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ABSTRACT 

 
 

The evolutionary and ecological processes that shape species diversity shift as spatial 

and temporal scales change and diversity patterns in assemblages may thus reflect these 

shifts. In this PhD Thesis, I explore taxonomic, phylogenetic and functional diversity 

patterns in plant assemblages on different geographical scales in the Baetic-Rifan range, 

a western Mediterranean biodiversity hotspot, as a means of inferring the relative 

contribution of each of the evolutionary and ecological processes responsible for the 

emergence and maintenance of plant biodiversity in this region. The Baetic-Rifan 

biodiversity hotspot is an ideal study system for exploring the interaction between such 

processes due to its extraordinarily diverse and well-known regional species pool, 

which includes both recent narrow endemics and the extant representatives of past 

floras, and its heterogeneous mosaic-like landscapes characterized by great 

geomorphological and lithological complexity.  

In order to validate the results and conclusions reached in this PhD Thesis, I 

tested the influence of phylogenetic resolution and branch-length information on the 

quantification of phylogenetic structure, and explored the impact of tree shape 

(‘steminess’) on the loss of accuracy in phylogenetic structure quantification caused by 

phylogenetic resolution. Directional biases in phylogenetic structure quantification due 

to phylogenetic resolution and dating methods generally tended towards type II errors. 

Interestingly, I detected that the tree shape strongly influenced the loss of accuracy 

derived from the lack of phylogenetic resolution, which means that phylogenetic 

structure estimates based on poorly resolved phylogenies across biogeographical 

regions should be interpreted with caution.  



 

 18 

I found that West Rifan plant assemblages resembled Andalusian ecoregions more than 

those of nearby northern Morocco ecoregions, which thus highlights the role played by 

the Strait of Gibraltar in the past as a migration route for plants from both sides of this 

strait. However, phylogenetic turnover in terminal lineages tends to occur right across 

the two landmasses of this hotspot, which thus suggests a common scenario of allopatric 

speciation among disparate angiosperm lineages that may have been facilitated by the 

intermittent joining of the two continents. Phylogenetic clustering reported on the 

eastern margins of the hotspot may be in large part due to syndrome-driven local 

diversification occurring in shrublands in the southeastern Iberian Peninsula. Diversity 

patterns of endemic taxa do not mirror the diversity patterns of the regional pool in 

which they are included. Specifically, although taxonomic turnover in regional 

endemics throughout the Baetic ranges was related to lithological conditions and 

geographical distance, climate and/or elevation explain better the turnover of non-

endemic taxa. By contrast, the phylogenetic turnover of endemics was weakly related to 

lithological conditions, which suggests that edaphic specialist endemics have evolved 

from multiple lineages and highlights the role of the substrate in promoting 

differentiation in the Baetic ranges. I also found strong structuring of plant lineages 

along elevational gradients in the Baetic range, probably due to habitat filtering acting 

on life forms and character syndromes with strong phylogenetic signals. These results 

indicate that lineages belonging to the sclerophyllous syndrome, many of which are the 

extant representatives of the flora that once existed under the tropical-like Tertiary 

climatic conditions, seem to be ecologically restricted to the lowlands of milder climate, 

whereas non-sclerophyllous lineages are able to expand across higher elevation ranges 

where colder climatic conditions prevail. At community scale, elevation was the main 

factor in predicting phylogenetic and functional alpha diversity (maximum height and 
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blooming time) in plant communities for both incidence-based and abundance data. 

However, their trends were opposing since phylogenetic diversity increases and 

functional alpha diversity decreases with greater elevation. I also detected a shift in 

deviances in local species abundances towards larger seed size and phylogenetic 

clustering at low elevation and divergent distributions and phylogenetic overdispersion 

at greater elevation. By contrast, turnover in incidence-based specific leaf area and leaf 

carbon:nitrogen ratio values were related to a pH and micronutrient gradient. These 

results highlight the multidimensional nature of the functional niche of species and 

suggest that different trait-mediated mechanisms are simultaneously at work in shaping 

the assemblage of local plant communities. 
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The importance of biodiversity 

Biodiversity is a wide-ranging, multi-faceted concept that occupies the space where 

biological science, applied science, sociology and politics meet. It refers to any degree 

of variation in life forms in time and/or space, from gene level to global biotic 

organization, passing through ecological interactions within and between trophic levels 

(Maclaurin & Sterelny, 2008; Gaston & Spicer, 2009) and even certain cultural aspects 

of human societies (Bérard & Marchenay, 2006). Although first popularized by Edward 

O. Wilson (Wilson, 1988), the term ‘biodiversity’, a compound derived from ‘biological 

diversity’, was first coined in 1985 by Walter G. Rosen and first used in the title of a 

conference, The National Forum of BioDiversity, held in Washington DC in 1986 

(Harper & Hawksworth, 1995). This conference was organized as a response to the 

generalized concern that arose during the 1980s about the alarming rate at which human 

actions were eliminating genes, species and biological traits from ecosystems. During 

this decade, research showed that living organisms can both affect and be affected by 

the environmental conditions of habitats (Wright & Jones, 2006; Hastings et al., 2007), 

biogeochemical cycles (Sterner & Elser, 2002; Falkowski et al., 2008; Finzi et al., 

2011) and the productivity of ecosystems (Power et al., 1996; Cardinale et al., 2011; 

Hooper et al., 2012). This is why biodiversity is generally regarded as a multi-faceted 

concept whose magnitude is difficult to measure. Rather than using a single scale of 

measurement, multiple significant components such as the number of species, endemic 

species and/or keystone species, or the amount of genetic diversity within species – or 

even beyond the species level (e.g. the recently considered biotic interactions; Valiente-

Banuet et al., 2014) – are usually employed for quantifying biodiversity. Today, there is 

mounting evidence to suggest that biodiversity loss could alter ecosystem functioning 

(i.e. the ecological processes that control the fluxes of energy and matter cycling 
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through an environment) and thus affect the derived ecosystem services upon which 

human well-being depends (Costanza, 2008; Cardinale et al., 2012). In this context, 

biotic interactions as key functions in ecosystems have an added value in ensuring the 

maintenance of ecosystem functioning (Valiente-Banuet et al., 2014). Meanwhile, 

however, biodiversity loss on a global scale continues at ever-increasing rates (Butchart 

et al., 2010). 

In terms of ecosystem services, biodiversity provides crop-pollination services 

for agriculture (Klein et al., 2007), increases the efficiency of terrestrial ecosystems as 

carbon sinks (Strassburg et al., 2010) and reduces the ability of exotic species to invade 

native communities (Kennedy et al., 2002), the latter a pervasive and costly 

environmental problem (Pimentel, 2002). Biodiversity can also be thought of as a vast 

wild genetic storehouse from which more than half of all commercial medicines are 

obtained (Chivian & Bernstein, 2008) that may yet harbour undiscovered cures for 

human diseases. This source of genes can be used to improve agricultural resilience, 

thereby expanding the ecological tolerance of crops to harsher environments (Mittler & 

Blumwald, 2010). Furthermore, the recreational potential of biodiversity is today a 

fundamental part of human spiritual well-being (Haines-Young & Potschin, 2010) and 

even an enlightening source of inspiration for human achievements (Bar-Cohen, 2006). 

Thus, a deep understanding of the mechanisms contributing to the emergence 

and maintenance of biodiversity, as well as the causal relationships between 

biodiversity, ecosystem functioning and ecosystem services, is essential if ecosystems 

in the future are to provide the range of services required to support greater world 

population in a sustainable fashion. 
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Biodiversity and hotspots 

Biodiversity is not evenly distributed over the Earth’s surface. It is irregularly 

concentrated in so-called ‘biodiversity hotspots’, areas harbouring very high levels of 

endemic richness (at least 1500 endemic vascular plants) that today are experiencing 

exceptional degrees of habitat loss (70% or more of the primary vegetation) (Myers et 

al., 2000). The use of plant-life-based criteria to designate a region as a biodiversity 

hotspot is coherent given that plant species constitute the basis of the structure and 

function of almost all of the globe’s ecosystems. Despite the fact that the planet’s 

remaining hotspot habitats only cover 2.3% of the Earth’s land surface, they are home 

to over 50% of all vascular plants and 43% of all terrestrial vertebrates as endemics 

(Mittermeier et al., 2004), which means that an irreplaceable wealth of biodiversity is 

concentrated in just a very small part of our planet. In addition, most of the Earth’s yet 

to be discovered flowering plant species are thought to be present in hotspot areas 

(Joppa et al., 2011). This remarkable unevenness in the spatial distribution of 

biodiversity on Earth opens the way for a ‘silver bullet’ strategy to be used by 

conservation planners who can focus on these hotspots in proportion to their share of 

the world´s threatened species (Myers et al., 2000). Hotspots can thus be thought of as a 

golden opportunity to reduce the effects of what could be the sixth mass extinction – 

already under way – in the history of life on Earth (Myers, 2003). 

Biodiversity hotspots are also notable for the benefits people obtain from the 

ecosystems they host. The remaining habitats in hotspots provide seven times more 

ecosystem services per square kilometre than the worldwide average (Turner et al., 

2007). It is also significant that by the year 1995 nearly 20% of the world’s population 

were living in hotspots, and that these population centres seem to be growing faster than 

the rest of the world (Cincotta et al., 2000). More recent population data show that 
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hotspots now host about 32% of all human population (LandScan, 2006). Despite 

containing a substantial fraction of world poverty, it is not just the poorer human 

societies in hotspots that benefit from these ecosystem services. For example, it is clear 

that the whole world’s population will benefit from the reductions in greenhouse gas 

emissions that result from the slowing down of the high rates of habitat loss in hotspots 

(Mittermeier et al., 2004). 

Hotspots also act as reservoirs of human cultural diversity; for example, if we 

take human linguistic diversity as a surrogate for human cultural diversity, 32% of all 

the languages still spoken are ‘endemic’ to hotspots (Gorenflo et al., 2008). However, 

most of these languages (together with their associated cultural diversity) are at risk of 

disappearing over the next few decades (Nettle & Romaine, 2000). Thus, biodiversity 

hotspots have been confirmed as priority regions for the conservation of Earth´s 

biodiversity in its broadest sense (Myers et al., 2000). 

 

 

The Mediterranean Basin as a biodiversity hotspot 

All of the five Mediterranean-type zones on Earth have been identified as biodiversity 

hotspots; most notably, the Mediterranean Basin harbours approximately 8% of the 

world’s plant species, of which 52% are endemic to the region. This region is only 

surpassed in this sense by the tropical Andes and the Sundaland region in South-East 

Asia (Myers et al., 2000; Mittermeier et al., 2004). A key factor in the understanding of 

the exceptional concentration of biodiversity found in the Mediterranean is the 

enormous geodiversity that this region possesses (i.e. the sum of abiotic factors such as 

climatology, geomorphology, orogeny, geology, pedology and hydrology; see Barthlott 

et al., 1996) over both spatial and temporal dimensions (Thompson, 2005). 
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The Mediterranean is the largest inland sea on Earth and lies enclosed by three 

different continents. This unique setting arose as a result of the complex geological 

history of the Mediterranean Basin, which has been crucial in shaping patterns of 

evolution and plant species distribution in this hotspot (Thompson, 2005). The 

Mediterranean was fashioned by the collision between the African and European 

tectonic plates that commenced in the Early Tertiary around 65 Ma (Rosenbaum et al., 

2002). The African plate subducted under the European plate, whose edge broke into 

several individual microplates and land masses that dispersed in various directions 

(Carminati & Doglioni, 2005; Jolivet et al., 2006). A subsequent complex process of 

structuring has given rise to the present setting of the Mediterranean Basin (Fig. 1) (see 

Rosenbaum et al., 2002, 2004, for a reconstruction of the tectonic evolution of the 

western Mediterranean), characterized by the discontinuity of its land masses (i.e. 

Iberian, Italian and Balkans peninsulas, and the largest Mediterranean islands) and the 

heterogeneity of landscapes due to the successive periods of the Alpine orogeny and a 

variety of contrasting lithologies  (Thompson, 2005). 

This geological backdrop has engendered high species turnover along the sharp 

environmental gradients in the Mediterranean, which is in part due to the high incidence 

of narrow endemic species in this region (Greuter, 1991; Médail & Quézel, 1999; 

Thompson, 2005). Thus, plant biodiversity in the Mediterranean is not uniformly 

distributed (Fig. 1) and most of the plant species richness is concentrated in the western 

Mediterranean and the Balkan and Anatolian Peninsulas (Médail & Quézel, 1997). 

Within the western Mediterranean, plant species richness is to a large extent confined to 

the Baetic (S Iberian Peninsula) and Rifan (NW Africa) mountain ranges (Médail & 

Quézel, 1999). 
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The Mediterranean peninsulas have acted as refuges for biodiversity due to 

extreme climatic oscillations such as the Messinian salinity crisis (Duggen et al., 2003), 

the Quaternary ice ages (Hewitt, 2000) and the onset of the Mediterranean climate (Suc 

& Popescu, 2005; Brachert et al., 2006) occurring from the Late Miocene onwards 

(Rodríguez-Sánchez & Arroyo, 2011) that have favoured the persistence of extant 

representatives of the flora that once existed under Tertiary climatic conditions 

(Rodríguez-Sánchez et al., 2008; Postigo Mijarra et al., 2009) and the evolutionary 

processes of Mediterranean plant lineages (Hewitt, 1996, 2000; Médail & Diadema, 

2009). In fact, the high degree of endemism in Mediterranean-type ecosystems has been 

proposed as being in part due to differential diversification rates between lineages 

caused by the onset of the Mediterranean climate (Cowling et al., 1996; Verdú & 

Pausas, 2013). This distinctive climate is characterized by marked seasonality, in which 

the warmest season coincides with a drought period that severely limits plant growth. 

Nevertheless, there is still debate as to whether diversification rates of lineages in 

Mediterranean-type regions were affected by this trend in aridity in the Late Miocene-

Pleistocene transition (Lancaster & Kay, 2013). 

The Mediterranean Basin has also been the cradle of many human civilizations 

(Abulafia, 2011). Human activities are a key element in population differentiation in the 

Mediterranean, having affected both the ecological conditions within habitats (e.g. 

eutrophication, forest fires) that shape evolutionary pressures and adaptive variation, 

and the spatial configuration of habitats in the landscape that affects gene-flow 

dynamics (Thompson, 2005). Thus, the components and dynamics of current 

biodiversity in the Mediterranean cannot be completely understood without taking into 

account the history of human-induced changes (Blondel, 2006). 
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Figure 1. Map of the Mediterranean Basin showing the location of the Baetic-Rifan biodiversity 

hotspot in the western Mediterranean (modified from Médail & Quézel, 1999). The shaded 

areas represent regions of high concentration of species. The dotted line represents the edges of 

the Mediterranean Basin. 
 

 

 

The Baetic-Rifan biodiversity hotspot as a Mediterranean 

paradigmatic case study 
 

The conservation, management and use of natural resources require an understanding of 

their spatial distribution on Earth and the evolutionary and ecological mechanisms that 

contribute to the emergence and maintenance of biodiversity. The Baetic-Rifan 

biodiversity hotspot is an excellent study system for improving our understanding of 

such mechanisms. First, unlike some of the other important centres of plant species 

richness in the world where plant diversity is insufficiently documented (Mutke, 2011), 

the flora of the Baetic-Rifan biodiversity hotspot is well-studied (see below). Its 

extraordinarily diverse regional species pool includes many recently determined narrow 

endemics (Médail & Quézel, 1999), as well as the extant representatives of the floras 
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that once existed under Tertiary climatic conditions (Herrera, 1992; Postigo Mijarra et 

al., 2009). Additionally, the geological and climatic history of the region, as well as its 

current environmental conditions, are sufficiently well documented to be able to 

ascertain the effect of this complex scenario on the emergence and maintenance of the 

region’s current biodiversity (Blondel et al., 2010). For example, the particular 

geographical and historical contexts of this region, split between two tectonic plates that 

have been intermittently connected throughout the Neogene, offer an unique 

opportunity for testing old biogeographical hypotheses (e.g. land bridges, Simpson, 

1940; Van Steenis, 1962). Moreover, arid areas such as Mediterranean ecosystems are 

currently threatened by global change and desertification (Reynolds et al., 2007) and 

thus constitute exceptional case studies that may help predict the effects that global 

change will have on biodiversity structure. 

The Baetic and Rifan mountain ranges are mostly located within the 

administrative territories of Andalusia and northern Morocco, respectively. They are 

geomorphologically heterogeneous areas characterized by high mountain ranges (i.e. 

the Baetic and Rifan mountains themselves) surrounded by extensive lowlands of 

alluvial origin shaped by the rivers Guadalquivir (Andalusia) and Sebou (northern 

Morocco) (Fig. 2). Although currently separated by the Mediterranean Sea, these two 

land masses only lie 14 km apart across the Strait of Gibraltar, a narrow marine canal 

connecting the Mediterranean Sea to the Atlantic Ocean. The Baetic and Rifan 

mountains share a common geological history and form part of the Alboran tectonic 

microplate, located between the European and the African plates (Rosenbaum et al., 

2002). The Baetic-Rifan range is rugged and rises to over 3400 m a.s.l. and boasts a 

heterogeneous lithology with substrata that include siliceous metamorphic outcrops, 

Oligo-Miocene sandstones, peridotites and other ultramafic rocks, limestones, 
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dolomites and marbles. By contrast, the lowlands of the study area are characterized by 

different lithological materials such as marls, gypsum, clays and Quaternary and 

Neogene sediments (Vera, 2004). This geomorphological complexity yields a wide 

range of climatic variation in terms of both temperature and precipitation, and is 

strongly influenced by the Atlantic Ocean (Rodríguez-Sánchez et al., 2008) but always 

within the context of the Mediterranean-type climate that seems to have prevailed since 

c. 3.6 Ma (Tzedakis, 2007). 

 

 

Figure 2. Map of southern Iberian Peninsula (Andalusia) and northwestern Africa (northern 

Morocco) showing the position of the Baetic and Rifan ranges, the Strait of Gibraltar and the 

Guadalquivir and Sebou rivers. The inset shows the location of the study area within the 

Mediterranean Basin.  
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History of the floristic background of the Baetic-Rifan 

biodiversity hotspot  
 

The extraordinary plant biodiversity of the Baetic-Rifan hotspot has historically 

attracted the interest of many botanists, thanks to whom the flora of this region is today 

so well known. The most noteworthy figure is Pierre Edmund Boissier, a Swiss botanist 

who, when just 27 years old, travelled to Spain in 1837 with the idea of studying the 

flora of the southern Iberian Peninsula. The result of his five-month journey through 

several mountains of the Baetic range (Sierra de las Nieves, Sierra Bermeja, Sierra 

Tejeda, Sierra Nevada, etc.) was a collection of 1900 different species of vascular plants 

(Boissier, 1839-1845), of which about 200 were new to science (Blanca et al., 2009). 

After this journey, Boissier revisited the Iberian Peninsula and also visited northwestern 

Africa a number of times, discovering in the process many more new species of plants. 

