Ecol. 18, 7–13. doi: 10.5194/we-18-7-2018

Gómez-González, S., Paula, S., Cavieres, L. A., and Pausas, J. G. (2017). Postfire responses of the woody flora of Central Chile: insights from a germination experiment. PLoS One 12:e0180661. doi: 10.1371/journal.pone.0180661

Gómez-González, S., Sierra-Almeida, A., and Cavieres, L. A. (2008). Does plant-derived smoke affect seed germination in dominant woody species of the mediterranean matorral of central Chile? For. Ecol. Manage. 255, 1510–1515. doi: 10.1016/j.foreco.2007.11.006

Gómez-González, S., Torres-Díaz, C., and Gianolo, E. (2011a). The effects of fire-related cues on seed germination and viability of Helenium aromaticum (Hook.) H.L. Bailey (Asteraceae). Gayana Bot. 68, 86–88. doi: 10.1124/dmd.113.054056

Gómez-González, S., Torres-Díaz, C., Valencia, G., Torres-Morales, P., Cavieres, L. A., and Pausas, J. G. (2011b). Anthropogenic fires increase alien and native species in the Chilean coastal matorral. Divers. Distrib. 17, 58–67. doi: 10.1111/j.1472-4642.2010.00728.x

Groeneveld, J., Enright, N. J., Lamont, B. B., Reineking, B., Frank, K., and Perry, G. L. W. (2013). Species-specific traits plus stabilizing processes best explain coexistence in biodiverse fire-prone plant communities. PLoS One 8:e65084. doi: 10.1371/journal.pone.0065084

Groom, P. K., and Lamont, B. B. (eds). (2015). “Specialised nutrient uptake mechanisms,” in Plant Life of Southwestern Australia: Adaptations for Survival (Warsaw: De Gruyter Open), 91–108.

Guzmán, B., Lledó, M. D., and Vargas, P. (2009). Adaptive radiation in mediterranean Cistus (Cistaceae). PLoS One 4:e6362. doi: 10.1371/journal.pone.0006362

Harrison, S., and Noss, R. (2017). Endemism hotspots are linked to stable climatic refugia. Ann. Bot. 119, 207–214. doi: 10.1093/aob/mcw248

Harrison, S., Safford, H. D., Grace, J. B., Viers, J. H., and Davies, K. F. (2006). Regional and local species richness in an insular environment: serpentine plants in California. Ecol. Monogr. 76, 41–56. doi: 10.1890/05-0910

He, T., and Lamont, B. B. (2017). Baptism by fire: the pivotal role of ancient conflagrations in evolution of the Earth’s flora. Nat. Sci. Rev. 5, 237–254. doi: 10.1093/nsr/nwx041

He, T., Lamont, B. B., and Downes, K. S. (2011). Banksia born to burn. New Phytol. 191, 184–196. doi: 10.1111/j.1469-8137.2011.03663.x

He, T., Lamont, B. B., Krauss, S. L., Enright, N. J., Miller, B. P., and Gove, A. D. (2009). Ants cannot account for inter-population dispersal of the arillate pea Daviesia triflora. New Phytol. 181, 725–733. doi: 10.1111/j.1469-8137.2008.02686.x

He, T., Lamont, B. B., and Manning, J. A. (2016). A Cretaceous origin for fire adaptations in the Cape flora. Sci. Rep. 6:34880. doi: 10.1038/srep34880

He, T., Pausas, J. G., Belcher, C. M., Schwilk, D. W., and Lamont, B. B. (2012). Fire-adapted traits of Pinus arose in the fiery Cretaceous. New Phytol. 194, 751–759. doi: 10.1111/j.1469-8137.2012.04079.x

Heelemann, S., Proches, S., Rebelo, A. G., Van Wilgen, B. W., Porembski, S., and Cowling, R. M. (2008). Fire season effects on the recruitment of non-sprouting serotinous Proteaceae in the eastern (bimodal-rainfall) fynbos biome, South Africa. Austral Ecol. 33, 119–127. doi: 10.1111/j.1442-9993.2007.01797.x

Heibl, C., and Renner, S. S. (2012). Distribution models and a dated phylogeny for Chilean Oxalis species reveal occupation of new habitats by different lineages, not rapid adaptive radiation. Syst. Biol. 61, 823–834. doi: 10.1093/sysbio/sys034

Hillebrand, H. (2004). On the generality of the latitudinal diversity gradient. Am. Nat. 163, 192–211. doi: 10.1086/381004

Hopper, S. D. (2009). OCBIL theory: towards an integrated understanding of the evolution, ecology and conservation of biodiversity on old-climatically buffered, infertile landscapes. Plant Soil 322, 49–86. doi: 10.1007/s11104-009-0068-0

Hopper, S. D., and Gioia, P. (2004). The southwest Australian floristic region: evolution and conservation of a global hot spot of biodiversity. Annu. Rev. Ecol. Evol. Syst. 35, 623–650. doi: 10.1146/annurev.ecolsys.35.112202.130201

Hughes, C. E. (2017). Are there many different routes to becoming a global biodiversity hotspot? Proc. Natl. Acad. Sci. U.S.A. 114, 4275–4277. doi: 10.1073/pnas.1703798114

Huston, M. A. (2014). Disturbance, productivity, and species diversity: empiricism vs. logic in ecological theory. Ecology 95, 2382–2396. doi: 10.1890/13-1397.1

Jansson, R. (2003). Global patterns in endemism explained by past climatic change. Proc. R. Soc. Lond. B Biol. Sci. 270, 583–590. doi: 10.1098/rspb.2002.2283

Jansson, R., and Davies, T. J. (2008). Global variation in diversification rates of flowering plants: energy vs. climate change. Ecol. Lett. 11, 173–183.

Jansson, R., and Dynesius, M. (2002). The fate of clades in a world of recurrent climatic change: Milankovitch oscillations and evolution. Annu. Rev. Ecol. Syst. 33, 741–777. doi: 10.1146/annurev.ecolsys.33.010802.150520

Jara-Arancio, P., Arroyo, M. T., Guerrero, P. C., Hinojosa, L. F., Arancio, G., and Méndez, M. A. (2014). Phylogenetic perspectives on biome shifts in Leucocoryne (Alliaceae) in relation to climatic niche evolution in western South America. J. Biogeogr. 41, 328–338. doi: 10.1111/jbi.12186

Keeley, J. E., and Bond, W. J. (1997). Convergent seed germination in South African fynbos and Californian chaparral. Plant Ecol. 133, 153–167. doi: 10.1023/A:1009748603202

Keeley, J. E., Bradstock, R. J., Bond, W. A., Pausas, J. G., and Rundel, P. W. (2012). Fire in Mediterranean Ecosystems: Ecology, Evolution and Management. Cambridge: Cambridge University Press, 515.

Keeley, J. E., and Pausas, J. G. (2018). Evolution of ‘smoke’ induced seed germination in pyroendemic plants. S. Afr. J. Bot. 115, 251–255. doi: 10.1016/j.sajb.2016.07.012

Keeley, J. E., Pausas, J. G., Rundel, P. W., Bond, W. J., and Bradstock, R. A. (2011). Fire as an evolutionary pressure shaping plant traits. Trends Plant Sci. 16, 406–411. doi: 10.1016/j.tplants.2011.04.002

Klak, C., Reeves, G., and Hedderson, T. (2004). Unmatched tempo of evolution in Southern African semi-desert ice plants. Nature 427, 63–65. doi: 10.1038/nature02243

Kozak, K. H., and Wiens, J. J. (2010). Accelerated rates of climatic-niche evolution underlie rapid species diversification. Ecol. Lett. 13, 1378–1389. doi: 10.1111/j.1461-0248.2010.01530.x

Laliberté, E., Lambers, H., Burgess, T. I., and Wright, S. J. (2015). Phosphorus limitation, soil-borne pathogens and the coexistence of plant species in hyperdiverse forests and shrublands. New Phytol. 206, 507–521. doi: 10.1111/nph.13203

Lambers, H., Bishop, J. G., Hopper, S. D., Laliberté, E., and Zúniga-Feest, A. (2012). Phosphorus-mobilization ecosystem engineering: the roles of cluster roots and carboxylate exudation in young P-limited ecosystems. Ann. Bot. 110, 329–348. doi: 10.1093/aob/mcs130

Lambers, H., Brundrett, M. C., Raven, J. A., and Hopper, S. D. (2010). Plant mineral nutrition in ancient landscapes: high plant species diversity on infertile soils is linked to functional diversity for nutritional strategies. Plant Soil 334, 11–31. doi: 10.1007/s11104-010-0444-9

Lamont, B. B. (1995). “Mineral nutrient relations in mediterranean regions of California, Chile and Australia,” in Ecology and Biogeography of Mediterranean Ecosystems in Chile, California and Australia, eds M. T. Arroyo, P. H. Zedler, and M. D. Fox (New York, NY: Springer Verlag), 211–235. doi: 10.1007/978-1-4612-2490-7_9