He made some of these collecting trips in the company of Georges François Reuter 

(particularly in the Tangier Peninsula), the French curator of Boissier’s herbarium and 

director of the botanical garden in Geneva. In fact, Reuter played an important part in 

the success of many of Boissier’s projects (Boissier & Reuter, 1852).  

The first significant contribution to the floristic knowledge of the African part of 

this hotspot was the work done in the early nineteenth century by the French botanist 

René Louiche Desfontaines (Desfontaines, 1798-1800). He published the first flora of 

North Africa based on 1480 North-African plant species he had collected during a 

journey in Algeria and Tunisia in 1783-1785 (Valdés et al., 2002). The exploration of 

the African part of the hotspot was continued in the nineteenth century by British 

botanists such as Joseph Dalton Hooker (former Director of the Royal Botanic Gardens 

at Kew) and John Ball (Hooker & Ball, 1878), while the Iberian part was further 

explored by the German botanists Heinrich Moritz Willkomm and Johan Martin 
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Christian Lange (Willkomm & Lange, 1861-1880). Willkomm and Lange made one of 

the most valuable contributions to the floristic knowledge of the Iberian Peninsula in the 

nineteenth century and both were interested in the flora of Sierra Nevada, the highest 

mountains in the Baetic range (Pérez Raya, 1987). Also of note are the Spanish 

botanists Mariano del Amo y Mora, founder of the first Chair of Botany in Spain and 

the describer of several species from the kingdom of Granada (Andalusia, S Iberian 

Peninsula) (Amo y Mora, 1861), and José María Pérez Lara, who published that is 

regarded as the first regional flora to be published in Spain (Pérez Lara, 1886). 

From 1918 onwards, the French botanists René Charles Joseph Ernest Maire and 

Jules Aimé Battandier published a series of papers that, after a series of systematic 

compilations, culminated in the posthumous publication of the comprehensive Flore de 

l´Afrique du Nord (Valdés et al., 2002), a 16-volume flora (out of a projected 20) 

covering Morocco and other North African countries (Maire, 1952-1987). Others that 

also contributed to the floristic knowledge of northern Morocco include two Spanish 

botanists, Manuel Vidal y López (Vidal, 1921, 1922) and Joaquín Mas-Guindal (Mas-

Guindal, 1930), and two French botanists, Charles-Joseph Marie Pitard (Pitard, 1931) 

and Étienne Marcellin Granier-Blanc (Friar Sennen), the latter exploring virtually the 

entire eastern Rif in the company of Friar Mauricio (Sennen & Mauricio, 1934) 

(Valdés, pers. com.). Pius Font i Quer, one of the giants of Spanish botanical science in 

the twentieth century, is another of the outstanding botanical explorers of the Rif range 

(Font Quer, 1928-1932). Finally, it is worth noting the contribution of Marie Louis 

Emberger whose extensive surveys of the flora and vegetation of Morocco helped pave 

the way for the new generations of Moroccan botanists that have emerged since the 

independence of the country in 1956 (Valdés et al., 2002). The main explorers of the 

Baetic range during the first half of the twentieth century include several Spanish 



Chapter 1. General Introduction 
 
 

 34 

botanists such as Carlos Pau Español, known for his contribution to the study of the 

flora of Granada (Pau, 1916, 1922), José Cuatrecasas, who wrote an exhaustive floristic 

checklist of Sierra de Mágina as a part of his PhD dissertation (Cuatrecasas, 1929), 

Carlos Vicioso Martínez and Luis Ceballos y Fernández de Córdoba, who explored 

Málaga province (Ceballos & Vicioso, 1933) and, of course, Pius Font i Quer (Font 

Quer, 1924), who contributed greatly to the exploration of the high-altitude zones of 

Sierra Nevada (Pérez Raya, 1987). The French botanist Elisée Reverchon also 

conducted extensive collecting trips to the mountains of Sierra de Cazorla (Lacaita, 

1929). 

Later on in the twentieth century, Valdés et al. (1987) published the first 

complete modern flora in Spanish to cover western Andalusia (S Iberian Peninsula). A 

few years later, Valdés et al. (2002) published a checklist of all the vascular plants 

native to northern Morocco, thereby covering the African part of the hotspot. Finally, 

Blanca et al. (2009) published a complete flora of eastern Andalusia, which filled in the 

final gap in the knowledge of the presence and distribution of vascular plants in 

Andalusia and northern Morocco and thus most of the Baetic-Rifan biodiversity hotspot 

(with the exception of some sierras in Alicante, Murcia and Albacete in the southeastern 

Iberian Peninsula). It is important to note that the publication of the complete regional 

floras of Andalusia was possible in large part due to the numerous floristic studies 

conducted in the main sierras of the Baetic range in Andalusia during the second half of 

the twentieth century, many of which formed part of the PhD dissertations of present-

day Andalusian botanists (e.g. Socorro, 1977; Valle, 1980; Molero Mesa, 1985; Nieto, 

1987; Pérez Raya, 1987; Gómez-Mercado, 1989; Galán de Mera, 1993; Martín Osorio, 

1993; Peñas de Giles, 1997; Cabezudo et al., 1998; Giménez Luque, 2000; Lorite, 

2001). 
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         Pierre Edmund Boissier, 1875                      René Louiche Desfontaines (undated)   

 

 

The relationship between plant diversity and geological 

phenomena 
 

Long before the emergence of life on Earth, geological events created the physical and 

chemical environments that would act as the stage for the forthcoming evolutionary 

drama. Most regional climates are moulded by geological history (Kruckeberg, 2004), 

especially in the case of mountainous regions such as the Mediterranean Basin and the 

Baetic-Rifan biodiversity hotspot (Rivas-Martínez, 1997). Of all living organisms, 

plants – and their evolutionary adaptation, diversification and ecological tolerance – are 

more subject than any other to the influences of landforms and lithology, simply 

because they are sessile. 

 Despite some recent evidence indicating that long-distance dispersal should 

also be taken into account (Queiroz, 2005), the theory of continental drift provides a 

theoretical base for explanations based on the concept of vicariance for the distribution 

and evolutionary diversification of floras between continental land masses (Raven & 

Axelrod, 1974; Nelson & Platnick, 1981). This theory dramatically changed the 
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interpretation of floristic similarities and disjunctions on a world scale, which, until 

plate tectonics gave complete support to the older continental drift theory (Wegener, 

1966), had been based on hypothetical land bridges (Simpson, 1940; Van Steenis, 1962) 

and was strongly opposed to vicariance explanations (Croizat, 1958). However, land 

bridge theory still continues to play a role in certain regions (Elias et al., 1996; Elias & 

Crocker, 2008; Lavergne et al., 2013). Thus, areas where continental drift and changes 

in sea level have intermittently joined the continents are of great interest since they 

permit or hinder migratory processes (especially those of sessile organisms like plants) 

and have the potential to promote evolutionary diversification via numerous lineages 

(Xiang & Soltis, 2001; Milne, 2006; Lavergne et al., 2013). In this sense, the particular 

geographical and historical settings of the Baetic-Rifan hotspot, divided between two 

land masses that have been intermittently connected across the Strait of Gibraltar 

(Rodríguez-Sánchez et al., 2008; Lavergne et al., 2013), offer a unique opportunity to 

test the impact of land bridges on evolutionary diversification and the emergence of 

biodiversity hotspots. 

 The edaphic factor comes second only to climate as the major environmental 

determinant of plant distribution and differentiation (Cain, 1994; Kruckeberg, 2004; 

Rajakaruna, 2004) and pertains to the substrates upon which plants grow and from 

which they derive their mineral nutrients and much of their water supply. Although the 

relationship between substrates and plant distributions has been long recognised (e.g. 

Cesalpino, 1583; von Humboldt, 1849), its scientific and systematic study only dates 

back to the nineteenth century. Unger (1836) was a pioneer in proposing that the 

inorganic chemical compounds of soils derived from parental materials were a factor 

explaining plant distributions on particular substrates. By contrast, Thurmann (1849) 

put more emphasis on the physical properties of soil when analysing plant responses. 
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Early in the twentieth century, Schimper (1903) added further weight to Unger and 

Thurmann’s theories, albeit with greater emphasis on the former’s work. These works 

laid the foundation for the development of modern studies that relate edaphic factors 

and plant life (Kruckeberg, 2004). 

 The occurrence of floras in the Iberian Peninsula – and especially in the Baetic-

Rifan ranges – that are characteristic of particular lithologies had already been noted by 

the nineteenth (Boissier, 1839-1845; Willkomm, 1852) and early twentieth centuries 

(Huguet del Villar, 1925). Later, Rivas Goday (1969) used the concept of ‘edaphism’ to 

mean narrow endemic species that are restricted to peculiar lithologies such as 

dolomites, serpentines and gypsums. These substrates are relatively abundant in the 

Baetic-Rifan ranges (Vera, 2004) and constitute ‘lithological islands’ that harbour a 

high number of narrow endemic species occurring in disjoint ranges (Mota et al., 2002; 

Mota et al., 2008; Medina-Cazorla, 2010). In fact, many closely related taxa are 

distinguished by their distinct edaphic tolerances, thereby highlighting the importance 

of the edaphic factor as a driver of evolutionary diversification (Rajakaruna, 2004), 

especially in Mediterranean-type ecosystems (Anacker & Strauss, 2014). The marked 

heterogeneity of the edaphic environments that characterize the Baetic-Rifan range 

gives rise to a landscape of differential selective pressures that ultimately lead to the 

assemblage of different vegetation types compared to that of the surrounding habitats 

(Mota et al., 1993; Lorite et al., 2001; Escudero et al., 2014). The understanding of the 

role of the edaphic factor in driving plant speciation and community assembly in the 

Baetic-Rifan hotspot will help define priorities in habitat conservation. It is no 

coincidence that Sierra Bermeja (Andalusia, S Iberian Peninsula), one of the most 

important ultramafic outcrops in the Mediterranean Basin, has recently been proposed 
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as a National Park, the maximum level of protection for natural spaces in Spain (Pérez 

Latorre et al., 2013). 

 The Baetic-Rifan range comprises a set of disjoint mountain ranges containing 

many peaks over 2000 m above sea level and with a highest peak of 3482 m (Sierra 

Nevada). Its geomorphological complexity makes the Baetic-Rifan range an interesting 

natural system for exploring the evolutionary and ecological responses of plants to 

geophysical influences since it harbours a number of steep environmental gradients in a 

relatively small geographical area (Körner, 2007). Due to their influence on 

microclimatic and edaphic variation in many of the world’s Mediterranean-type regions 

(Rivas-Martínez, 1997; Hopper & Gioia, 2004), elevation gradients are regarded as one 

of the most decisive factors shaping spatial patterns of species diversity (Lomolino, 

2001). Thus, its marked lithological heterogeneity, together with the complex 

geomorphology of the Baetic and Rifan mountains, makes this region an excellent study 

system for testing the effects of substrate and elevation on the evolutionary and 

ecological processes that are responsible for the emergence and maintenance of 

Mediterranean biodiversity hotspots. 

 

 

Diversity patterns over space and time; from the regional to 

community scales 
 

The processes that influence the formation of species assemblages and define diversity 

patterns vary according to the spatial and temporal scales (Cavender-Bares, 2009). 

Traditionally, the study of these processes operating at different scales has been covered 

by large research programmes. Macroecology concerns the study of species 

assemblages on large geographical scales, with an emphasis on the analysis of structure 
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defined in terms of species-level traits (Brown, 1995; Gaston & Blackburn, 2008). 

Historical biogeography, on the other hand, works on large geographical scales as a 

means of understanding how species’ distributions have changed over time in relation to 

geological connections between regions and tends to focuses on narrow lineages (Craw 

et al., 1999; Humphries, 2000). At local scales, the study of the processes that influence 

the formation of species assemblages has progressed through a wide variety of 

theoretical frameworks such as the classical climax theory of vegetation (Clements, 

1916), which still endures as the conceptual basis for phytosociological theory (Biondi, 

2011), the equilibrium theory of island biogeography (MacArthur & Wilson, 1967), 

niche-based assembly theories (Diamond, 1975; Callaway, 1995), and the more recent 

neutral theory of biodiversity and biogeography (Hubbell, 2001). Due to the chasm that 

separates these disciplines, ecologists have often ignored the macroevolutionary 

processes that make up species richness patterns (Hubbell’s theory is a welcome 

exception), just as historical biogeographers are liable to ignore ecological factors. 

However, biogeographical processes are the outcome of ecological processes – and vice 

versa  – (Wiens & Donoghue, 2004) and thus any dichotomy between ecological and 

historical explanations will always be to some extent incomplete or artificial and a more 

dialectical process should be undertaken in any research in this field (Fig. 3).
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Figure 3. Spatial-temporal ranges of the processes that determine the coexistence of species 

(modified from Cavender-Bares et al,. 2009). At the broadest spatial and/or temporal scale (e.g. 

the whole world, millions of years), the coexistence of two species is determined by the 

probability that the species are generated and persist within the same temporal window. At 

decreasing scales (e.g. regions, hundreds or thousand of years), the environmental filters select 

functionally similar species from the regional species pool according to their suitability to the 

local conditions, while dispersal limitation also plays an important role in determining species 

coexistence. At the smallest scales (e.g. neighbourhood, days, months or a few years) density 

dependent processes (i.e. competition, facilitation, mutualism, etc) largely determine species 

coexistence. Thus, species coexistence depend on multiple factors that shift in intensity with 

spatial-temporal scale and are difficult to tease apart, because biogeographical processes 

(diversification, dispersal) are the outcome of ecological processes (habitat filtering, density 

dependent processes) and vice versa. 

 

 

Fortunately, all these inherently interconnected but traditionally divergent 

disciplines converged in the early twenty-first century. The seminal paper by Webb et 

al. (2002) triggered the emergence of a fast-growing discipline known as community 
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phylogenetics or ecophylogenetics (Mouquet et al., 2012). The background to this idea 

was the use of phylogenetic information to evaluate how ecological sorting processes 

(habitat filtering, competition, facilitation) interact with macroevolutionary processes 

(speciation, extinction) to influence the distribution of species assemblages and niche-

related traits in communities. More recently, the use of phylogenetic information at 

large geographical scales has bridged the gap between macroecology and community 

phylogenetics (Cardillo, 2011). A key factor explaining the emergence of community 

phylogenetics research programmes is the increasing availability of phylogenetic 

information, particularly regarding angiosperms and mammals, as well as the 

appearance of specialized software such as Phylomatic that can automatically estimate 

partially resolved supertrees (Webb & Donoghue, 2005). Thus, many community 

phylogenetic research programmes are directed towards the development of a new 

theoretical framework that enables studies to be made of diversity patterns at different 

spatial and temporal scales. Such studies include methodological reviews of 

phylogenetic and functional structure quantification (de Bello et al., 2010; Pausas & 

Verdú, 2010; Chiu et al., 2014), directional biases in phylogenetic structure 

quantification (Swenson, 2009; Molina-Venegas & Roquet, 2014; Münkemüller et al., 

2014), the construction of megaphylogenies using large species samples (Roquet et al., 

2013), conceptual reviews of classical terminology (Anderson et al., 2011) and many 

papers bridging gaps between community ecology and evolutionary biology (e.g. Webb 

et al., 2002; Wiens & Donoghue, 2004; Johnson & Stinchcombe, 2007; Emerson & 

Gillespie, 2008; Graham & Fine, 2008; Cavender-Bares et al., 2009; Vamosi et al., 

2009; Vellend, 2010; Cardillo, 2011; Weber & Agrawal, 2012) and tackling the applied 

aspect of these research programmes (Cadotte & Davies, 2010; Mouquet et al., 2012; 

Winter et al., 2013). 
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PhD Thesis objectives 

The general aim of this PhD Thesis is to elucidate plant diversity patterns in the Baetic-

Rifan biodiversity hotspot at different spatial scales, from the region as a whole to 

community scale. We focus especially on the geomorphological and lithological 

complexity of the region as the key factors explaining diversity patterns and use the 

community phylogenetics theoretical framework to test our hypotheses. The final goal 

is to use the observed diversity patterns to infer the historical and ecological processes 

behind the emergence and maintenance of diversity in Mediterranean biodiversity 

hotspots. As well, we aim to contribute to the validation of the results and conclusions 

derived from studies relying on poorly resolved phylogenies. In particular, we aim to 

solve the following questions: 

 

• What are the floristic similarities between the floras of Andalusia and northern 

Morocco, the two regions into which the Baetic-Rifan biodiversity hotspot is 

divided? 

 

• Is it possible to detect phylogenetic imprints of the historical and ecological 

processes that generate and distribute plant diversity at large geographical 

scales in Andalusia and northern Morocco? 

 

• How is taxonomic, phylogenetic and functional diversity distributed across the 

elevation gradients in the hotspot? Do environmental and geographical factors 

such as climate, lithology and geographical distance affect these components 

of biodiversity? 

 

•  What are the effects of soil properties and elevation on taxonomic, 

phylogenetic and functional diversity in Mediterranean plant communities? 
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• Do phylogenetic resolution, branch length information and tree shape 

(‘stemminess’) have an impact on the loss of accuracy in phylogenetic 

structure quantification? 

 

 

PhD Thesis structure 

In order to fulfil the abovementioned objectives, this PhD Thesis is divided into five 

core chapters (2-6). 

 In chapter two, Disentangling environmental correlates of vascular plant 

biodiversity in a Mediterranean hotspot (Molina-Venegas et al., 2013), we aim to 

determine the floristic similarities between the different ecoregions of Andalusia and 

northern Morocco, the respective administrative territories in which the Baetic and 

Rifan mountain ranges are located. As well, we aim here to disentangle the 

environmental correlates of alpha and beta diversity in plant assemblages in the Baetic-

Rifan mountain ranges by considering regional endemic and non-endemic taxa 

separately.  

 In chapter three, Revisiting land bridges in biogeography: the building of a 

biodiversity hotspot, we explore the spatial structure of phylogenetic relationships 

within and between large-scale plant assemblages in the hotspot (ecoregions) and relate 

them to current climatic conditions. The aim of this chapter is to gain insights into the 

historical and ecological processes contributing to the emergence of biodiversity in the 

Baetic-Rifan biodiversity hotspot at a large geographical scale. 

 In chapter four, Directional biases in phylogenetic structure quantification: a 

Mediterranean case study (Molina-Venegas & Roquet, 2014), we test the influence of 

phylogenetic resolution and branch length information on the quantification of 

phylogenetic structure, and also explore the impact of tree shape (‘stemminess’) on the 
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loss of accuracy in phylogenetic structure quantifications due to phylogenetic 

resolution. Despite not being directly related to the general aim of the PhD Thesis, the 

content of this chapter is crucial for validating the results and conclusions reached given 

that their reliability ultimately depends on the accuracy of the phylogenetic hypothesis 

(Swenson, 2009). We also describe in detail the reconstruction methods of the time-

calibrated molecular megaphylogeny we used to fulfil the general aim of this PhD 

Thesis. Thus, this can be considered as a methodological chapter that is needed to 

accomplish the aims of the Thesis. 

 In chapter five, Investigating the evolutionary assembly of a Mediterranean 

biodiversity hotspot: a deep phylogenetic signal in the distribution of eudicots across 

elevation belts (Molina-Venegas et al., 2014), we explicitly assess the influence of 

elevation gradients on disjoint mountain ranges (Baetic sierras) in structuring the 

taxonomic, phylogenetic and functional diversity of plant assemblages. Specifically, we 

focus on Mediterranean character syndromes (Herrera, 1992; Verdú & Pausas, 2013) 

and life forms (sensu Raunkiær, 1934).  

 In chapter six, How soil and elevation shape Mediterranean shrub 

communities: insights from their taxonomic, phylogenetic and functional structures, we 

focus on species incidence and abundance data, multiple traits and phylogenetic 

information to conduct an assessment of the effects of soil properties and elevation on 

taxonomic, phylogenetic and functional diversity in shrub communities in one of the 

most outstanding sierras of the Baetic range (Sierra Nevada). Here we also analyse the 

regenerative status of the focal communities by comparing alpha diversity components 

between successive life stages.   

 Chapters two, four and five are independent manuscripts that have already 

been published in scientific journals. Chapter three is also an independent manuscript 
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that has been submitted for publication (under review). Chapter six is likewise written 

in the format of a scientific article. This Thesis concludes with chapter seven in which 

we integrate all the results in a General Discussion, and evaluate the declared objectives 

and suggest future avenues for further research on the mechanisms that shape plant 

diversity in Mediterranean biodiversity hotspots.   
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Abstract  

We determined the environmental correlates of vascular plant biodiversity in the Baetic-

Rifan region, a plant biodiversity hotspot in the western Mediterranean. A catalog of the 

whole flora of Andalusia and northern Morocco, the region that includes most of the 

Baetic-Rifan complex, was compiled using recent comprehensive floristic catalogs. 

Hierarchical cluster analysis (HCA) and detrended correspondence analysis (DCA) of 

the different ecoregions of Andalusia and northern Morocco were conducted to 

determine their floristic affinities. Diversity patterns were studied further by focusing on 

regional endemic taxa. Endemic and nonendemic alpha diversities were regressed to 

several environmental variables. Finally, multiple regressions on distance matrices were 

conducted to extract the respective contributions of climatic, altitudinal, lithological, 

and geographical distance matrices to beta diversity in endemic and nonendemic taxa. 

We found that West Rifan plant assemblages had more similarities with Andalusian 

ecoregions than with other nearby northern Morocco ecoregions. The endemic alpha 

diversity was explained relatively well by the environmental variables related to 

summer drought and extreme temperature values. Of all the variables, geographical 

distance contributed by far the most to spatial turnover in species diversity in the 

Baetic-Rifan hotspot. In the Baetic range, climate was the most significant driver of 

nonendemic species beta diversity, while lithology and climate were the main drivers of 

endemic beta diversity. Despite the fact that Andalusia and northern Morocco are 

presently separated by the Atlantic Ocean and the Mediterranean Sea, the Baetic and 

Rifan mountain ranges have many floristic similarities – especially in their western 

ranges – due to past migration of species across the Strait of Gibraltar. Climatic 

variables could be shaping the spatial distribution of endemic species richness 
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throughout the Baetic-Rifan hotspot. Determinants of spatial turnover in biodiversity in 

the Baetic-Rifan hotspot vary in importance between endemic and nonendemic species. 

 

Keywords: alfa and beta diversity, Baetic-Rifan hotspot, elevation, endemism, 

lithology, Mediterranean flora.  

 

 

Introduction 

In recent decades, the detailed description and understanding of the distribution of 

biodiversity on Earth has become one of the most important challenges for ecologists, 

taxonomists, and evolutionary and conservation biologists. According to Myers et al. 

(2000), an extraordinarily small proportion of the Earth’s land surface harbors a large 

part of the world’s plant biodiversity: about 44% of all vascular plant species worldwide 

are to be found on just 1.4% of the Earth’s surface area. These extraordinarily species-

rich areas are of special interest when prioritizing conservation actions since they act as 

reservoirs for plant biodiversity (Myers, 1999). The Mediterranean Basin is one such 

biodiversity hotspots, mainly due to its high speciation (Cowling et al., 1996) and low 

extinction rates (Rodríguez-Sánchez et al., 2008). It accounts for 4.3% of all extant 

vascular plant species (but see Médail & Quézel, 1997 for a higher estimate) and is only 

surpassed in this sense by the tropical Andes and the Sundaland biogeographical region 

in South-East Asia (Myers et al., 2000). 

Despite some important advances, much still remains to be carried out to bridge 

the gap between extensive accounts at world or regional scales and detailed insights into 

the environmental drivers of biodiversity patterns in particular species groups and 

regions. Although the number of plant groups used as study cases for a given 

biodiversity hotspot is rapidly increasing (e.g. Ojeda, 1998; Mansion et al., 2008; 
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Santos-Gally et al., 2012), regional accounts and their environmental correlates are less 

commonly conducted for entire hotspots (an important exception is that of Cowling et 

al., 1992 for the Cape Floristic Region). Factors such as a lack of taxonomic knowledge 

of the biota and poor biogeographical data from naturally defined areas (as opposed to 

political or cultural territories) are in part responsible for this situation. Moreover, most 

of the descriptive accounts of biodiversity are based on estimations of alpha diversity at 

different scales, from whole regions down to areas nested within these much larger 

regions (Cowling et al., 1992). Despite the fact that the environments and species 

diversity in most biodiversity hotspots are not homogeneous, less attention has been 

paid to patterns of species turnover in areas with contrasting environments (Cowling & 

Lombard, 2002). Heterogeneity within hotspots, on the other hand, offers an excellent 

opportunity for understanding the environmental factors that generate and maintain 

patterns of biodiversity. 

Evidence that the great floristic richness of the Mediterranean Basin is unevenly 

distributed is provided by the high species turnovers found along sharp environmental 

gradients (Thompson, 2005) and the great richness in narrow endemic species (Médail 

& Quézel, 1999). Thus, it is crucial that we document how environmental gradients 

shape Mediterranean species assemblages to better understand the origin of 

Mediterranean floristic diversity and improve our power to predict its fate in light of 

global changes. Nevertheless, unlike the situation in other Mediterranean-type climate 

regions, the analysis of species turnover in the Mediterranean Basin has to date received 

very little attention (Cowling et al., 1994; Cowling & Lombard, 2002; Figueroa et al., 

2011; Sander & Wardell-Johnson, 2011). 

Although close to 60% of all native species in the Mediterranean are endemic to 

this region as a whole (Greuter, 1991), a large majority of these endemic species are 
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confined to a given region. By contrast, only 28% of nonendemic species occur in a 

single region in the Mediterranean (Thompson, 2005). This remarkable difference in the 

overall distribution pattern of narrow endemic and nonendemic Mediterranean species 

would seem to indicate that determinants of spatial biodiversity distribution in the 

Mediterranean Basin differ (or vary in their strength or importance) for narrow endemic 

and for nonendemic species. 

Due to their influence on microclimatic and edaphic variation in many 

Mediterranean-type regions across the world (Rivas-Martínez et al., 1997; Hopper & 

Gioia, 2004), elevation gradients are considered to be one of the most decisive factors 

shaping the spatial patterns of species diversity (Lomolino, 2001; Wang et al., 2003; 

Kruckeberg, 2004; Sánchez-González & López-Mata, 2005). Although soil 

characteristics have been addressed in depth in the Mediterranean Cape and SW 

Australia, comparatively much more emphasis has been placed on geomorphological 

effects (elevation, geographical isolation, and climatic refugia) when attempting to 

explain plant biodiversity in the Mediterranean Basin (Heywood, 1960; Médail & 

Quézel, 1999; Petit et al., 2003; Körner, 2007). Thus, geomorphological complexity 

determines an environmental mosaic that allows for the coexistence of species with 

disparate ecological requirements within a small area, which in part explains the high 

rates of Mediterranean biodiversity relative to other temperate climatic regions. 

 Edaphic profiles and spatial changes in soil properties have also been singled 

out as key drivers of beta diversity in Mediterranean-type biomes (Cowling et al., 1992; 

Hopper & Gioia, 2004). This plant diversity-substrate relationship is particularly 

relevant in Mediterranean ecosystems given the high incidence of stressful soils such as 

lithosols (Pekin et al., 2012). Oyonarte et al. (2008) found that lithology was the main 

driver of the chemical properties of Mediterranean mountain soils (pH, texture, 
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exchange complex, and free oxides). Chemically stressed soils are even harsher for 

plants in Mediterranean-type climate and promote ecological differentiation and 

endemism (Cowling & Holmes, 1992; Kruckeberg, 2004). Finally, spatial isolation and 

a limited amount of species-dispersal between ecoregions may also explain species 

turnover and generate the so-called patterns of distance-decay (Condit et al., 2002; Qian 

et al., 2005; Keil et al., 2012; Kristiansen et al., 2012), as predicted by the neutral 

theory of biodiversity (Hubbell, 2001). 

Within the Mediterranean Basin hotspot, most of the plant species richness (and 

thus a large part of the narrow Mediterranean endemism) is concentrated in the Iberian 

Peninsula and north-west Africa, as well as in the Balkan and Anatolian Peninsulas 

(Médail & Quézel, 1997). Within the former two regions, plant biodiversity is to a large 

extent confined to the Baetic (S Iberian Peninsula) and Rifan (NW Africa) mountain 

ranges (Fig. 1) (Médail & Quézel, 1999). Botanists have long been aware of the floristic 

similarities between the southern Iberian Peninsula and North Africa (Valdés, 1991; 

Médail & Quézel, 1997). Therefore, these regions are of particular interest given that 

they are considered to share characteristics despite being located on two different 

tectonic plates separated by the Strait of Gibraltar (Ajbilou et al., 2006). However, 

quantitative analyses have only been carried out in certain regions of the Baetic-Rifan 

hotspot (Mota et al., 2002; Valdés et al., 2006) or restricted to particular groups 

(Medina-Cazorla et al., 2010). 
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Figure 1. Location of the study region within the Mediterranean Basin. (a) Map of Andalusia 

(southern Iberian Peninsula) and northern Morocco (NW Africa), showing the position of the 

Baetic and Rifan ranges, the Strait of Gibraltar and the Guadalquivir and Sebou rivers. The inset 

represents the Mediterranean Basin showing the location of the Baetic-Rifan biodiversity 

hotspot in the western Mediterranean (modified from Médail & Quézel, 1999), with shaded 

areas representing regions of high concentration of species. The dotted line represents the edges 

of the Mediterranean Basin. (b) Map showing ecoregions within Andalusia and northern 

Morocco (after Valdés et al., 1987, 2002; Blanca et al., 2009). The highlighted ecoregions 

correspond to those that match the mountain ranges forming the Baetic-Rifan hotspot. (c) Top 

pictures represent typical landscapes of woodlands and chamaephyte highlands respectively in 

Andalusia (top-left and bottom-left corners) and North Morocco (top-right and bottom-right 

corners). Pictures by Juan Arroyo Marín. Bottom pictures represent two closely related pairs of 

taxa (Cistaceae) distributed on southern Iberian Peninsula and northern Morocco that are found 

under contrasting soil conditions. From left to right and top to bottom: Halimium atriplicifolium 

subsp. atriplicifolium (serpentines), Halimium lasianthum subsp. lasianthum (sandstones), 

Helianthemum alypoides (gypsum outcrops) and Helianthemum polygonoides (saline soils). 

Pictures by Abelardo Aparicio Martínez. 

 

 

In this article, we aim to (1) determine the affinities between the floras of 

Andalusia and northern Morocco and (2) disentangle the environmental and 

geographical drivers of alpha and beta diversity within endemic and nonendemic plant 

assemblages in the Baetic-Rifan mountain ranges. Ultimately, our overall goal is to use 

the Baetic-Rifan hotspot as a model to improve our understanding of how 

environmental heterogeneity structures patterns of plant biodiversity in a Mediterranean 

range. 
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Materials and Methods 

Study area 

Andalusia and northern Morocco are geomorphologically heterogeneous areas that are 

characterized by high mountain ranges (e.g. Baetic-Rifan complex) surrounded by 

extensive lowlands of alluvial origin and shaped by the rivers Guadalquivir (Andalusia) 

and Sebou (northern Morocco) (see Fig. 1). The Baetic and Rifan ranges share a 

common geological history and form part of the Alboran tectonic microplate located 

between the Eurasian and the African plates (Rosenbaum et al., 2002). The Baetic-

Rifan range is rugged and rises to over 3400 m a.s.l. (i.e. Sierra Nevada) and boasts a 

heterogeneous lithology with substrata that include siliceous metamorphic outcrops, 

Oligo-Miocene sandstones, peridotites, limestones, dolomites, and marbles. This 

geomorphological complexity yields a wide range of climatic variation in terms of both 

temperature and precipitation, albeit always within the context of Mediterranean-type 

climate.  

 

Floristic datasets  

We compiled an exhaustive distribution dataset for all the vascular plant species and 

subspecies occurring in Andalusia and northern Morocco based on the catalogs 

elaborated by Valdés et al. (1987) and Blanca et al. (2009) for Andalusia (updated 

whenever necessary with floristic studies published in peer-reviewed journals), and by 

Valdés et al. (2002) for northern Morocco. We followed nomenclatural criterion in 

Blanca et al. (2009). When different subspecies were recognized for a given species in 

Blanca et al. (2009) and not in Valdés et al. (2002) or Valdés et al. (1987), we used the 

information regarding the overall distribution of taxa in Blanca et al. (2009) and 

Castroviejo (1986-2012) to assign the corresponding subspecies. When it was not 
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possible due to overlapping subspecies ranges, we considered subspecies in Blanca et 

al. (2009) as a single species. We used the 48 ecoregions recognized in these sources to 

estimate geographical ranges of taxa based on their presence/absence in each ecoregion 

(Fig. 1b). An ecoregion is a territory characterized by the existence of homogeneous 

climatic, topographical, and geological features (Valdes et al., 2002). A territorial 

subdivision of this type, based on natural physiographic boundaries, has been used in a 

number of recent studies (e.g. Veech & Crist, 2007) and is appropriate for different 

analytical methods. Note that the delimitation of an ecoregion does not imply that it has 

a unique flora.  

We removed all non-native taxa from the dataset, as well as those taxa whose 

presence in the study area are doubtful or whose distribution range within the former is 

little known. We neither considered doubtful local citations. Despite their putative 

importance in some regions and relevance for descriptions of plant biodiversity, hybrids 

were not considered given the lack of comprehensive information about their constancy. 

For taxa lacking detailed distribution information, we searched for confirmed citations 

in the databases of the Spain Plant Information System (Anthos, 2012) and the Global 

Biodiversity Information Facilities (GBIF, 2012). The Algeciras-Aljibe and Grazalema-

Ronda ecoregions were merged due to their small size and the high environmental 

resemblance between Algeciras and Grazalema (from Valdés et al., 1987) and Aljibe 

and Ronda (from Blanca et al., 2009), respectively. The ecoregions corresponding to the 

Baetic-Rifan range are unambiguously assigned in the source floras given that they 

match well the mountain ranges that form this hotspot. Despite ecoregions 21 and 24 

are adjacent to those forming the Baetic range (see Fig. 1), they were not considered as 

Baetic ecoregions because they do not include high mountain areas, but sedimentary 

lowlands (i.e., ecoregion 21) or plateaus (i.e., ecoregion 24). Although Baetic mountains 
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expand somewhat beyond the bounds of Andalusia through some adjacent mountainous 

areas in SE Iberian Peninsula, we did not include them in the analyses because the 

floristic knowledge regarding the easternmost range is not complete. However, this 

study covers more than 90% of the surface of the Baetic-Rifan hotspot. 

 

Endemic ranges 

We split our floristic dataset into two elements according to their general distribution 

range: the first included taxa whose distributions are restricted to the Baetic-Rifan 

hotspot (hereafter, endemic element), while the second included all taxa with a broader 

distribution (hereafter, nonendemic element). To assess species’ ranges, we followed 

Castroviejo (1986-2012), Valdés et al. (2002), Fennane & Ibn Tattou (2005), Blanca et 

al. (2009), and Ibn Tattou & Fennane (2009). 

 

Environmental variables 

To describe climatic and altitudinal variation between ecoregions and to use them to 

depict the influence of the environment on biodiversity patterns, we used maximum 

resolution rasters from the WorldClim database (Hijmans et al., 2005). We took a 

monthly value of maximum, minimum and mean temperatures, total precipitation, and 

elevation for each 1-km2 cell in the study area and then extracted the monthly means for 

each ecoregion. Subsequently, we used these scores to construct 22 new variables 

relating to temperature, precipitation, and elevation (see Table 1). We used the same 

climate layers from the WorldClim database to spatially model the current climate of 

Andalusian and North Moroccan areas, in order to avoid methodological biases due to 

sampling errors. Other putatively interesting energy-related variables were not equally 

available for Andalusia and North Morocco. However, many of the climatic variables 
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had a high degree of collinearity, as expected for most of energy-related variables, with 

those used in the analyses. We also made use of a lithological map (scale 1:100,000) of 

Andalusia (Jordán, 2000) in which 162 different categories of substrata were identified 

for the Baetic ecoregions. 

The geometrical irregularity of the ecoregions in the study area makes single 

coordinate locations useless for the calculation of geographical distances. To solve this 

problem, the study area was divided into 1-km2 cells and the Euclidean distance was 

calculated between all pairwise cell comparisons for each pair of ecoregions. The 

Euclidean distances separating any two ecoregions were defined by the probability 

density of their constituent pairwise cell distances. We used the mean value of each 

probability density distribution as an estimate of the geographical distance between 

ecoregions (Euclidean). 

 

Statistical analysis 

Floristic affinities between Andalusia and northern Morocco were assessed by 

conducting a hierarchical cluster analysis (HCA) based on the distribution of the 

vascular flora in the ecoregions of Andalusia and northern Morocco. The Sørensen 

similarity index was used as a distance function (1 – Sørensen similarity index), while 

the unweighted pair-group method with an arithmetic mean (UPGMA) was used as an 

agglomerative algorithm to construct a rooted dendrogram. We measured how well the 

resulting clusters were supported by the data using a multiscale bootstrap resampling (n 

= 10,000) (Shimodaira, 2004). We also conducted a detrended correspondence analysis 

(DCA) to examine further the biogeographical relationships between ecoregions in a 

multidimensional space.  

To identify the drivers of alpha diversity in the Baetic-Rifan ecoregions, we 
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explored their correlations with environmental (temperature and precipitation) and 

altitudinal variables. Given that both sets of variables had a high degree of collinearity, 

we conducted a principal components analysis (PCA) of all the environmental and 

altitudinal variables to reduce their dimensionality. Then, we fitted single linear models 

to both the endemic and nonendemic alpha diversity against each of the first principal 

components of environmental and altitudinal variations. We also regressed alpha 

diversity to the area occupied by each ecoregion.  

Endemic and nonendemic compositional beta diversity matrices were calculated 

using the Sørensen similarity index as a dissimilarity measure (1 – Sørensen similarity 

index) between the plant assemblages of the ecoregions. We constructed two additional 

dissimilarity matrices that only included the Baetic ecoregions to analyze the correlation 

between lithological features and plant assemblages. Unfortunately, we had to restrict 

this analysis to the Baetic range, because lithological information from North Morocco 

is scarcer, more incomplete, or not directly comparable with that available for 

Andalusia, which prevented us to further extend our conclusions to the whole Baetic-

Rifan hotspot. 