Lamont, B. B., Collins, B. G., and Cowling, R. M. (1985). Reproductive biology of the Proteaceae in Australia and southern Africa. Proc. Ecol. Soc. Aust. 14, 213–224. doi: 10.3732/ajb.1600232

Lamont, B. B., and Downes, K. S. (2011). Fire-stimulated flowering among resprouters and geophytes in Australia and South Africa. Plant Ecol. 212, 2111–2125. doi: 10.1007/s11258-011-9987-y

Lamont, B. B., and Enright, N. J. (2000). Adaptive advantages of aerial seed banks. Plant Species Biol. 15, 157–166. doi: 10.1046/j.1442-1984.2000.00036.x

Lamont, B. B., Enright, N. J., and He, T. (2011). Fitness and evolution of resprouters in relation to fire. Plant Ecol. 212, 1945–1957. doi: 10.1007/s11258-011-9982-3

Lamont, B. B., and Groom, P. K. (2002). Green cotyledons of two Hakea species control seedling mass and morphology by supplying mineral nutrients rather than organic compounds. New Phytol. 153, 101–110. doi: 10.1046/j.0028-646X.2001.00300.x

Lamont, B. B., and He, T. (2017a). Fire-proneness as a prerequisite for the evolution of fire-adapted traits. Trends Plant Sci. 22, 278–288. doi: 10.1016/j.tplants.2016.11.004

Lamont, B. B., and He, T. (2017b). When did a Mediterranean-type climate originate in southwestern Australia? Glob. Planet. Change 156, 46–58. doi: 10.1016/j.gloplacha.2017.08.004

Lamont, B. B., He, T., and Downes, K. S. (2013). Adaptive responses to directional trait selection in the Miocene enabled Cape proteas to colonize the savanna grasslands. Evol. Ecol. 27, 1099–1115. doi: 10.1007/s10682-013-9645-z

Lamont, B. B., He, T., and Lim, S. L. (2016). Hakea, the most world’s most sclerophyllous genus, arose in southwest Australian heathland and diversified throughout Australia over the last 12 million years. Aust. J. Bot. 64, 77–88. doi: 10.1071/BT15134

Lamont, B. B., He, T., and Pausas, J. G. (2017). African geoxyles evolved in response to fire, frost came later. Evol. Ecol. 31, 603–617. doi: 10.1007/s10682-017-9905-4

Lamont, B. B., Le Maitre, D. C., Cowling, R. M., and Enright, N. J. (1991). Canopy seed storage in woody plants. Bot. Rev. 57, 277–317. doi: 10.1007/BF02858770

Lamont, B. B., and Wiens, D. (2003). Are seed set and speciation rates always low among species that resprout after fire, and why? Evol. Ecol. 17, 277–292. doi: 10.1023/A:1025535223021

Lancaster, L. T., and Kay, K. M. (2013). Origin and diversification of the California flora: re-examining classic hypotheses with molecular phylogenies. Evolution 67, 1041–1054. doi: 10.1111/evo.12016

Lengyel, S., Gove, A. D., Latimer, A. M., Majer, J. D., and Dunn, R. R. (2010). Convergent evolution of seed dispersal by ants, and phylogeny and biogeography in flowering plants: a global survey. Perspect. Plant Ecol. Evol. Syst. 12, 43–55. doi: 10.1016/j.ppees.2009.08.001

Linder, H. P. (2003). The radiation of the Cape flora, southern Africa. Biol. Rev. Camb. Philos. Soc. 78, 597–638. doi: 10.1017/S1464793103006171

Linder, H. P., Eldenäs, P., and Briggs, B. G. (2003). Contrasting patterns of radiation in African and Australian Restionaceae. Evolution 57, 2688–2702. doi: 10.1111/j.0014-3820.2003.tb01513.x

Litsios, G., Wüest, R. O., Kostikova, A., Forest, F., Lexer, C., Linder, H. P., et al. (2014). Effects of a fire response trait on diversification in replicated radiations. Evolution 68, 453–465. doi: 10.1111/evo.12273

López-Villalta, J. S. (2014). Trait-driven vs. syndrome-driven diversification in the Mediterranean woody flora. Ecol. Mediterr. 40, 27–35. doi: 10.1111/evo.12049