We used the BIO-ENV function (Clarke & Ainsworth, 1993) to identify the 

subsets of climatic variables that produced the highest (nonparametric) correlation with 

each compositional beta diversity matrix. These optimal subsets were standardized and 

then used to calculate the climatic distance matrices (Euclidean) between all pairs of 

ecoregions. We carried out the same procedure for the altitudinal variables. Finally, a 

lithological distance matrix using the Bray-Curtis dissimilarity index was constructed 

from the relative surface area occupied by each of the different categories on the 

lithological map. 

For each compositional beta diversity matrix, we applied a multiple regression 
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on distance matrices analysis (Lichstein, 2007) by relating plant assemblage 

dissimilarities to climatic, altitudinal, lithological, and geographical distance matrices. 

We partitioned the variance in compositional beta diversity matrices between single 

contributions from each explanatory variable, the covariation between them and the 

unexplained variance (Legendre & Legendre, 1998). The significance for the regression 

coefficients was tested by generating 1000 permutations in the dataset. By resampling 

(n = 1000 iterations) with 667 replacement taxa (the size of the Baetic-Rifan endemic 

dataset) from the Baetic-Rifan nonendemic dataset (3384 taxa), we were also able to 

test whether or not the observed differences in species numbers between endemic and 

nonendemic elements might affect the output of the analysis. Finally, we calculated a 

distance matrix for each resampled matrix and regressed each to the original matrix (test 

significance conducted by permutations; n = 1000). 

To ensure that the results were not biased by an a priori selection of Baetic-Rifan 

ecoregions, we conducted a subanalysis of beta diversity using only high-elevation 

ecoregions. First, we visually explored the cell-value distribution of the digital elevation 

model within each ecoregion. Then, we removed the nine ecoregions with either no 

significant fraction of their area over 1500 m or with most of their surface area below 

500 m.  
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Table 1. Set of climatic and altitudinal variables considered in the BIO-ENV analysis. 

Code Variable 

1 Mean of monthly mean temperature 

2 Variation of monthly mean temperature (SD) 

3 Range of monthly temperature 

4 Total monthly precipitation 

5 Variation of monthly precipitation (SD) 

6 Range of monthly precipitation 

7 Mean of monthly maximum temperature 

8 Variation of monthly maximum temperature (SD) 

9 Mean of monthly minimum temperature 

10 Variation of monthly minimum temperature (SD) 

11 Precipitation of the driest month 

12 Precipitation of the wettest month 

13 Maximum temperature of the warmest month 

14 Minimum temperature of the coldest month 

15 Mean precipitation of driest annual quarter 

16 Mean precipitation of wettest annual quarter 

17 Mean temperature of coldest annual quarter 

18 Mean temperature of warmest annual quarter 

E1 Mean elevation 

E2 Maximum elevation 

E3 Minimum elevation 

E4 Variation of elevation (SD) 
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All analyses were carried out in R 2.15.1 (R Development Core Team, 2012) with 

the packages VEGAN (Oksanen et al., 2012) and ECODIST (Goslee & Urban, 2007) for 

the BIO-ENV and multiple regression on distance matrix analyses, respectively, and the 

PVCLUST package (Suzuki & Shimodaira, 2006) for the hierarchical cluster analysis. 

 

 

Results 

Floristic datasets 

Our input dataset consisted of 4450 native vascular plant species and subspecies from 

Andalusia and northern Morocco. The vast majority of species (91%) are present in the 

ecoregions assigned to the Baetic-Rifan hotspot. Of this Baetic-Rifan pool, 667 taxa are 

endemic (16.5%) and 3384 nonendemic. Of the endemic element, 485 taxa are confined 

exclusively to the Baetic range, while 129 are endemic to the Rifan mountains; in all, 53 

endemic species are found in both ranges. 

 

Floristic affinities between Andalusia and northern Morocco 

The hierarchical cluster analysis showed that the plant assemblages of the Rifan 

mountain ecoregions and a number of other ecoregions at the southern boundary of 

northern Morocco (i.e., ecoregions 34, 37, and 38) are consistently (89% bootstrap 

support) more similar to the Andalusian ecoregions than to any other northern Morocco 

ecoregion (Fig. 2). Furthermore, plant assemblages of the ecoregions located at the 

western end of the Rifan mountains form alone a quite robust cluster (89% bootstrap 

support) that is closely related to all the Andalusian assemblages (76% bootstrap 

support).  

In contrast to the northern Moroccan ecoregions, which were spread along the 
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second axis, the first axis of the DCA discriminated most of the Andalusian ecoregions 

(especially those in eastern Andalusia) from all others (Fig. 3). This second axis also 

defined the eastern Rifan ecoregions and the ecoregions around the Strait of Gibraltar as 

very different groups. 

 

Alpha and beta diversity in the Baetic-Rifan range 

The first two eigenvalues of the PCA accounted for 62% and 67% of the accumulated 

variance in the environmental and altitudinal variables, respectively (see Table 3 for 

PCA scores). Nonendemic alpha diversity had a nonsignificant relationship with both 

the environmental and altitudinal variables (Adjusted R2 = -0.05, P = 0.85; Adjusted R2 

= -0.05, P = 0.84), whereas the endemic alpha diversity was explained relatively well by 

the environmental variables (Adjusted R2 = 0.28, P < 0.01) but only poorly by the 

altitudinal variables (Adjusted R2 = 0.14, P = 0.05). Overall, greater endemic richness 

was mainly related to higher precipitation levels during the dry season and greater  
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Figure 2. Hierarchical cluster 
analysis (UPGMA) representation 
showing the floristic relationship 
between the ecoregions of Andalusia 
and northern Morocco. Node 
numbers are Approximate Unbiased 
P-values in percentage. The 
highlighted clade represents the West 
Rifan ecoregions, which are grouped 
together in Andalusian clusters.  
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temperature oscillation, whereas lower endemic richness was related to both higher 

minimum and higher mean temperature values (Fig. 4). In no case, did the area 

occupied by each ecoregion explain the alpha diversity (Adjusted R2 = 0.07 and -0.02, P 

= 0.14 and 0.46 for nonendemic and endemic richness, respectively). 

 

 

            

Figure 3. Detrended correspondence analysis (DCA) showing biogeographical relationships of 

ecoregions of Andalusia and northern Morocco. Circles represent Andalusian ecoregions, 

whereas triangles represent northern Morocco ecoregions. The size of the symbols is 

proportional to the ln of the geographic distance from the Strait of Gibraltar. Labelled points 

represent the ecoregions closer to the shores of the Strait of Gibraltar. 
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(a) 

 

(b) 

 

Figure 4. (a) Scatter plot of endemic alpha diversity recorded in Baetic-Rifan ecoregions 

against the scores of the first axis of the principal components analysis (PCA) for environmental 

variables. The solid line represents the fitted values from the linear model. (b) Map of endemic 

alpha diversity. The grey scale is proportional to endemic richness (maximum value in black). 

The numbers represent the scores of the PCA 1 component. Negative values are related to high 

values of precipitation in summer and to high temperature oscillation. Positive values are related 

to high minimum and high mean temperature values.  
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Different sets of climatic and altitudinal variables were selected to explain the 

diversity patterns for each floristic element (endemic and nonendemic). Minimum 

elevation was consistently included for both endemic and nonendemic floristic elements 

in the Baetic-Rifan analysis, whereas mean elevation was only selected in the analysis 

restricted to the Baetic range. The total monthly precipitation, the mean monthly 

maximum temperature, and the variation in the monthly minimum temperature (SD) 

were also included for both elements in the Baetic-Rifan analysis; on the other hand, the 

mean of the monthly mean temperature and the total monthly precipitation were 

included in the analysis restricted to the Baetic range (Table 2). 

 

Table 2. Set of climatic and altitudinal variables that produced the highest nonparametric 

correlations for each floristic element (E, endemic; NE, nonendemic) according to BIO-ENV 

analysis. 

Climatic variables Altitudinal variables Climatic correlation Altitudinal correlation 
Region E N.E E N.E E N.E E N.E 

Baetic-Rifan 4, 7, 10 4, 7, 10, 13 E3 E3 0.45 0.44 0.07 0.13 

Baetic 1, 4, 9, 13, 17 1, 2, 3, 4, 5, 7, 15, 18 E1 E1 0.88 0.91 0.69 0.76 

 

 

When all the Baetic and Rifan ecoregions were pooled, 61% (P < 0.001) and 

49% (P < 0.001) of the total variance of the beta diversity was explained for endemic 

and nonendemic plant elements, respectively. Of all variables, geographical distance 

contributed by far the most to the explained variance, whereas both altitudinal and 

climatic variables together explained less than 6% in each case (Fig. 5a). 
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(a)     (b) 

 

 

Figure 5. Proportion of the variance of the compositional beta diversity explained in each 

floristic element by climatic, lithological, altitudinal and geographic distances, correlated 

variation, along with the remaining unexplained part. (a) All Baetic-Rifan ecoregions. (b) High-

elevation (> 1500 m) Baetic-Rifan ecoregions. (E, endemic; NE, nonendemic).  
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In all, 80% (P < 0.001) and 81% (P < 0.001) of the beta diversity in the Baetic 

ecoregions was explained for endemic and nonendemic elements, respectively. Climatic 

differences were by far the most significant variable for nonendemic elements and 

accounted for 72% of the variance explained by single factors. By contrast, the single 

contributions of lithological and climatic variables with regard to endemic plant 

assemblages were very similar and accounted for 34% and 37% of the variance 

explained by single contributions, respectively. Single altitudinal contribution was low 

and very similar for both floristic datasets. 

Geographic distance was comparatively more important for endemic than for 

nonendemic plant element. In addition, a high fraction of the total variance was 

explained by the correlated variation between explanatory matrices in the analysis 

restricted to the Baetic dataset (Fig. 5a). 

The beta diversity subanalysis between the high-elevation ecoregions of either 

the whole hotspot or of just the Baetic range mirrors the pattern observed in the 

complete analysis, differing only in a quantitative sense (Fig. 5b). Overall, the 

correlations of the resampled matrices with the original matrix were high (mean 

Adjusted R2 = 0.96, SD = 0.009) and significant (mean P-value < 0.001, SD = 0.00), 

thereby confirming that results are not driven by the differences in species number 

between the two floristic elements. 

 

 

Discussion 

Albeit still lacking in number, the availability of comprehensive taxonomic and 

distribution information for biodiversity hotspots offers an excellent opportunity for 

quantifying the extent and uniqueness of biodiversity and for unraveling the drivers of 
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biodiversity distribution. In this respect – and as we assess quantitatively in this study – 

the Baetic-Rifan hotspot reveals interesting patterns such as the key role of substrate 

and climate in shaping species diversity and spatial turnover in Mediterranean hotspots 

(Médail & Quézel, 1997; Mota et al., 2002). 

 

Geographical structure of floristic diversity 

The hierarchical cluster analysis of plant assemblages in the ecoregions of Andalusia 

and northern Morocco reveals the existence of remarkable floristic links between these 

two regions (Valdés, 1991; Galán de Mera & Vicente Orellana, 1997; Marañón et al., 

1999). In contrast to the Baetic Cordillera, which seems to possess a certain degree of 

floristic unity, the plant assemblages of the West Rifan mountains seem to be more 

related to the Andalusian flora than to that of the East Rifan mountains and other nearby 

ecoregions. Furthermore, plant assemblages of the Rifan mountain range as a whole 

were consistently separated from that of the northern Morocco lowlands in the 

clustering analyses, thereby demonstrating their affinities to the Andalusian flora. 

Therefore, the biogeographical heterogeneity of northern Morocco contrasts with that of 

its Iberian counterpart, despite the poorer species richness and smaller surface area of 

the former. The DCA indicated that an overall floristic similarity gradient exists from 

the ecoregions in the west around the Strait of Gibraltar to the eastern end of the 

territory (Fig. 3). Both current and past conditions may be responsible for this pattern. 

At present, the clearest ecogeographical pattern across the region is a strong climatic 

gradient, being in general wetter and milder in the west and drier and colder in the east 

(Rivas-Martínez et al., 1997). Additionally, the geographical proximity between 

Andalusia and Africa is also much more marked in the west than in the east, which may 
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explain in part the pattern in floristic similarities observed there (see Lavergne et al., 

2013 for a specific account at both sides of the Strait of Gibraltar). 

The south-west European and north-west African tectonic plates have been 

intermittently connected over geological times. At the end of Miocene (5.96 Myr BP), 

the Strait of Gibraltar closed and the Mediterranean dried up (Duggen et al., 2003). This 

allowed for African-Iberian biological exchanges to take place during the Messinian, 

which have been registered in the Spanish mammalian record (Agustí et al., 2006) and 

inferred for some plants (Guzmán & Vargas, 2005). Fluctuations in sea level during the 

Quaternary glacial and interglacial periods (Yokoyama et al., 2001) also seem to have 

played an important role in shaping the structure of genetic diversity in the populations 

(Rodríguez-Sánchez et al., 2008) and have thus driven speciation when migration was 

interrupted. Lavergne et al. (2013) found that the Strait of Gibraltar caused a bias in 

species migration between the two sides, and this interruption in the gene flow had the 

effect of triggering local speciation in certain families with low dispersal capabilities. 

These results support the hypothesis that the Strait of Gibraltar has acted in the past as a 

migration route for plants from both sides of this strait. Our findings reveal the imprint 

of this phenomenon and expose the fundamental role played by the Strait of Gibraltar in 

the structuring of plant assemblages in this Mediterranean biodiversity hotspot, evident 

above all in the high floristic similarity at its western end. 

 

Environmental correlates of alpha and beta diversity 

The area occupied by each ecoregion was not a good predictor of alpha diversity, 

thereby indicating that surface area does not directly affect the observed diversity 

patterns (as could be expected given the species-area relationships). Despite the fact that 

previous studies of alpha diversity correlates in the Iberian Peninsula have shown that 
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elevation was the most significant variable explaining species richness distribution 

(Lobo et al., 2001), we found that other environmental variables explained the endemic 

alpha diversity far better. Our findings suggest that climatic variables shape the spatial 

distribution of endemic plant richness in the Baetic-Rifan range. In Mediterranean 

ecosystems, productivity drastically decreases during the summer drought and, given 

that the ecoregions of high endemic richness are characterized by relatively high 

summer precipitation (see Table 3), it is probable that summer drought acts as an 

ecological limiting factor for speciation in ecoregions of low endemic richness 

(Anacker & Harrison, 2012). 

Although its importance dropped drastically when we focused only on the Baetic 

ranges, geographical distance was by far the most important factor explaining beta 

diversity between ecoregions within the hotspot as a whole. The strong independent 

effect of geographical distance on plant assemblages at hotspot spatial scale indicates 

that limitations on dispersal (dispersal assembly) seem to govern the spatial distribution 

of plant diversity; nevertheless, at smaller scales, environmental sorting (niche 

assembly) is more important. Thus, it is probable that a substantial fraction of the flora 

of the Baetic range is missing from Rifan range areas with suitable environments (and 

vice versa) because the Atlantic Ocean and the Mediterranean Sea, which separate these 

mountainous ranges, act as an effective barrier preventing migration between these 

regions, at least in the easternmost range. 
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Table 3. Principal component analysis scores for the environmental variables (axis 1). In bold, 

scores higher than 0.25 in absolute value. 

Variable PC1 score 

Total monthly precipitation 0.11 

Variation of monthly precipitation (SD) 0.21 

Range of monthly precipitation 0.21 

Precipitation of the wettest month 0.18 

Precipitation of the driest month -0.28 

Mean precipitation of wettest annual quarter 0.18 

Mean precipitation of driest annual quarter -0.27 

Mean of monthly mean temperature 0.27 

Variation of monthly mean temperature (SD) -0.26 

Range of monthly temperature -0.24 

Maximum temperature of the warmest month -0.01 

Minimum temperature of the coldest month 0.28 

Mean of monthly maximum temperature 0.25 

Variation of monthly maximum temperature (SD) -0.26 

Mean of monthly minimum temperature 0.28 

Variation of monthly minimum temperature (SD) -0.26 

Mean temperature of warmest annual quarter 0.20 

Mean temperature of coldest annual quarter 0.29 
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In the analysis restricted to the Baetic range, correlated altitudinal and climatic 

differences between ecoregions (MRM test between nonendemic altitudinal and climatic 

variables; R2 = 0.79, P < 0.001) seem to be the main factor explaining beta diversity 

patterns, albeit to differing degrees for endemic and for nonendemic taxa. The same 

applies to lithological differences, although they were a remarkable predictor only for 

endemic species. These findings imply that diversity patterns of endemism do not 

necessarily mirror the diversity patterns of the regional pool in which endemic taxa are 

included (Whittaker et al., 2001; Vetaas & Grytnes, 2002). 

The great incidence of altitude and climate on beta diversity patterns reported in 

our study agrees with traditional claims that orographic isolation plays an important role 

in plant diversification and endemism in the Mediterranean (Heywood, 1960). 

Furthermore, both maximum elevation and the variation in elevation (SD) are well 

correlated within the Baetic-Rifan ecoregions (r = 0.72), indicating that environmental 

heterogeneity shaped by altitudinal gradients could play a key role in explaining beta 

diversity patterns in the Baetic ranges. 

Without taking into account current environmental conditions, the importance of 

altitudinal and climatic differences as determinants of beta diversity can be in part 

linked to past historical scenarios (Cowling et al., 1996; Cowling & Lombard, 2002). 

Historical factors such as past climate, postglacial recolonization, and habitat stability 

have been reported to be important determinants of both alpha (Svenning & Skov, 2007; 

Svenning et al., 2009) and beta diversity (Graham et al., 2006; Dexter et al., 2012) 

patterns. Good phylogeographical and fossil evidence exist to suggest that the 

mountains of southern Spain were an important glacial refugium during the Pleistocene 

ice ages (Salvador et al., 2000; Carrión et al., 2003; Hampe & Petit, 2005; Cheddadi et 
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al., 2006; Médail & Diadema, 2009) that allowed populations of more northerly 

distributed plant species to persist (see Blanca et al., 1998). 

 

The potential imprint of climate stability and limitations on dispersal 

Local extinction rates at higher elevations increase during glacial-interglacial periods in 

response to shifts in climatic conditions. Nevertheless, the local rates of displacement in 

climatic conditions in the Baetic range during the Pleistocene glaciations were relatively 

low given its latitude and the influence of both the Atlantic Ocean and the 

Mediterranean Sea (Finlayson & Carrion, 2007), thereby explaining population 

persistence in the Baetic range for both endemic and nonendemic taxa. Cowling & 

Lombard (2002) suggest that the greater climatic stability in the Western Cape Floristic 

Region during the Pleistocene explains this region’s greater beta diversity compared 

with the Eastern Cape, where Pleistocene climates did not favor Cape lineages. 

The overall low dispersal capacity of small-ranged taxa in Mediterranean biomes 

is well known (Cowling et al., 1994; McDonald et al., 1995; Melendo et al., 2003; 

Hopper & Gioia, 2004). In a comparative study of two groups of western Mediterranean 

narrow endemic species and their corresponding congeneric nonendemic taxa, Lavergne 

et al. (2004) found that narrow endemics occur in habitats with greater rock cover, 

produce fewer seeds and smaller flowers, and have lower pollen/ovule ratios. These 

results suggest that local persistence rather than wide dispersal could be the dominant 

perpetuation strategy in Mediterranean narrow-ranged endemic plants. Thus, it is 

reasonable to assume that Baetic endemic plants have evolved in a very close 

relationship with the substrates of the areas in which they normally occur. Substrate 

conditions have been shown to act as selective forces driving diversification 

(Rajakaruna, 2004). The large number of cases in the study area in which closely related 
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taxa are found living under contrasting soil conditions can be interpreted as the imprint 

of this selection process caused by an adaptation to different edaphic conditions 

(Gutiérrez et al., 2004). The notable incidence of lithological differences between 

ecoregions provides an even better explanation of endemic beta diversity and suggests 

that local adaptation to lithological conditions and speciation is a key mechanism in the 

shaping of biodiversity in this Mediterranean hotspot. Baetic range performs as an 

archipelago of mountains, isolated between them by lower areas of different substrata, 

which could act as biogeographical barriers preventing gene flow between highlands 

populations and driving differentiation (Hernández Bermejo & Sainz Ollero, 1984). 

However, any full account of these processes still should consider the phylogenetic 

relationships between the taxa involved (Anacker et al., 2011). 

 

 

Concluding Remarks 

Plant assemblages in the Rifan range and especially those of the western Rifan 

mountains resemble the flora of Andalusia more than that of other northern Morocco 

neighboring ecoregions. The Baetic-Rifan ecoregions of high endemic richness are 

characterized by relatively high precipitation levels during the summer, which suggest 

that drought could be acting as an ecological factor limiting speciation in ecoregions of 

low endemic richness. When considering the whole Baetic-Rifan region, geographical 

distance is the main factor explaining variation in beta diversity in plant assemblages 

(ecoregions), even though the importance of this factor falls drastically at the scale of 

the Baetic range. Differences in climate are a further important factor explaining 

floristic similarities in the Baetic range, especially in regard to nonendemic 
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assemblages. By contrast, lithological features explain as much variance as climate does 

for endemic assemblages and are of very little importance in nonendemic assemblages. 

Diversity analyses using species and subspecies that do not take into account 

phylogenetic relationships suffer from severe limitations when searching for the 

underlying factors behind the origins and maintenance of biodiversity. For instance, 

excessive importance may be given to a local adaptation to a specific substrate if all the 

species in a clade are closely associated with that substrate. Future comparative studies 

of the Baetic-Rifan biodiversity hotspot should incorporate improved assessments of 

spatial diversity distribution using phylogenetic analysis (beta phylodiversity), which 

will help determine how contemporary and historical factors interact in the structuring 

of plant assemblages in the Baetic-Rifan and other biodiversity hotspots. 
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Supplementary Information 

Table S1. Climatic and altitudinal variables selected from the BIO-ENV analysis (for variables names see Table 1). Temperature and precipitation related variables 

are in ºC and mm respectively, and altitudinal variables (E) in m above the sea level. The area units are in km2. 

        Ecoregion Code Area  Var1 Var2 Var3 Var4 Var5 Var7 Var9 Var10 Var13 Var15 Var17 Var18 VarE1 VarE2 VarE3 VarE4 

Andévalo 1 321.622 16.89 5.50 24.82 539.92 26.84 21.77 8.11 4.64 30.91 8.59 10.43 23.88 185.50 502 0 77.82 

Condado Aljarafe 2 105.746 17.76 5.89 26.57 564.26 28.69 22.88 11.97 5.01 32.64 7.94 10.78 25.22 95.57 187 5 36.32 

Campiña de Huelva 3 118.341 17.51 5.41 23.50 511.49 25.82 21.92 12.43 4.82 30.42 8.13 11.05 24.27 83.19 307 1 56.40 

Litoral 4 228.650 17.72 5.11 22.25 568.01 30.13 21.92 11.81 4.69 29.72 7.53 11.64 24.20 33.27 206 -1 25.98 

Marisma 5 216.963 17.89 5.58 24.65 583.00 30.66 22.54 9.02 4.96 31.49 7.43 11.31 25.01 6.50 77 -5 9.76 

Aracena 6 240.477 15.75 6.09 27.88 620.99 29.06 21.20 12.07 4.89 31.95 10.79 8.67 23.55 445.81 885 156 133.57 

Sierra Norte 7 1,105.858 16.47 6.80 31.41 644.76 29.61 22.52 10.35 5.43 34.90 10.01 8.55 25.14 393.88 926 5 190.55 

Zújar 8 45.244 15.58 7.10 32.70 624.28 26.62 21.81 12.91 5.59 35.00 11.46 7.38 24.72 537.45 729 399 57.43 

Pedroches 9 276.514 15.48 7.21 33.03 613.00 25.52 21.70 12.32 5.74 35.09 11.82 7.17 24.82 586.23 808 316 96.19 

Vega 10 193.343 18.11 6.53 30.54 620.71 30.95 24.18 10.96 5.24 35.81 7.64 10.45 26.40 69.58 228 0 48.04 

Alcores 11 32.203 17.92 6.32 29.61 624.92 32.19 23.93 11.35 5.06 35.06 7.47 10.54 25.98 93.81 222 22 47.46 

Campiña Baja 12 847.014 17.46 6.08 27.29 655.24 33.46 22.75 12.23 5.16 33.01 8.02 10.38 25.22 151.13 670 2 98.33 

Campiña Alta 13 316.859 16.71 6.13 27.66 681.08 34.70 22.12 13.15 5.18 32.56 8.61 9.66 24.57 340.22 1,154 48 144.81 
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Aljibe 14 334.628 16.65 4.68 21.45 807.71 48.14 20.92 6.37 4.40 28.34 7.86 11.24 22.75 226.35 1,153 -5 203.64 

Ronda 15 399.701 15.00 5.67 26.18 741.71 38.90 20.20 12.45 4.89 29.89 10.12 8.57 22.39 690.00 1,765 -4 328.28 

Sub-Bética 16 174.443 15.70 6.28 28.54 682.14 33.34 21.23 8.47 5.26 32.19 9.94 8.53 23.79 588.02 1,439 244 193.24 

Axarquía 17 195.160 17.02 5.36 24.32 570.79 30.71 21.77 12.69 4.93 30.41 7.70 10.91 23.95 300.85 986 -6 203.32 

Trevenque-Almijara 18 157.617 13.70 6.39 29.83 573.22 23.05 19.46 13.11 5.30 31.05 13.14 6.50 22.02 1,013.87 2,009 -14 402.40 

Granada 19 328.386 14.78 6.73 30.86 562.68 23.28 20.61 13.26 5.52 32.86 11.77 7.13 23.58 830.90 1,572 385 191.92 

Mágina 20 228.729 13.62 6.99 31.93 598.19 22.48 19.60 8.99 5.68 32.57 15.36 5.76 22.76 1,077.55 2,132 462 220.61 

Guadalquivir 21 678.649 16.41 6.72 30.03 541.94 22.95 22.00 10.87 5.64 33.87 10.62 8.70 25.10 502.29 1,525 164 169.86 

Sierra Morena 22 331.105 15.91 7.08 31.84 512.43 19.93 21.83 8.65 5.84 34.63 12.09 7.78 25.09 572.54 1,138 173 164.72 

Cazorla 23 324.651 12.34 6.89 31.53 568.23 17.61 18.36 12.12 5.72 30.94 20.28 4.65 21.36 1,217.60 2,281 442 324.41 

Guadiana Menor 24 316.488 14.35 6.66 30.38 488.02 17.19 20.11 11.27 5.61 32.04 13.95 6.83 23.05 887.87 1,477 380 181.61 

Vélez-Baza 25 315.480 12.90 6.53 29.87 515.76 15.86 18.65 11.21 5.59 30.20 18.57 5.61 21.49 1,121.74 2,194 553 242.79 

Nevada-Filabres 26 251.555 10.33 6.69 30.99 710.05 22.42 16.25 10.28 5.51 28.70 24.13 2.98 19.21 1,664.33 3,353 614 509.80 

Alpujarras 27 201.129 14.38 6.13 28.14 469.30 17.51 19.79 13.58 5.29 30.48 12.21 7.48 22.42 859.15 2,198 2 426.25 

Almería 28 491.416 16.51 5.55 24.79 318.74 11.64 21.26 12.31 5.20 30.10 9.21 10.21 23.81 371.83 1,310 -4 253.34 

Atlantic Coast 29 160.465 18.37 4.65 24.06 619.39 39.74 23.88 7.68 4.38 30.93 3.81 12.69 24.23 29.27 146 0 24.52 

Mamora 30 289.140 18.64 5.25 26.40 546.65 32.54 24.51 12.82 4.62 33.28 3.70 12.46 25.38 164.96 473 0 89.53 

Gharb 31 346.744 19.12 5.42 27.19 571.39 34.20 25.04 13.30 4.69 34.25 3.56 12.66 26.10 39.97 622 3 66.08 
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Loukkos 32 278.891 18.15 4.98 26.12 741.89 48.43 24.05 4.45 4.37 31.92 4.59 12.04 24.40 89.57 510 -7 71.65 

Ouezanne 33 307.017 18.52 5.85 29.09 800.89 49.22 24.63 12.46 4.95 34.69 4.41 11.56 25.98 256.79 869 27 164.06 

Central Pre-Rif 34 419.959 18.85 6.17 30.73 609.02 32.91 25.30 9.32 5.12 36.20 4.75 11.60 26.78 269.29 782 31 129.53 

High Ouerrha 35 226.688 17.39 6.22 30.50 650.24 34.40 23.55 9.85 5.29 34.60 6.25 10.18 25.41 523.67 1,655 134 275.62 

Tsoul 36 202.948 17.03 6.53 31.21 559.56 27.77 23.23 10.05 5.65 34.55 7.41 9.55 25.55 618.29 1,312 211 204.95 

Zerhoun 37 235.934 17.91 5.84 29.87 581.14 31.09 24.54 10.46 4.75 34.93 5.39 11.07 25.47 405.28 1,045 106 145.76 

Tazzeka 38 74.523 14.52 6.53 32.00 494.85 20.43 21.05 10.23 5.55 32.56 10.51 6.97 23.01 1,083.85 1,819 467 303.24 

Guercif 39 326.075 17.66 5.29 26.30 279.15 11.35 23.24 11.88 4.75 31.81 6.89 11.37 24.46 395.31 1,074 88 136.15 

Beni Snassen 40 324.071 16.71 5.50 26.97 344.27 14.29 22.51 10.05 4.90 31.66 7.56 10.39 23.97 518.69 1,422 1 255.09 

Tanger 41 458.805 17.19 5.24 25.66 899.34 59.29 22.54 8.05 4.59 31.15 5.95 10.97 23.94 362.41 1,643 -5 310.05 

West-Rif 42 238.326 15.93 5.19 25.77 832.78 52.87 21.34 7.97 4.51 30.17 6.99 9.89 22.71 596.76 2,038 -15 476.64 

Targuist 43 209.950 15.65 5.29 26.68 572.37 29.77 21.30 10.89 4.53 30.51 7.57 9.53 22.48 704.19 1,965 -50 390.49 

Imzorene 44 183.550 16.39 5.29 25.65 398.21 19.40 21.62 12.09 4.73 30.42 6.51 10.30 23.31 523.03 1,855 -18 364.82 

Central Rif 45 316.196 14.57 5.93 29.90 790.48 42.74 20.73 7.19 4.97 31.56 8.95 7.69 22.28 975.16 2,287 156 434.80 

Gareb 46 378.149 17.87 5.16 24.14 322.07 15.14 22.68 10.57 4.85 30.82 6.61 11.94 24.65 262.33 1,051 -47 173.72 

Aknoul 47 220.982 14.14 5.98 29.64 519.87 23.30 20.21 11.33 5.09 30.84 10.22 7.29 21.96 1,080.80 1,896 331 252.51 

Kert Ganc 48 204.636 15.91 5.70 27.76 365.57 15.88 21.60 9.41 5.01 31.16 7.99 9.31 23.36 730.78 1,758 368 271.38 
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Table S2. Species richness of the Baetic-Rifan ecoregions. 

         Ecoregion Code Endemic alfa 
diversity 

Nonendemic alfa 
diversity 

Aljibe 14 63 1578 

Ronda 15 169 1744 

Sub-Bética 16 61 1154 

Axarquía 17 53 1054 

Trevenque-Almijara 18 185 1477 

Granada 19 73 1135 

Mágina 20 105 1092 

Cazorla 23 167 1459 

Velez-Baza 25 132 1176 

Nevada-Filabres 26 151 1236 

Alpujarras 27 132 1287 

Almería 28 113 1169 

High Ouerrha 35 3 267 

Tanger 41 44 1205 

West-Rif 42 95 1523 

Targuist 43 42 935 

Imzorene 44 36 761 

Central Rif 45 42 950 

Aknoul 47 19 644 

Kert Ganc 48 20 696 
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Table S3. Some examples of closely related pairs of taxa that are found under contrasting soil 

conditions within the Baetic range, following nomenclatural criteria in Blanca et al. (2009). 

Family Pair of taxa Substrate affinity 
Asteraceae Leucanthemopsis pallida subsp. pallida  

Leucanthemopsis pallida subsp. spathulifolia 

Siliceous 

Calcicole 

Asteraceae * Centaurea carratracensis  

Centaurea gadorensis  

Serpentines 

Calcareous 

Brassicaceae * Brassica repanda subsp. confusa   

Brassica repanda subsp. latisiliqua  

Limestones 

Dolomites 

Brassicaceae Draba hispanica subsp. hispanica  

Draba hispanica subsp. laderoi  

Limestones 

Schists 

Brassicaceae Erysimum baeticum subsp. baeticum 

Erysimum baeticum subsp. bastetanum 

Siliceous 

Basophilic 

Brassicaceae Iberis carnosa subsp. embergeri  

Iberis carnosa subsp. granatensis  

Schists 

Limestones and dolomites 

Caryophyllaceae Arenaria tetraquetra subsp. amabilis 

Arenaria tetraquetra subsp. murcica 

Siliceous 

Limestones 

Caryophyllaceae Silene inaperta subsp. inaperta 

Silene inaperta subsp. serpentinicola 

Limestones and Siliceous 

Serpentines 

Caryophyllaceae Silene psammitis subsp. psammitis  

Silene psammitis subsp. lasiostyla  

Siliceous 

Dolomites and serpentines 

Cistaceae * Helianthemum alypoides  

Helianthemum polygonoides  

Gypsum 

Saline soils  

Cistaceae * Halimium lasianthum subsp. lasianthum  

Halimium atriplicifolium subsp. atriplicifolium  

Sandstones 

Serpentines 

Fabaceae * Anthyllis vulneraria subsp. reuteri  

Anthyllis vulneraria subsp. pseudoarundana  

Limestones 

Schists 

Fabaceae * Cytisus scoparius subsp. scoparius  

Cytisus scoparius subsp. reverchonii   

Siliceous 

Calcareous 

Plantaginaceae Linaria oblongifolia subsp. aragonensis 

Linaria oblongifolia subsp. benitoi  

Basophilic 

Siliceous 
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Plantaginaceae Linaria oligantha subsp. oligantha  

Linaria oligantha subsp. valentina 

Gypsum 

Limestones 

Plumbaginaceae * Armeria filicaulis subsp. nevadensis  

Armeria filicaulis subsp. trevenqueana  

Siliceous 

Dolomites 

Plumbaginaceae * Armeria villosa subsp. carratracensis  

Armeria villosa subsp. villosa  

Serpentines 

Limestones and dolomites 

Poaceae Koeleria dasyphylla subsp. dasyphylla 

Koeleria dasyphylla subsp. nevadensis 

Limestones 

Siliceous 

* See references for molecular phylogenies of implied taxa. 
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Abstract 

Most of the macroevolutionary processes that have shaped present-day phylogenetic 

patterns were caused by geological events such as the temporary joining of continents. 

The study of phylogenetic diversity in space can thus provide information on these 

events. Here we focus on a western Mediterranean biodiversity hotspot in the southern 

Iberian Peninsula and northwest Africa, two regions that are separated by the Strait of 

Gibraltar. We explore the spatial structure of the phylogenetic relationships within and 

between large-scale plant assemblages, and relate them to current climatic conditions. 

Significant ‘true’ turnover in deep lineages tends to occur within landmasses following 

a general increasing precipitation gradient from east to west. In contrast, significant 

‘true’ turnover in terminal lineages tends to occur across landmasses. Plant assemblages 

in the western ecoregions of this hotspot tend to be phylogenetically overdispersed but 

are phylogenetically clustered on its eastern margins. Phylogenetic patterns are 

discussed in light of potential scenarios of niche evolution (or conservatism) and lineage 

diversification. In particular, the significant turnover across landmasses suggests a 

common scenario of allopatric speciation that could have been facilitated by the 

intermittent joining of the two continents, which would have constituted an important 

stimulus for diversification and the emergence of Mediterranean hotspots.   

 

Keywords: angiosperm flora, land bridges, Mediterranean hotspots, phylogenetic alpha 

diversity, phylogenetic beta diversity, speciation. 
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Introduction 

Research into ecophylogenetics has expanded rapidly over the past decade (Mouquet et 

al., 2012). However, most work has been conducted on local-scale communities 

(Vamosi et al., 2009) and less attention has been paid to understanding phylogenetic 

structures within or across regional species pools (but see Cardillo et al., 2011; Hardy et 

al., 2012; Cantalapiedra et al., 2014; Mazel et al., 2014). At local scales, non-random 

phylogenetic structure patterns have been mostly interpreted to be the result of 

ecological sorting processes such as competition (Cavender-Bares et al., 2004; Swenson 

et al., 2007; Violle et al., 2011), habitat filtering (Verdú & Pausas, 2007; Vandelook et 

al., 2012) and facilitation (Valiente-Banuet et al., 2006; Oviedo et al., 2013). At larger 

geographical scales, macroevolutionary and historical processes (in addition to 

ecological sorting) are also thought to have determined the phylogenetic structure of 

regional assemblages given that past biogeographical events will have triggered many 

of the macroevolutionary processes that have given rise to phylogenetic relationships 

between extant species (Wiens & Donoghue, 2004; Verdú & Pausas, 2013). One type of 

biogeographical event that has long attracted the attention of biogeographers and 

evolutionary biologists are the intermittent connections that are established between 

different regions (the so-called land bridges; Simpson, 1940; Elias et al., 1996; Elias & 

Crocker, 2008) given that they have the potential to promote evolutionary 

diversification in numerous plant and animal lineages (Xiang & Soltis, 2001; Milne, 

2006; Morales-Castilla et al., 2012; Lavergne et al., 2013). 