Madriñán, S., Cortés, A. J., and Richardson, J. E. (2013). Páramo is the world’s fastest evolving and coolest biodiversity hotspot. Front. Genet. 4:192. doi: 10.3389/fgene.2013.00192

Médail, F., and Diadema, K. (2009). Glacial refugia influence plant diversity patterns in the Mediterranean Basin. J. Biogeogr. 36, 1333–1345. doi: 10.1111/j.1365-2699.2008.02051.x

Milberg, P., and Lamont, B. B. (1997). Seed/cotyledon size and nutrient content play a major role in early performance of species on nutrient-poor soils. New Phytol. 136, 665–672. doi: 10.1046/j.1469-8137.1997.00870.x

Milewski, A. V., and Bond, W. J. (1982). “Convergence of myrmecochory in mediterranean Australia and South Africa,” in Ant-Plant Interactions in Australia, ed. R. C. Buckley (Berlin: Springer), 89–98.

Mittelbach, G. G., Schemske, D. W., Cornell, H. V., Allen, A. P., Brown, J. M., Bush, M. B., et al. (2007). Evolution and the latitudinal diversity gradient: speciation, extinction and biogeography. Ecol. Lett. 10, 315–331. doi: 10.1111/j.1461-0248.2007.01020.x

Molina-Venegas, R., Aparicio, A., Lavergne, S., and Arroyo, J. (2016). Climatic and topographical correlates of plant palaeo-and neoendemism in a Mediterranean biodiversity hotspot. Ann. Bot. 119, 229–238. doi: 10.1093/aob/mcw093

Moritz, C., Patton, J. L., Schneider, C. J., and Smith, T. B. (2000). Diversification of rainforest faunas: an integrated molecular approach. Annu. Rev. Ecol. Syst. 31, 533–563. doi: 10.1146/annurev.ecolsys.31.1.533

Mucina, L., and Wardell-Johnson, G. W. (2011). Landscape age and soil fertility, climatic stability, and fire regime predictability: beyond the OCBIL framework. Plant Soil 341, 1–23. doi: 10.1007/s11104-011-0734-x

Muñoz, M. R., and Fuentes, E. R. (1989). Does fire induce shrub germination in the Chilean matorral? Oikos 65, 177–181.

Murphy, B. P., Bradstock, R. A., Boer, M. M., Carter, J., Cary, G. J., Cochrane, M. A., et al. (2013). Fire regimes of Australia: a pyrogeographic model system. J. Biogeogr. 40, 1048–1058. doi: 10.1111/jbi.12065

Myers, N., Mittermeier, R. A., Mittermeier, C. G., Da Fonseca, G. A., and Kent, J. (2000). Biodiversity hotspots for conservation priorities. Nature 403, 853–858. doi: 10.1038/35002501

O’Brien, E. M., Whittaker, R. J., and Field, R. (1998). Climate and woody plant diversity in southern Africa: relationships at species, genus and family levels. Ecography 21, 495–509. doi: 10.1111/j.1600-0587.1998.tb00441.x

Paula, S., Arianoutsou, M., Kazanis, D., Tavsanoglu, Ç, Lloret, F., Buhk, C., et al. (2009). Fire-related traits for plant species of the Mediterranean Basin. Ecology 90:1420. doi: 10.1007/s00442-011-2127-5

Pausas, J. G., Bradstock, R. A., Keith, D. A., and Keeley, J. E. (2004). Plant functional traits in relation to fire in crown-fire ecosystems. Ecology 85, 1085–1100. doi: 10.1890/02-4094

Pausas, J. G., and Keeley, J. E. (2009). A burning story: the role of fire in the history of life. BioScience 59, 593–601. doi: 10.1525/bio.2009.59.7.10

Pausas, J. G., and Keeley, J. E. (2014). Evolutionary ecology of resprouting and seeding in fire-prone ecosystems. New Phytol. 204, 55–65. doi: 10.1111/nph.12921

Pausas, J. G., and Lamont, B. B. (2018). Ecology and biogeography in 3D: the case of the Australian Proteaceae. J. Biogeog. doi: 10.1111/jbi.13348

Pausas, J. G., Lamont, B. B., Paula, S., Appezzato-da-Glória, B., and Fidelis, A. (2018). Unearthing belowground bud banks in fire-prone ecosystems. New Phytol. 217, 1435–1448. doi: 10.1111/nph.14982

Pausas, J. G., and Ribeiro, E. (2013). The global fire–productivity relationship. Glob. Ecol. Biogeogr. 22, 728–736. doi: 10.1111/geb.12043

Pausas, J. G., and Ribeiro, E. (2017). Fire and plant diversity at the global scale. Glob. Ecol. Biogeogr. 26, 889–897. doi: 10.1111/geb.12596

Rabosky, D. L., and Hurlbert, A. H. (2015). Species richness at continental scales is dominated by ecological limits. Am. Nat. 185, 572–583. doi: 10.1086/680850

Rajakaruna, N. (2017). Lessons on evolution from the study of edaphic specialization. Bot. Rev. 84, 39–78. doi: 10.1007/s12229-017-9193-2

Raven, P. H., and Axelrod, D. I. (1978). Origin and Relationships of the California Flora, Vol. 72. San Diego, CA: University of California, 1–134. doi: 10.1093/aob/mcq052

Ricklefs, R. E. (1987). Community diversity: relative roles of local and regional processes. Science 235, 167–171. doi: 10.1126/science.235.4785.167

Ricklefs, R. E. (2006). Evolutionary diversification and the origin of the diversity-environment relationship. Ecology 87, S3–S13. doi: 10.1890/0012-9658(2006)87[3:EDATOO]2.0.CO;2

Rundel, P. W., Arroyo, M. T., Cowling, R. M., Keeley, J. E., Lamont, B. B., and Vargas, P. (2016). Mediterranean biomes: evolution of their vegetation, floras, and climate. Annu. Rev. Ecol. Evol. Syst. 47, 383–407. doi: 10.1146/annurev-ecolsys-121415-032330

Sauquet, H., Weston, P. H., Anderson, C. L., Barker, N. P., Cantrill, D. J., Mast, A. R., et al. (2009). Contrasted patterns of hyperdiversification in Mediterranean hotspots. Proc. Natl. Acad. Sci. U.S.A. 106, 221–225. doi: 10.1073/pnas.0805607106

Schnitzler, J., Barraclough, T. G., Boatwright, J. S., Goldblatt, P., Manning, J. C., Powell, M. P., et al. (2011). Causes of plant diversification in the Cape biodiversity hotspot of South Africa. Syst. Biol. 60, 343–357. doi: 10.1093/sysbio/syr006

Segarra-Moragues, J. G., and Ojeda, F. (2010). Postfire response and genetic diversity in Erica coccinea: connecting population dynamics and diversification in a biodiversity hotspot. Evolution 64, 3511–3524. doi: 10.1111/j.1558-5646.2010.01064.x

Simon, M. F., Grether, R., de Queiroz, L. P., Skema, C., Pennington, R. T., and Hughes, C. E. (2009). Recent assembly of the cerrado, a neotropical plant diversity hotspot, by in situ evolution of adaptations to fire. Proc. Natl. Acad. Sci. U.S.A. 106, 20359–20364. doi: 10.1073/pnas.0903410106

Simon, M. F., and Pennington, T. (2012). Evidence for adaptation to fire regimes in the tropical savannas of the Brazilian cerrado. Int. J. Plant Sci. 173, 711–723. doi: 10.1086/665973

Smith, S. A., and Beaulieu, J. M. (2009). Life history influences rates of climatic niche evolution in flowering plants. Proc. R. Soc. B Biol. Sci. 276, 4345–4352. doi: 10.1098/rspb.2009.1176

Smith, S. A., and Donoghue, M. J. (2008). Rates of molecular evolution are linked to life history in flowering plants. Science 322, 86–89. doi: 10.1126/science.1163197

Svenning, J.-C., Borchsenius, F., Bjorholm, S. W., and Balslev, H. (2008). High tropical net diversification drives the New World latitudinal gradient in palm (Arecaceae) species richness. J. Biogeogr. 35, 394–406. doi: 10.1111/j.1365-2699.2007.01841.x

Thompson, J. D. (2005). Plant Evolution in the Mediterranean. Oxford: Oxford University Press. doi: 10.1093/acprof:oso/9780198515340.001.0001

Valente, L. M., Reeves, G., Schnitzler, J., Mason, I. P., Fay, M. F., Rebelo, T. G., et al. (2010a). Diversification of the African genus Protea (Proteaceae) in the Cape biodiversity hotspot and beyond: equal rates in different biomes. Evolution 64, 745–760. doi: 10.1111/j.1558-5646.2009.00856.x

Valente, L. M., Savolainen, V., Manning, J. C., Goldblatt, P., and Vargas, P. (2011). Explaining disparities in species richness between Mediterranean floristic regions: a case study in Gladiolus (Iridaceae). Glob. Ecol. Biogeogr. 20, 881–892. doi: 10.1111/j.1466-8238.2010.00644.x