The southern part of the Iberian Peninsula (Andalusia) and northwest Africa (N 

Morocco, Fig. 1) are home to exceptional levels of plant diversity (Médail & Quézel, 

1997) and account for 18% of the Mediterranean Basin’s floristic richness (see Molina-

Venegas et al., 2013). This region is divided between the Iberian and African tectonic 
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plates, whose intermittent connection over geological time has allowed exchanges 

between biotas on both sides to take place (Agustí et al., 2006; Guzmán & Vargas, 

2005). The last land connection between these continents occurred in the Late Miocene 

(about 6.5 Ma), a period in which the closing of the Strait of Gibraltar, together with the 

influence of an intense dry period, provoked the almost complete desiccation of the 

Mediterranean Sea (Duggen et al., 2003). This catastrophic event probably opened a 

temporal window for species migration between the continents. The Strait of Gibraltar 

opened again about 5.3 Ma and the Mediterranean Sea rapidly refilled over a short 

period of time – ranging from months to a few years (Garcia-Castellanos et al., 2009) – 

and in doing so potentially fragmented the ranges of a number of land species. 

Fluctuations in sea level during the Pleistocene glaciations (Yokoyama et al., 2001) 

might also have played a role in promoting species migration across the Strait of 

Gibraltar and in shaping the structure of genetic diversity in populations and species 

(Rodríguez-Sánchez et al., 2008). Thus, the Neogene geological history of this region 

could have had a profound impact on species´ distributions and their diversification in 

certain lineages in this western Mediterranean hotspot (Lavergne et al., 2013).  

Botanists have long been aware of the floristic links between the southern 

Iberian Peninsula and northwest Africa (Valdés, 1991; Médail & Quézel, 1997). More 

recently, Molina-Venegas et al. (2013) found that plant assemblages in the western 

ecoregions of northern Morocco (NW Africa) are more similar to those of western 

Andalusia (Iberian tectonic plate) than to other nearby northern Morocco ecoregions, 

thereby suggesting that the Strait of Gibraltar acted as a migratory route for plants from 

both sides. On the other hand, Lavergne et al. (2013) found a significant relationship 

between the migration probability across the Strait and certain life-history and dispersal 

traits in species, which suggests that the Strait also acted as an effective barrier to gene 
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flow in populations of certain lineages and allowed allopatric speciation between 

African and Iberian populations to occur. However, this analysis was conducted on a 

basis of just 566 species and subspecies restricted to the two small ecoregions that 

border the Strait, which limits the extent to which their conclusions can be extrapolated 

to the whole hotspot and the over 4000 species and subspecies it harbours. 

 

 

 Figure 1. Map of the southern Iberian Peninsula (Andalusia) and northwest Africa (N 

Morocco) showing the position of the Baetic and Rifan ranges, the Strait of Gibraltar and the 

Guadalquivir and Sebou rivers. The inset represents the location of the hotspot within the 

Mediterranean Basin. 
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Phylogenetic beta diversity (PBD) and compositional beta diversity (CBD) 

considered in tandem can provide information about the macroevolutionary episodes 

that structure plant assemblages (Graham & Fine, 2008). However, widely used indices 

for PBD quantification incorporate different aspects of assemblages' evolutionary 

history that are often confounded. PBD can be broken down into two components, 

turnover and nestedness (Leprieur et al., 2012). The nestedness component of PBD is 

related to differences in phylogenetic diversity between species assemblages (PD, sensu 

Faith, 1992), whereas the turnover component is the fraction of PBD explained without 

increasing the PD between assemblages (Fig. 2). Thus, a turnover component in the PBD 

of any two assemblages that is less than the random expectation will indicate a trend 

towards the segregation of close relatives in the two assemblages; on the other hand, a 

turnover component in the PBD that is greater than the random expectation will indicate 

a trend towards the segregation of deep lineages (Fig. 2). By contrast, a nestedness 

component of PBD that is greater than the random expected turnover will also indicate a 

trend towards the segregation of deep lineages and a steady increase in the PD between 

plant assemblages. Thus, estimating the PBD without taking into account both 

components of beta diversity may lead to an overestimation of the ‘true’ spatial 

turnover of lineages if the two compared assemblages have contrasting levels of PD 

(Leprieur et al., 2012). 

All assemblages consist ultimately of species whose ecological requisites allow 

them to maintain at least one population over time in the site in question. Thus, a non-

random phylogenetic alpha diversity structure may arise through a process known as 

habitat filtering (Webb et al., 2002) if coexisting species are closely related taxa that 

share adaptations to particular environmental conditions (causing phylogenetic  
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Figure 2. Four hypothetical situations of two plant assemblages (red and green circles) showing 

contrasting levels of turnover and nestedness components of phylogenetic beta diversity. Red 

and green colours on the tree branches represent the total branch length that is unique to each 

assemblage, while the brown colour represents a branch length that is shared by the two 

assemblages. The two-colour circles represent species shared by the two assemblages. In the 

two left-hand diagrams, all the phylogenetic beta diversity is due to ‘true’ phylogenetic turnover 

(!PD = 0), while in the right-hand diagrams the phylogenetic beta diversity is entirely due to 

contrasting levels of PD. 

 

clustering) or if distantly related species have converging key adaptations (causing 

phylogenetic overdispersion). At large geographical scales, habitat filtering and 

migration processes may determine the differential expansion of species’ geographical 

ranges (according to the environmental determinants of range limits) and the historical 

limitations of dispersal and establishment. This large-scale ecological sorting process is 

expected to be of particular relevance in regions of heterogeneous environmental 

conditions and depend ultimately on the discrepancy between species’ potential and 

observed geographical ranges (Cardillo et al., 2011). This mismatch is expected to be 

smaller in more climatically stable regions (Svenning & Skov, 2004) such as the 

southern Iberian Peninsula and northwest Africa, which are thought to have acted 
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jointly as a refugium during the Neogene and the Pleistocene (Finlayson & Carrión, 

2007; Rodríguez-Sánchez et al., 2008). On the other hand, differential diversification 

rates among lineages could produce phylogenetic clustering if diversifying clades trend 

towards occupying restricted geographical regions (Johnson & Stinchcombe, 2007). 

Such a diversification pattern is expected under a scenario of environment-linked 

speciation and extinction processes through particular combinations of adaptive traits in 

diversifying lineages (Verdú & Pausas, 2013). 

In this paper, we aim to explore the large-scale phylogenetic structure of plant 

assemblages within and across the ecoregions of the southern Iberian Peninsula 

(Andalusia) and northwest Africa (N Morocco) and relate them to current climatic 

conditions in order to provide an insight into the biogeographical processes that have 

shaped plant biodiversity in Mediterranean hotspots.  

 

 

Materials and Methods 

Study area 

Andalusia (S Iberian Peninsula) and northern Morocco (NW Africa) are 

geomorphologically heterogeneous areas characterized by high mountain ranges (i.e. 

the Baetic-Rifan complex, up to 3482 m a.s.l.) surrounded by extensive lowlands of 

alluvial origin that have been shaped by the rivers Guadalquivir (Andalusia) and Sebou 

(N Morocco) (Fig. 1). These two landmasses are separated by the Mediterranean Sea, 

which is around 14 km at its narrowest point (Strait of Gibraltar) and over 150 km at the 

easternmost end of the study area. The region’s current Mediterranean climate has 

prevailed since c. 3.6 Ma (Tzedakis, 2007) but is clearly affected by the proximity of 



Chapter 3. Revisiting land bridges in biogeography 

  126 

the Atlantic Ocean (Rodríguez-Sánchez et al., 2008), which determines a general 

increasing precipitation gradient from east to west.  

 

Floristic dataset and phylogenetic tree 

We used the dataset of all the angiosperm plants occurring in Andalusia and northern 

Morocco in Molina-Venegas et al. (2013), which gave a site-by-species matrix of 48 

sites (ecoregions) with 4332 species and subspecies (see Molina-Venegas et al., 2013 

for full details on the floristic dataset compilation). 

In order to account for the phylogenetic relationships between the species and 

subspecies in the dataset, we used the genus-level time-calibrated phylogeny described 

in Molina-Venegas & Roquet (2014), which accounts for 99% of the genera in the 

dataset (n = 898). In the few cases where there were no sequences available, we inserted 

these genera a posteriori in the corresponding family node. Species and subspecies 

were inserted as polytomies at the midpoint of the corresponding terminal branches of 

the genus and species, respectively (see Molina-Venegas & Roquet, 2014 for full details 

of the phylogenetic procedure). 

 

 

Statistical analysis  

Phylogenetic beta diversity 

In order to test for non-random patterns in the phylogenetic beta diversity (PBD) among 

plant assemblages, we decomposed the observed PBD between the turnover and the 

nestedness components of beta diversity using the betadecompo R function and the 

PhyloSor index (Leprieur et al., 2012). This procedure allows us to distinguish between 

differences in the PBD arising from (i) differences in the phylogenetic diversity (PD, 
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sensu Faith, 1992, nestedness component) or from (ii) those that are due to the ‘true’ 

turnover of lineages. This function uses the PhyloSor index as a distance metric since it 

computes the fraction of non-shared branch length between assemblages (ranging from 

0 to 1). Previous empirical studies emphasized that CBD and PBD may be highly 

correlated (Bryant et al., 2008; Qian et al., 2013). Thus, we determined whether the 

turnover and nestedness components of PBD among plant assemblages were higher or 

lower than expected given the observed CBD by calculating the standardized effect size 

scores of both components (SESturn and SESness) independently as: 

 

SES = Xobs – mean (Xnull) / sd (Xnull)   (Eq. 1) 

 

where Xobs is the observed score between two ecoregions, and mean (Xnull) and sd (Xnull) 

are the mean and standard deviation of a null distribution of scores generated by 

shuffling taxa labels of the regional phylogeny 999 times. It is important to note that 

this randomization scheme holds species richness and CBD constant between 

assemblages, thereby allowing us to discard the effect of the different number of species 

in each plant assemblage (Leprieur et al., 2012). We assessed the statistical significance 

of the standardized effect size scores by calculating two-tailed p-values (quantiles) as: 

 

p-values = rankobs / runs + 1    (Eq. 2) 

 

where rankobs is the rank of the observed scores compared to those of their null 

distributions, and ‘runs’ is the number of randomizations (Kembel et al., 2010). 

Standardized effect size scores with p < 0.025 and p > 0.975 were considered to be 
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significantly lower or higher than expected for the given CBD, respectively (Cardillo et 

al., 2011; Cantalapiedra et al., 2014). 

We considered two groups of pairwise comparisons in terms of the geographical 

location of the ecoregions: (i) between ecoregions within tectonic plates (ii) between 

ecoregions across the two tectonic plates. We tested for non-random distributions of the 

significant pairwise comparisons within each group by conducting Chi-squared tests 

with a nominal type I error a = 0.1 %. 

 

Phylogenetic alpha diversity 

In order to quantify phylogenetic alpha diversity within ecoregions, we estimated 

phylogenetic diversity (PD, sensu Faith, 1992) and the mean phylogenetic distance 

(MPD) of plant assemblages. PD is the sum of the minimum spanning path in the 

phylogenetic tree connecting all species found in a local plot (Faith, 1992), while MPD 

is the mean of the phylogenetic distance between each of the sampled taxa and every 

other terminal in the sample (Webb et al., 2002). We tested for non-random patterns in 

the PD and MPD within sites by estimating standardized effect size scores of PD (SESpd) 

and MPD (SESmpd) as in equation 1, where Xobs is the observed score within an 

ecoregion and mean (Xnull) and sd (Xnull) are the mean and standard deviation of a null 

distribution of scores generated by 999 random draws of the same number of species 

from the entire species pool used in the study (Kembel, 2009). 

There is some evidence to suggest that estimates of the phylogenetic structure of 

plant assemblages containing a deep and unbalanced initial bifurcation in the phylogeny 

(e.g. angiosperms-gymnosperms, eudicots-monocots) are very sensitive to the ratio of 

the species sustained by each bifurcation (Coyle et al., 2014). Thus, in order to test for 

the consistency of our phylogenetic structure estimates, we repeated all the analyses 
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after arbitrarily removing all non-eudicot taxa from the dataset (n = 796, 18% of the 

species and subspecies in the dataset). 

 

Climatic variables 

We tested whether climatic conditions generate variation in the phylogenetic structure 

of the plant assemblages in the study area. To do so, we used maximum resolution 

rasters from the WorldClim database (Hijmans et al., 2005). We took a monthly value 

of maximum, minimum and mean temperature and precipitation for each 1-km2 cell in 

the study area and then extracted the monthly means for each ecoregion. Subsequently, 

we used these scores to derive 19 biologically meaningful climatic variables. We 

created two independent subsets of climatic variables by selecting non-correlated 

(Spearman´s correlation coefficient r < 0.90) precipitation- and temperature-related 

variables, respectively. We finally selected (1) mean monthly precipitation, (2) standard 

deviation of monthly precipitation, (3) total precipitation of the driest month, (4) mean 

monthly maximum temperature and (5) standard deviation of monthly maximum 

temperature. These subsets of precipitation- and temperature-related variables are 

representations of the climatic regime of the study area, which is characterized by a 

marked seasonality in the distribution of precipitations and extreme temperature values 

during the dry season (Valdés, 1991; Rivas-Martínez et al., 1997). We standardized all 

variables using Gower´s standardization of quantitative variables (division by the 

range). Given that climatic variables had a high degree of collinearity, we conducted 

separate principal components analyses for the temperature- and precipitation-related 

variables to reduce their dimensionality and only used the first principal component of 

each analysis (PCA1). The Euclidean distance between the PCA1 scores of each analysis 

was used to represent the temperature and precipitation distances among ecoregions. 
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We used current climatic conditions to explain the phylogenetic structure of 

plant assemblages since the historical context of the region – which gave rise to current 

conditions (including the position of the tectonic plates and relief features) – ensures 

that its climatic gradients will be similar to those of the present day (see Rodríguez-

Sánchez & Arroyo, 2008). This makes it possible to infer evolutionary processes linked 

to spatial variation from the region’s climatic conditions. 

 

Spatial variables 

The geometrical irregularity of the ecoregions in the study area makes single coordinate 

locations unusable for the calculation of geographical distances. Thus, the study area 

was divided into 1-km2 cells and the Euclidean distance was calculated between all 

pairwise cell comparisons for each pair of ecoregions. The Euclidean distance 

separating any two ecoregions was defined by the probability density of their 

constituent pairwise cell distances. We used the mean value of each probability density 

distribution as an estimate of the geographical distance between ecoregions (Euclidean) 

and conducted a classical multidimensional scaling to project the distance matrix onto a 

two-dimensional space (Gower, 1966). 

 

Regression and correlation analyses  

First, we quantified whether temperature- and precipitation-related variables encompass 

the phylogenetic structure within plant assemblages. To do so, we fitted ordinal least 

squares models (OLS) between the SESpd and SESmpd scores and the PCA1 of each 

subset of climatic variables, respectively. Phylogenetic structure metrics at large 

geographical scales rely on species distribution data (Cardillo, 2011), which are in turn 

inherently spatially structured (Guisan et al., 2006; Kissling et al., 2007). Thus, in 
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addition to the ordinal least squares models, we conducted spatial error simultaneous 

autoregressive models (SARerr) between the SESpd and SESmpd scores and the PCA1 of 

each subset of climatic variables. This model complemented the usual OLS regression 

model by adding a new term to the formula representing the spatial structure in the 

spatially dependent error term. Thus, the model assumes that the response at each site i 

is a function of both the explanatory variable at i and the values of the response at 

neighbouring sites j (Lichstein et al., 2002; Haining, 2003). The SARerr model is 

preferable to other SAR models when dealing with spatially autocorrelated species 

distribution data since it generates more accurate estimates of regression model 

coefficients and performs well for all SAR model assumptions (Kissling & Carl, 2008). 

We arbitrarily defined the neighbourhood structure of each ecoregion (two-dimensional 

coordinates) using the minimum Euclidean distance required to connect each location to 

at least one neighbouring location. We further weighted neighbouring locations using 

the row-standardization method, which scales the covariances based on the number of 

neighbours of each location in each row of the spatial weights matrix (Kissling & Carl, 

2008). 

Finally, we tested the relationship between phylogenetic structure across plant 

assemblages and climatic variables by conducting Partial Mantel tests between both 

components of PBD (SESturn and SESnes) and the climatic variables, and by controlling 

for the geographical distance between ecoregions (Legendre & Legendre, 1998). We 

tested the significance of the Partial Mantel tests by permuting rows and columns of the 

explanatory matrix (climatic variables) 999 times. 

All analyses were carried out in R 2.15.1 (R Development Core Team, 2012) with 

the packages PICANTE (Kembel et al., 2010), APE (Paradis et al., 2004), VEGAN 
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(Oksanen et al., 2012), SPDEP (Bivand, 2014) and the betadecompo R function 

(Leprieur et al., 2012). 

 

 

Results 

Phylogenetic beta diversity 

The significant pairwise comparisons of both components of phylogenetic beta diversity 

(PBD) were non-randomly distributed across the study area. Lower-than-expected 

standardized scores of the turnover component (SESturn) were found mainly between 

ecoregions across tectonic plates ("2 = 31.45, n = 58), while higher-than-expected 

SESturn scores were more numerous within tectonic plates ("2 = 51.58, n = 217) (Table 

1, Fig. 3). In contrast, lower-than-expected standardized scores of the nestedness 

component (SESnes) were randomly distributed ("2 = 3.51, n = 36), while higher-than-

expected scores occurred mainly between ecoregions across tectonic plates ("2 = 

183.27, n = 419). Interestingly, only three pairwise comparisons were lower than 

expected when considering an undecomposed PBD.  
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Table 1. Description of the significant pairwise comparisons for the turnover and nestedness 

components of phylogenetic beta diversity (PBD). Pairwise comparisons were considered to be 

significantly lower or higher than expected at p < 0.025 and p > 0.975, respectively. The table 

includes the number of significant pairwise comparisons and the percentage over n = 1128 

comparisons in each case, the predominant direction of the comparisons (across land masses, 

within land masses and non-significant), the averaged phylogenetic beta diversity (fraction of 

non-shared branch length) in each case (mean ± sd), and the averaged fraction of PBD 

accounted for by each component of the beta diversity (mean). 
 

PBD 
component 

Distribution 
side 

Comparisons 
(% over n)      

Spatial 
structure Total PBD  

Turnover   
PBD (%) 

Nestedness 
PBD (%) 

Turnover p < 0.025 58 (5%) across 0.36 ± 0.085 49 51 

 p > 0.975  217 (19%) within 0.35 ± 0.095 71 29 

Nestedness p < 0.025 36 (3%) N.S. 0.30 ± 0.067 85 15 

 p > 0.975  419 (37%) across 0.43 ± 0.093 48 52 

 

 

 

 
 

Figure 3. Graphic representation of the turnover (SESturn) and nestedness (SESnes) components 

of phylogenetic beta diversity of plant assemblages. Lines connect pairwise ecoregions of 

lower-than-expected (red lines) and higher-than-expected (blue lines) phylogenetic beta 

diversity for the given compositional beta diversity (the pairwise comparisons of lower-than-

expected phylogenetic beta diversity in the SESnes component is not shown). 
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The relationship between SESnes and climatic variables was weak and non-

significant in all cases (Table 2). By contrast, the relationship between SESturn and the 

temperature-related variables was slightly higher and significant (r = 0.23, P < 0.001) 

but was only marginally significant in relation to precipitation (r = 0.11, P = 0.04).  

 

Phylogenetic alpha diversity 

The first axis of the PCAs for temperature- and precipitation-related variables explained 

65% and 69% of the variance, respectively. Negative values were related to high intra-

annual variability in maximum temperature values and relatively high precipitations 

during the driest month, whereas positive values were related to high maximum 

temperatures values and both high mean monthly and intra-annual variability in 

precipitation. 

We found a negative and significant relationship between SESpd and the PCA1 

of the temperature-related variables (r2 = 0.20, P < 0.001) but a weak and non-

significant (r2 = -0.02, P = 0.97) relationship between SESpd and precipitation-related 

variables  (Table 2, Fig. 4). However, the relationship between SESpd and the PCA1 in 

temperature-related variables was non-significant when considering the spatial structure 

for estimating the regression coefficients (P = 0.32). By contrast, we found the opposite 

pattern for SESmpd, with a significant and positive relationship between SESmpd and the 

PCA1 of the precipitation-related variables (r2 = 0.36, P < 0.001) that was non-

significant for the temperature-related variables (r2 = 0.03, P = 0.11). The former 

regression was also significant when the spatial structure was incorporated into the 

model (P < 0.001). 
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Table 2. Coefficient of determination values (r2), Mantel statistic r and P-values from 

regressing phylogenetic alpha (SESmpd and SESpd) and beta (SESturn and SESnes) diversity of 

plant assemblages on temperature-, precipitation- and geographical-distance-related variables. 

In bold, significant regressions at P < 0.001. 
 

Variable Method Temperature Precipitation 

  r2 / r P-value r2 / r P-value 

SESmpd Ordinal least squares (r2) 0.03 0.11 0.36 < 0.001 

SESpd Ordinal least squares (r2) 0.20 < 0.001 -0.02 0.97 

SESnes Partial Mantel test (r) -0.08 0.94 -0.14 0.99 

SESturn Partial Mantel test (r) 0.23 < 0.001 0.11 0.04 

 

 

 

Figure 4. Graphic representation of the phylogenetic alpha diversity of plant assemblages and 

the scores of the PCA1 for temperature- and precipitation-related variables. The colour scale is 

proportional to the SESpd and SESmpd scores and the climatic variables associated with each 

ecoregion. 
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Interestingly, the removal of non-eudicot plants from the analyses resulted in a 

positive and negative reinforcement of the SESturn pattern across and within tectonic 

plates, respectively (see Supplementary Information, Appendix S1). In contrast, when 

considering only eudicots in the analysis the pattern observed for MPD is weaker but 

remains similar for PD.  

 

 

Discussion 

The incorporation of phylogenetic information on species distribution data provides 

valuable insight into the processes that generate patterns of biodiversity. At large spatial 

scales (i.e. continents or biogeographic regions), species distribution is mainly 

determined by the macroevolutionary processes that generate biodiversity; nevertheless, 

as the scale is reduced, ecological sorting becomes the main driver of species 

distribution (Cavender-Bares et al., 2009). Many large-scale biogeographical and 

ecological processes leave detectable imprints on present-day phylogenetic patterns 

(Graham & Fine, 2008; Hardy et al., 2012). Thus, studying these patterns based on 

phylogenetic trees within and across species assemblages can reveal much about such 

processes (Cardillo et al., 2011). In this paper, we seek to reconstruct the assembly of 

the flora of an obvious Mediterranean hotspot by examining phylogenetic alpha and 

beta diversity patterns at ecoregion scale. 

 

Phylogenetic diversity across tectonic plates  

An initial result of our study is the finding that both components of phylogenetic beta 

diversity (PBD) had a significant spatial structure. Lower-than-expected pairwise 

comparisons regarding the turnover component (SESturn) mainly occurred between 
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ecoregions on both sides of the Strait, which implies that a segregation of closely 

related taxa between continents exists (see Fig. 2). We believe that this pattern could 

have emerged due to repeated splits between the two land masses in recently coexisting 

ancestors of extant taxa, as suggested by the biogeographical scenario of intermittent 

connections between the two continents (Fig. 5). The floristic similarity between the 

two land masses is quite high (47% of taxa are shared, data not shown), which suggests 

that the Mediterranean Sea has biased species migration between northern Morocco and 

the southern Iberian Peninsula, probably due to species’ dispersal capabilities, and has 

only favoured diversification in certain lineages (Lavergne et al., 2013). Molecular 

evidence further supports varying levels of the Mediterranean Sea – which will have 

generated isolated evolutionary lineages in southern Iberian Peninsula and northern 

Morocco – as the most plausible explanation for species differentiation in disparate 

angiosperm clades (Lumaret et al., 2002; Cano-Maqueda et al., 2008; Escudero et al., 

2008; Fernández-Mazuecos & Vargas, 2010; Santos-Gally et al., 2012) and between 

other disjoint areas within the Mediterranean Basin (Mansion et al., 2008; Yesson et al., 

2009; Salvo et al., 2010). These results illustrate how land bridges between Europe and 

Africa have contributed to the emergence of this western Mediterranean biodiversity 

hotspot due to particular geographical and historical events. Other land bridges (e.g. the 

Sicilian-Tunisian bridge) may have acted in a similar way (Quézel, 1978). 
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Figure 5. A schematic representation of the 

suggested scenario of allopatric speciation 

facilitated by the intermittent connections 

between the southern Iberian Peninsula and 

northwest Africa. The shaded areas represent 

the home ranges of two species with low long-

distance dispersal ability (A and B) and a third 

species with a high long-distance dispersal 

ability (C) (top figure). After the formation of 

the land bridge (e.g. the Mediterranean 

desiccation), the three species expand their 

home ranges into the other continent (central 

figure). Finally, the rupture of the land bridge 

(e.g. the refilling of the Mediterranean Sea) 

isolates the southern Iberian and northwest 

African populations of the species with low 

long-distance dispersal ability (A and B), 

thereby driving evolutionary divergence and 

speciation (bottom figure). 

The predominance of the nestedness component of PBD between the ecoregions 

occurring on separate tectonic plates can be explained by the marked differences in 

phylogenetic diversity (PD) between landmasses. If both components of PBD had not 

been taken into account when quantifying phylogenetic turnover, we would have 

overestimate the turnover of lineages between landmasses due to the strong differences 
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in PD between them. Indeed, after accounting for this potential bias, the ‘true’ turnover 

of lineages between continents tends to be lower than expected. Our results suggest that 

the observed south-to-north PD gradient can be explained by the spatial structure of the 

species distribution data itself, despite the fact that temperature-related variables also 

encompass this gradient in phylogenetic structure. Furthermore, the PD gradient is 

determined to a large extent by the PD impoverishment of lowland northern Morocco 

ecoregions compared to nearby mountainous areas in the same region (e.g. West Rifan 

range) and to Andalusian ecoregions. Despite the fact that the reasons for such an 

impoverishment in the phylogenetic diversity remain unclear, our results highlight the 

importance of the Baetic-Rifan mountainous range as a reservoir of both species 

richness (Médail & Quézel, 1999) and evolutionary history (PD). 

 

Phylogenetic diversity within tectonic plates 

Higher-than-expected SESturn scores were more numerous within tectonic plates, which 

implies that a predominant turnover of taxa connected by deep nodes exists within 

continents (see Fig. 2). This result complements the findings of Molina-Venegas et al. 

(2013) and suggests that a non-random turnover of lineages occurs behind the overall 

floristic differences observed between the western and eastern ecoregions of the study 

area. We also found a strong relationship between the mean phylogenetic distance 

within plant assemblages (SESmpd) and the precipitation-related variables that match 

the increasing east to west precipitation gradient of the area (Fig. 4). This pattern can be 

explained largely by the differential distribution of deep angiosperm lineages along the 

precipitation gradient since the observed pattern weakens when considering only 

eudicots in the analysis (non-eudicot taxa mainly occur in western areas, see 

Supplementary Information, Appendix S1). Prinzing et al. (2001) found that a high 
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amount of variance in niche-related traits in vascular plants can be explained at higher 

taxonomic levels, thereby further supporting the hypothesis of an ecological sorting of 

deep angiosperm lineages along the precipitation gradient in the study area due to the 

phylogenetic niche conservatism of higher plants. Thus, the ecological restriction of 

some relatively old, water-dependent lineages of non-eudicot plants (e.g. Laurus, 

Nuphar, Nymphaea, Triglochin, Butomus, Hydrocharis, Wolffia, Spirodela, 

Ceratophyllum) could have caused the observed phylogenetic overdispersion of plant 

assemblages in the western ecoregions (Fig. 4). By contrast, plant assemblages in the 

eastern ecoregions of the study area tend to be phylogenetically clustered due to the 

widespread occurrence of more xeric-adapted lineages such as Helianthemum, Thymus, 

Sideritis, Teucrium, Arenaria and Armeria, and the absence of the non-eudicot 

hygrophilous taxa. 

 

Historical setting of phylogenetic diversity 

The geological materials that shape most of the Baetic and Rifan Cordilleras accreted at 

the southeast and northwest tips of the Iberian Peninsula and Africa, respectively, 

around 10 Ma (Rosenbaum et al., 2002). The accretion of such geological materials is 

roughly coincident with the oldest records of the Mediterranean climate in the region 

(Brachert et al., 2006) and was followed by the rapid uplift of the Baetic and Rifan 

mountains that began in the Tortonian age at around 8 Ma (Braga et al., 2003). These 

new combinations of climatic and geological conditions probably generated unoccupied 

environmental conditions such as contrasting substrates in eastern areas of the territory 

(Molina-Venegas et al., 2014) that provided an ecological opportunity for the 

diversification of certain lineages, thereby leading to phylogenetic clustering (Johnson 

& Stinchcombe, 2007). Verdú & Pausas (2013) found that the onset of the 
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Mediterranean climatic conditions triggered syndrome-driven local diversification in 

shrublands in the southeast Iberian Peninsula, which gives weight to the hypothesis that 

phylogenetic clustering is the result of environment-linked diversification of certain 

lineages within the study area (e.g. Helianthemum, Thymus, Sideritis, Teucrium, 

Arenaria and Armeria) that are very typical of present day Mediterranean shrublands 

(garrigue). Nevertheless, future comparative studies of diversification focusing on 

lineages that are well represented in the Baetic-Rifan complex and beyond will help to 

improve our understanding of differential diversification rates as a general mechanism 

contributing to the emergence of Mediterranean biodiversity hotspots (Fiz-Palacios & 

Varcárcel, 2013; Lancaster & Kay, 2013).  

 

 

Conclusions 

Phylogenetic beta diversity in large-scale plant assemblages in the southern Iberian 

Peninsula (Andalusia) and northwest Africa (N Morocco) is spatially structured. 

Significant ‘true’ phylogenetic turnover in deep and terminal lineages occurred mainly 

within and across landmasses, respectively. The phylogenetic turnover of terminal 

lineages across landmasses separated by the Mediterranean Sea suggests a recurrent 

scenario of allopatric speciation within disparate angiosperm lineages, which could 

have been facilitated by the intermittent connections between the two continents. By 

contrast, the phylogenetic turnover of deep lineages within land masses, together with 

the increasing east to west gradient in mean phylogenetic distances, could be explained 

by certain niche similarity within deep lineages coupled with strong habitat filtering and 

differential diversification rates in spatially restricted lineages. Estimating phylogenetic 

beta diversity without taking into account both components of beta diversity may lead 
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to an overestimation of the ‘true’ spatial turnover of lineages if the two compared 

assemblages show contrasting levels of phylogenetic diversity. The examining large-

scale phylogenetic structures within and across plant assemblages provides information 

on the historical and ecological processes that have shaped biodiversity hotspots. 
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Supplementary Information 

Appendix S1. Phylogenetic alpha and beta diversity for all angiosperms and eudicot taxa. 

 

Figure S1. Graphical representation of phylogenetic alpha and beta diversity (only turnover component; SESturn) for all angiosperms and eudicot taxa, 

respectively. Lines connect pairwise comparisons of lower-than-expected (red lines) and higher-than-expected (blue lines) phylogenetic beta diversity for the 

given compositional beta diversity. The colour scale is proportional to the SESpd and SESmpd scores and the climatic variables associated with each ecoregion.
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Abstract 

Recent years have seen an increasing effort to incorporate phylogenetic hypotheses to 

the study of community assembly processes. The incorporation of such evolutionary 

information has been eased by the emergence of specialized software for the automatic 

estimation of partially resolved supertrees based on published phylogenies. Despite this 

growing interest in the use of phylogenies in ecological research, very few studies have 

attempted to quantify the potential biases related to the use of partially resolved 

phylogenies and to branch length accuracy, and no work has examined how tree shape 

may affect inference of community phylogenetic metrics. In this study, we tested the 

influence of phylogenetic resolution and branch length information on the quantification 

of phylogenetic structure, and also explored the impact of tree shape (stemminess) on 

the loss of accuracy in phylogenetic structure quantification due to phylogenetic 

resolution. For this purpose, we used nine sets of phylogenetic hypotheses of varying 

resolution and branch lengths to calculate three indices of phylogenetic structure: the 

mean phylogenetic distance (NRI), the mean nearest taxon distance (NTI) and 

phylogenetic diversity (stdPD) metrics. The NRI metric was the less sensitive to 

phylogenetic resolution, stdPD showed an intermediate sensitivity, and NTI was the 

most sensitive one; NRI was also less sensitive to branch length accuracy than NTI and 

stdPD, the degree of sensitivity being strongly dependent on the dating method and the 

sample size. Directional biases were generally towards type II errors. Interestingly, we 

detected that tree shape influenced the accuracy loss derived from the lack of 

phylogenetic resolution, particularly for NRI and stdPD. We conclude that well-resolved 

molecular phylogenies with accurate branch length information are needed to identify 

the underlying phylogenetic structure of communities, and also that sensitivity of 
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phylogenetic structure measures to low phylogenetic resolution can strongly vary 

depending on phylogenetic tree shape. 

 

Keywords: branch length information, Mediterranean, phylogenetic resolution, 

phylogenetic structure, pseudo-cronograms, stemminess.  

 

 

Introduction 

Detailed phylogenetic information regarding community composition is crucial for a 

comprehensive understanding of evolutionary and ecological mechanisms driving 

biodiversity (Losos, 1996; Webb et al., 2002), effective conservation planning of the 

evolutionary potential of extant lineages (Forest et al., 2007), and accurate 

comprehension of ecosystem functioning (Hillebrand & Matthiessen, 2009). During the 

last decade, the increasing effort to incorporate phylogenetic information on community 

assembly studies has triggered the emergence of a new discipline known as community 

phylogenetics (Webb et al., 2002; Cavender-Bares et al., 2009). This effort has been 

enhanced by the rapid increase of available molecular data, published phylogenies and 

major advances in computational methods. Nowadays, accurate phylogenies with 

evolutionary meaningful branch lengths can be obtained for a large number of taxa 

using supermatrices of molecular data (de Queiroz & Gatesy, 2007), which can be built 

either by retrieving sequences available on public databases or by sequencing 

informative molecular markers on sampled taxa. 

Despite phylogenies based on supermatrices of molecular data provide detailed 

evolutionary information, they are still rarely built for ecological studies (but see Kress 

et al., 2010; Baraloto et al., 2012; Allan et al., 2013) probably because ecologists are 

generally unfamiliar with phylogenetic reconstruction methods. This hurdle has been 
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partly mitigated thanks to the appearance of specialized software for the automatic 

estimation of partially resolved supertrees (i.e. phylogenies constructed by assembling 

published phylogenies; Bininda-Emonds et al., 2002) such as Phylomatic (Webb & 

Donoghue, 2005). Phylomatic has been mostly used for plant studies, because it was 

initially released with a family level phylogeny for angiosperms based on updated 

consensus knowledge (Soltis et al., 2000; Davies et al., 2004; Bremer et al., 2009). It 

allows one obtain a supertree by assembling species lists of vascular plants (mammals 

are also available since recently) by matching sample taxa names to a master 

phylogeny, which is mainly resolved to the family level. This means that the resultant 

tree incorporates species grouped in polytomies at the family level. However, a higher 

degree of resolution can be attained in some cases by manually resolving the polytomies 

on the basis of published phylogenies. The main drawbacks of supertrees are that 

usually phylogenetic relationships among species are only partially resolved, and that 

branch length information is missing. A widely used approximation to obtain branch 

lengths for supertrees is to apply the Branch Length Adjuster algorithm (BLADJ), which 

produces a pseudo-chronogram by assigning an estimated age to major nodes (e.g. 

obtained from other publications) and distributing undated nodes evenly. This tool is 

currently implemented in Phylocom 4.2 software (Webb et al., 2008). 

Although some authors suggest that the method used for phylogenetic 

reconstruction does not alter qualitative conclusions on phylogenetic structure (Cadotte 

et al., 2008, 2009), there is some evidence that results relying upon phylogenies 

containing many unresolved nodes are not consistent with those obtained with resolved 

molecular phylogenies (Kress et al., 2009; Pei et al., 2011). Despite some simulation 

works have been conducted with the aim to explicitly quantify potential biases on 

estimates of phylogenetic structure (Swenson, 2009) and on phylogenetic signal (Davies 
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et al., 2012) due to lack of resolution in phylogenies, potential biases on estimates of 

phylogenetic structure related to the method of phylogenetic reconstruction have only 

recently started to be assessed with real world data (Kress et al., 2009; Pei et al., 2011). 

Whereas these studies have focused on phylogenetic resolution, the influence of branch 

length information on phylogenetic structure estimators remains unexplored. 

Recently, Davies & Buckley (2012) showed that phylogenetic pairwise distances 

describe phylogenetic tree topology quite well, which suggests that tree stemminess (i.e. 

the relative distribution of inter-nodal distances, that is, whether nodes are more 

concentrated towards the root or the tips) could affect the degree of mismatch between 

poorly and further resolved phylogenies when quantifying phylogenetic structure. To 

our knowledge, no work has been done to explore how tree shape may impact the 

accuracy in phylogenetic structure quantification. 

In this paper, we use a large scale dataset embracing a diverse biogeographic 

area (Sierra de las Nieves, a Mediterranean mountain range) with the aim to (1) test how 

strong is the influence of branch length information and phylogenetic resolution on 

phylogenetic structure estimators; (2) explore the impact of tree shape (focusing on 

stemminess) on the loss of accuracy in phylogenetic structure quantification due to 

phylogenetic resolution. 

 

 

Materials and Methods 

Study area and plant datasets 

In order to assemble two classes of floristic data matrices, we used a dataset of 

vegetation surveys across the mountain range Sierra de las Nieves (Cabezudo et al., 

1998), and we also extracted the altitudinal range of all angiosperms present in this area 
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from the detailed Flora Vascular de Andalucía Oriental (Blanca et al., 2009). Sierra de 

las Nieves is a mainly calcareous Mediterranean mountainous range, located in South 

Iberian Peninsula (Andalusia), in the western end of the Baetic Range (Fig. 1). Its 

altitudinal range varies from 300 to 1919 m a.s.l., and it covers an area of 201.63 km2. 