Valente, L. M., Savolainen, V., and Vargas, P. (2010b). Unparalleled rates of species diversification in Europe. Proc. R. Soc. Lond. B Biol. Sci. 277, 1489–1496. doi: 10.1098/rspb.2009.2163

Valente, L. M., and Vargas, P. (2013). Contrasting evolutionary hypotheses between two mediterranean-climate floristic hotspots: the Cape of southern Africa and the Mediterranean Basin. J. Biogeogr. 40, 2032–2046. doi: 10.1111/jbi.12156

Vargas, P., Fernández-Mazuecos, M., and Heleno, R. (2018). Phylogenetic evidence for a Miocene origin of Mediterranean lineages: species diversity, reproductive traits and geographical isolation. Plant Biol. 20, 157–165. doi: 10.1111/plb.12626

Verboom, G. A., Archibald, J. K., Bakker, F. T., Bellstedt, D. U., Conrad, F., Dreyer, L. L., et al. (2009). Origin and diversification of the Greater Cape flora: ancient species repository, hot-bed of recent radiation, or both? Mol. Phylogenet. Evol. 51, 44–53. doi: 10.1016/j.ympev.2008.01.037

Verdú, M., and Pausas, J. G. (2007). Fire drives phylogenetic clustering in Mediterranean Basin woody plant communities. J. Ecol. 95, 1316–1323. doi: 10.1111/j.1365-2745.2007.01300.x

Verdú, M., and Pausas, J. G. (2013). Syndrome-driven diversification in a mediterranean ecosystem. Evolution 67, 1756–1766. doi: 10.1111/evo.12049

Vilagrosa, A., Hernández, E. I., Luis, V. C., Cochard, H., and Pausas, J. G. (2014). Physiological differences explain the co-existence of different regeneration strategies in Mediterranean ecosystems. New Phytol. 201, 1277–1288. doi: 10.1111/nph.12584

Wells, P. V. (1969). The relation between mode of reproduction and extent of speciation in woody genera of the California chaparral. Evolution 23, 264–267. doi: 10.1111/j.1558-5646.1969.tb03510.x

Wiens, J. J. (2007). Global patterns of species richness and diversification in amphibians. Am. Nat. 170, S86–S106.

Wiens, J. J., Ackerly, D. D., Allen, A. P., Anacker, B. L., Buckley, L. B., Cornell, H. V., et al. (2010). Niche conservatism as an emerging principle in ecology and conservation biology. Ecol. Lett. 13, 1310–1324. doi: 10.1111/j.1461-0248.2010.01515.x

Wiens, J. J., and Donoghue, M. J. (2004). Historical biogeography, ecology and species richness. Trends Ecol. Evol. 19, 639–644.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Rundel, Arroyo, Cowling, Keeley, Lamont, Pausas and Vargas. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg


OPS/images/fpls-09-00851-t001.jpg
General characteri
Avea (10° km?)
Winter precipitation (%)

Number of species (approx.)
Species/10,000 km?

Fire-related plant traits

Post-fire resprouting, woody species
Fire-stimulated germination

- Heat-stimulated

- Smoke-stimulated

- Heat-tolerant seeds

Serotiny

Pyrophytic annuals

Fire-stimulated flowering
Myrmecochory

Mediterranean Basin

2.30
75
25,000
2010

++

California

0.32
90
4,700
1877

Cape Region

0.09
75
9,000
3756

Southwestern Australia

0.31
72
8,000
2261

Central Chile

0.16

2,900
1123

+

For fire-related plant traits, +++ = very widespread, ++ = present in diverse clades, + = rare, and — = trait is absent. Data on species diversity from Cowling et al. (2014)
and species/10,000 km? was predicted from the slope of species-area curves for each region rather than from dividing number of total species by area of region.





OPS/images/cross.jpg
3,

i





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-09-00851-g002.jpg
Permeable habitat boundaries
Novel climate regime Predictable crown fire regimes

¢

Mediterranean-type shrubland

S O

Niche differentiation
Pliocene/Pleistocene

climate cycles






OPS/images/fpls-09-00851-g001.jpg
607 |

30° |
o=

30" |

CEMTRAL €HILE CAPE PROVINCE

60" |

SCALE AT THE EQUATOR

G0*

30°
n'ﬂ'
SOUTHWEST ©
AUSTRALIA
SOUTH I}
; AUSTRALIA
50"
120" 180"