First, we assembled a community-scale data matrix by retrieving a total of 121 

vegetation surveys of different cover, composition and size (from 0.8 to 300 m2) 

including all elevational and lithological arrays of the Sierra. We removed 

gymnosperms, ferns and non-vascular plants from the plots, and did not consider any 

survey where the removed taxa were dominant. Second, in order to assemble an 

elevational floristic data matrix of Sierra de las Nieves according to the elevational 

range information in Blanca et al. (2009), we retrieved all species sampled within each 

belt of 100 m along the altitudinal gradient of the Sierra from 300 m a.s.l. to the top, 

resulting in an elevational floristic data matrix of 17 plots. Finally, we removed the taxa 

belonging to Dipsacaceae and Valerianaceae from our datasets (1.4 and 0.8% of taxa 

sampled in the elevational and community data matrices respectively), because the 

phylogenetic positions of both families are still controversial. The community scale data 

matrix includes 485 taxa (species and subspecies) representing 59 families and 267 

genera, whereas the elevational floristic data matrix comprises 1165 taxa, representing 

82 families and 483 genera. These two datasets obtained are very different in number of 

species per plot: the community plots have a taxa richness of 18.26 ± 1.66 (mean ± SE), 

whereas elevational belts have a taxa richness of 758.06 ± 183.86. 
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Figure 1. Map showing the location of the study area (Sierra de las Nieves) within Andalusia 

(South Iberian Peninsula). 

 

 

Generation of phylogenetic hypotheses 

We generated different phylogenetic trees differing in topological resolution and/or 

branch length, in order to assess the impact of both factors in the quantification of 

phylogenetic structure. The phylogenies comprise all species and subspecies of 

angiosperm plants that occur in Sierra de las Nieves following Cabezudo et al. (1998). 

We did not include non-native and doubtful species, and did not consider any 

taxonomical categories below subspecies level. Despite their putative importance in 

some regions and relevance for plant biodiversity accounts, hybrids were not considered 

given the lack of comprehensive information about their constancy. 

We obtained a molecular phylogeny resolved to the genus level, which was 

inferred with a supermatrix built with DNA sequences available in Genbank following 

the pipeline of Roquet et al. (2013). Node support was estimated using bootstrap values 

(BS). Nodes with BS less than 50% were collapsed into soft polytomies (see 
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Supplementary Information in Appendix 1 for full details on the phylogenetic 

procedure). We retrieved sequences for more than 99% of the genera in the dataset. In 

the few cases where there were no sequences available, we inserted these genera a 

posteriori in the corresponding family node. We generated a chronogram dating the 

molecular phylogeny with penalized-likelihood as implemented in r8s (Sanderson, 

2003) and used a wide range of fossil data (see Supplementary Information in Appendix 

1, Table A1 for references) to calibrate the tree (hereafter called ‘D1 chronogram’). 

Supertrees provide information on the evolutionary relationships but lack branch 

length information. This lack of quantitative data of evolutionary relatedness is usually 

dealt producing a pseudo-chronogram with the BLADJ algorithm (Webb et al., 2008), 

which fixes the age of some nodes provided by the user (typically node ages derived 

from Wikström et al., 2001) and distributes evenly the other nodes. It is important to 

note that the dated tree of Wikström et al. (2001) was obtained with the fossil 

calibration of a single point, which has been shown to lead to biased estimates (Sauquet 

et al., 2012). In order to disentangle the relative influence of branch length information 

and/or phylogenetic resolution on phylogenetic structure estimators, we generated a set 

of different chronograms and pseudo-chronograms derived from the D1 chronogram and 

the topology of the molecular phylogeny respectively. To do so, we ultrametrized the 

topology of the molecular phylogeny following two strategies. First, we used BLADJ 

assigning ages based on the same range of fossil data as in the D1 chronogram (D2 

pseudo-chronogram). Second, we used BLADJ assigning node ages based on Wikström 

et al. (2001) (D3 pseudo-chronogram). The BLADJ-dated phylogenies allowed us to test 

the influence of branch length information on phylogenetic structure estimators. 

We generated two less resolved chronograms from the D1 phylogeny. These less 

resolved phylogenies were generated following two different strategies. First, we 
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collapsed all nodes below family level into soft polytomies (full polytomy phylogeny, 

D1-FP). Second, we randomly collapsed 50% of nodes sustained by families accounting 

for more than 10 genera (e.g. Apiaceae, Asteraceae, Boraginaceae, Brassicaceae, 

Caryophyllaceae, Fabaceae, Lamiaceae, Orchidaceae, Poaceae and Rosaceae) (medium 

polytomy phylogeny, D1-MP). These less resolved phylogenies allowed us to test the 

influence of phylogenetic resolution on phylogenetic structure estimators. Finally, we 

generated another four less resolved pseudo-chronograms by collapsing nodes of D2 

and D3 following the above strategies, in order to test the combined influence of branch 

length information and phylogenetic resolution on phylogenetic structure estimators. In 

order to account for the possible influence of intra-genus phylogenetic uncertainty on 

phylogenetic structure metrics (Davies et al., 2012), we randomly resolved genus level 

polytomies of each phylogenetic hypothesis by applying a Yule-Harding branching 

process with constant birth rates (n = 100). The algorithm assigns to each node the same 

probability of splitting in two lineages, resulting in a balanced topology (Nee, 2006). 

Subspecies were constrained to split within their respective species. 

 

Measures of phylogenetic structure 

We assessed the impact of the different phylogenetic hypotheses on the estimates of 

three commonly used metrics of phylogenetic structure: the net relatedness index (NRI), 

the nearest taxon index (NTI) and the standardized phylogenetic diversity (stdPD). These 

three metrics are respectively the standardized effect size versions of the following 

indices: the mean phylogenetic distance (MPD), which measures the mean phylogenetic 

distance between each of the sampled taxa and every other terminal in the sample; the 

mean nearest taxon distance (MNTD), which measures the mean distance between each 

of the sampled taxa and its own most closely related terminal taxon in the sample 
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(Webb et al., 2002); and the phylogenetic diversity (PD, also known as Faith’s Index), 

which is the sum of the minimum spanning path in the phylogenetic tree connecting all 

species found in a local plot (Faith, 1992). The indices used here were calculated as: 

 

NRI = MPDobs – MPDexp / sd.MPDexp 

NTI = MNTDobs – MNTDexp / sd.MNTDexp 

stdPD = PDobs – PDexp / sd.PDexp 

 

where sd.MPDexp, sd.MNTDexp and sd.PDexp are the standard deviations of 999 MPD 

(MPDexp), MNTD (MNTDexp) and PD (PDexp) values generated by random draws of the 

same number of species from the same pool phylogeny. 

We calculated NRI, NTI and stdPD values within the different plots using the 

nine sets of phylogenetic hypotheses (n = 100 phylogenies per set). Random 

assemblages were drawn from the Sierra de las Nieves pool (n = 1165) and from plants 

sampled in the community plots (n = 485) respectively. Finally, we obtained a Gaussian 

distribution of possible phylogenetic structure values for each plot and index, from 

which we extracted the arithmetic mean as an approximation to the ‘true’ phylogenetic 

structure values. 

 

Statistical analyses 

First, we used the scores of the phylogenetic structure metrics to determine the 

relationship between the values obtained from the use of the D1 phylogeny and different 

chronograms and pseudo-chronograms derived from the D1 chronogram and the 

topology of the molecular phylogeny respectively. All regressions were assessed by 

fitting ordinal least squares models, and the coefficient of determination values (R2) 
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were extracted as an estimate of the strength of the relationships. Second, we 

determined whether the derived chronograms and pseudo-chronograms tend to generate 

type I errors (overestimation of phylogenetic structure) or type II errors 

(underestimation) as compared to the D1 phylogeny following the method proposed by 

Swenson (2009). We compared derived chronograms and pseudo-chronograms ! D1 

phylogeny regressions to the null hypothesis of a perfect correlation between them 

(regression slope = 1). We forced regression lines to the origin and recorded the slopes 

of the new regressions. Slopes greater than one indicate a bias towards overestimation 

of community phylogenetic structure (type I errors), whereas slopes less than one 

suggest a bias towards underestimation or random pattern (type II errors). This method 

has the advantage of detecting general directional biases when quantifying phylogenetic 

structure regardless of the statistical performance of the different null models 

commonly used to assess the significance of phylogenetic structure values (Hardy, 

2008). 

 

Tree shape simulations 

We explored the impact of tree shape (stemminess) on phylogenetic structure 

quantification comparing the values of the metrics derived from the use of a partially 

resolved phylogeny and a further resolved phylogeny. To do so, we transformed branch 

lengths of the D1 chronogram using Pagel’s ! (Pagel, 1999), generating a range of trees 

with different degrees of stemminess (n = 26), and characterised the stemminess of the 

resultant trees using the " statistic (Pybus & Harvey, 2000). The stemminess of the 

simulated trees ranged from " = -15.22 to " = 16.64, corresponding to the trees with the 

longest inter-nodal distances towards the tips (‘tippy’) and the root (‘stemmy’) of the 

phylogeny respectively. In other words, negative values of " indicate that nodes cluster 
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near the root, while positive values indicate that nodes cluster near the tips. We 

generated a less resolved tree from each simulated phylogeny by collapsing all below 

family nodes into soft polytomies, and calculated NRI, NTI and stdPD within each plot 

in the community-scale data matrix using both sets of phylogenetic hypotheses. We 

regressed the scores of phylogenetic structure metrics derived from each simulated tree 

to those derived from their less resolved homologous, forcing regression lines to the 

origin. Finally, we compared the slopes of each comparison to the value of the " statistic 

associated to each simulated tree. For this analysis, species and subspecies were inserted 

as polytomies in the corresponding genus node. 

 

 

Results 

Phylogenetic structure 

For each metric of phylogenetic structure, we quantified the relationship between the 

values obtained using the D1 chronogram and different chronograms and pseudo-

chronograms of varying degree of resolution and/or branch length information (Table 

1), as well as their trend to make directional biases (Table 2, Fig. 2). When directional 

biases occurred, they were generally towards type II errors, except for stdPD in 

elevational belts, where we also detected type I errors. The size of community plots did 

not affect the output of the analyses, since there was no correlation between NRI scores 

and plot size (e.g. NRI derived from the D1 chronogram; R2 = -0.005, p-value = 0.546). 

We assume here that the D1 chronogram is closer to the true evolutionary relationships, 

as a high percentage of nodes obtained a high statistical support (70% of nodes showed 

a bootstrap support greater than 70). Regarding the impact of phylogenetic resolution, 

phylogenetic structure estimations were more accurate and less biased when calculated 
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with the D1-MP phylogeny than with the less resolved D1-FP, except for NTI in 

elevational belts, where the use of D1-FP yielded less biased estimations compared to 

D1-MP (Table 2), despite the NTI values obtained with D1-MP yield a higher correlation 

than D1-FP (Table 1). The estimation of stdPD in elevational belts suffered of equal 

biases with D1-MP and D1-FP but in opposite directions, showing a trend towards type 

II errors with D1-MP and towards type I errors with D1-FP (Table 2). Overall, NRI and 

NTI were the less and the most sensitive metrics to phylogenetic resolution, 

respectively. 

In regard to the influence of the dating method, directional biases were stronger 

in elevational belts and overall towards type II errors, except for stdPD, for which the D3 

phylogeny yielded type I statistical errors (Table 2). The D3 phylogeny generated less 

biased estimates of the metrics, except for NRI in elevational belts, where the D2 

phylogeny performed better. In general, the D3 phylogeny yielded more accurate values 

for all estimators (Table 1), except for NTI at community-scale and NRI in elevational 

belts. Equally accurate estimates were obtained with D2 and D3 for stdPD at 

community-scale and NTI in elevational belts. 
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Table 1. Coefficient of determination values (R2) from regressing NRI, NTI, and stdPD scores 

derived using a molecular phylogeny resolved to genus level and dated with penalized-

likelihood, onto the same indices derived from different chronograms and pseudo-chronograms 

of different resolution and/or branch length information. All the chronograms and pseudo-

chronograms were derived from the same molecular phylogeny. All regression values were 

significant at < 0.001, except for ‘*’, where it was at < 0.01 
 

Resolution Dating method Resolution + Dating method 
Metric Dataset 

D1-MP D1-FP D2 D3 D2-MP D2-FP D3-MP D3-FP 

NRI Community 0.999 0.970 0.803 0.908 0.801 0.802 0.902 0.896 

NTI Community 0.988 0.872 0.853 0.775 0.838 0.792 0.734 0.803 

stdPD Community 0.992 0.901 0.829 0.828 0.816 0.790 0.785 0.856 

NRI Elevational belt 0.999 0.988 0.946 0.887 0.943 0.953 0.876 0.890 

NTI Elevational belt 0.997 0.940 0.947 0.948 0.797 0.888 0.815 0.934 

stdPD Elevational belt 0.976 0.939 0.869 0.939 0.416 * 0.814 0.708 0.960 

 

 

Table 2. Slopes from regressing NRI, NTI and stdPD scores derived using a molecular 

phylogeny resolved to genus level and dated with penalized-likelihood, onto the same indices 

derived from different chronograms and pseudo-chronograms of different resolution and/or 

branch length information. All the chronograms and pseudo-chronograms were derived from the 

same molecular phylogeny. All regression values were significant at < 0.001 
 

Resolution Dating method Resolution + Dating method 
Metric Dataset 

D1-MP D1-FP D2 D3 D2-MP D2-FP D3-MP D3-FP 

NRI Community 1.003 0.953 0.779 1.001 0.778 0.780 1.003 1.004 

NTI Community 1.028 0.847 0.910 0.971 0.917 0.823 0.981 0.896 

stdPD Community 1.027 0.900 0.717 1.007 0.715 0.666 1.017 0.949 

NRI Elevational belt 1.022 0.949 0.933 0.898 0.933 0.928 0.901 0.861 

NTI Elevational belt 0.876 0.914 0.877 0.921 0.697 0.773 0.714 0.844 

stdPD Elevational belt 0.934 1.067 0.760 1.037 0.580 0.694 0.854 1.084 
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Figure 2. Graphical representation of the slope analysis showing directional biases in NRI, NTI 

and stdPD derived from the use of the molecular phylogeny dated with BLADJ using ages from 

Wikström et al. (2001) and with all nodes below family level collapsed into soft polytomies 

(D3-FP) instead of the same molecular phylogeny dated with penalized-likelihood and resolved 

to genus level (D1 chronogram). Thin solid lines and dashed lines represent community-plot and 

elevational belt regression lines respectively. Thick solid lines represent the null hypothesis, a 

perfect 1:1 relationship through the origin. Slopes greater than one indicate a bias towards over-

prediction of phylogenetic diversity or structure and vice versa for slopes less than one. Note 

that the regression line corresponding to NRI values at community scale perfectly matchs that of 

the null hypothesis. 
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Tree shape simulations 

The degree of stemminess of the simulated trees strongly affected the extent of the 

statistical errors produced by poorly resolved phylogenies compared to their further 

resolved homologous when quantifying phylogenetic structure. The slope of the 

regressions increased with the " value of the trees, particularly in the range between -15 

> " < 5 (Fig. 3). From " = 5 to 15, NRI stabilized, whereas stdPD values slightly 

diminished from " = 5 to 9 and then increased abruptly. NTI was the metric less affected 

by changes in tree stemminess. 

 

 

Discussion 

Recent years have seen an increasing effort to incorporate phylogenetic hypotheses to 

the study of community assembly processes. Two main approaches have been followed 

to do so: either to obtain molecular phylogenies, or to generate supertrees based on 

previously published data, which usually contain a notable number of unresolved nodes 

and lack branch length information. Despite this growing interest in the use of 

phylogenies in ecological research, very few studies have attempted to quantify the 

potential biases related to the use of partially resolved phylogenies and to branch length 

accuracy with real data (but see Kress et al., 2009; Pei et al., 2011). Moreover, it has 

not been previously examined, to our knowledge, how tree shape may affect inference 

of phylogenetic structure metrics. 

Recently, a simulation study showed that the lack of phylogenetic resolution can 

be a potential source of type II statistical errors when quantifying phylogenetic structure  
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Figure 3. Graphical representation of the relationship between stemminess and the yield of 

phylogenetic structure quantification with a range of poorly resolved trees (family level) versus 

their further resolved homologous (genus level). The marked dots correspond to the real 

chronogram (D1) from which the range of trees with varying degrees of stemminess was 

obtained by transforming branch lengths using Pagel’s !. 
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(Swenson, 2009). Later, two case studies (Kress et al., 2009; Pei et al., 2011) tested the 

directional biases in the quantification of phylogenetic structure with real world data, 

using the metrics NRI and NTI. Both studies compared the scores derived from a 

supertree assembled with Phylomatic, to those derived from a fully resolved 

supermatrix phylogeny. The Phylomatic-generated phylogeny in Kress et al. (2009) was 

ultrametrized using BLADJ with ages from Wikström et al. (2001), whereas Pei et al. 

(2011) did not specify this information. Again, their results suggested that the use of 

poorly resolved supertrees biased community phylogenetic structure analyses, tending 

to fail to detect non-random phylogenetic structuring (type II errors). 

Our results only partially agree with the general trend towards false negatives for 

NRI and NTI observed in these previous case studies. We found that, with our datasets, 

NRI was quite resilient to the loss of phylogenetic resolution (m = 1.003 and 0.953 for 

D1-MP and D1-FP phylogenies, respectively). Furthermore, at community scale, NRI 

estimates derived from the D3-FP phylogeny (which would be equivalent to a phylogeny 

generated with Phylomatic and ultrametrized using BLADJ with ages from Wikström et 

al., 2001, the typical approach in community phylogenetics research) were not biased 

compared to the NRI values derived from the D1 chronogram (m = 1.004, Fig. 2). The 

resilience detected here for NRI, particularly in the community dataset, cannot be 

explained by differences in species richness as it is only slightly lower (18.26 ± 1.66), to 

the one reported in Pei et al. (2011) (27.57 ± 0.48 in habitats of intermediated species 

richness). 

In relation to this point, we have shown that the impact of poor phylogenetic 

resolution on phylogenetic structure quantification depends, to a greater or lesser extent, 

on the stemminess of the tree. The differences in sensibility found between our study 

and the studies of Kress et al. (2009) and Pei et al. (2011) regarding NRI could be rather 



Chapter 4. Directional biases in phylogenetic structure quantification 

 174 

explained by the different shape of the regional phylogenetic trees, since this metric was 

the most affected by stemminess. Tropical and subtropical taxa sampled in the surveys 

of Kress et al. (2009) and Pei et al. (2011) included only trees and shrubs lineages, 

which are probably older than those included in our Mediterranean community matrix 

(Hawkins et al., 2011). Moreover, despite a similar family richness was reported in the 

community phylogeny pool in the three studies, the genus per family ratio is clearly 

higher in our community matrix (4.53 for our dataset vs 3.18 for Kress et al., 2009 and 

2.16 for Pei et al., 2011). Thus, it is probable that the shape of the phylogenies used in 

the two mentioned studies is considerably different from ours, the latter with longer 

inter-nodal distances towards the root of the phylogeny (! ‘stemmy’ phylogeny). In 

fact, our phylogeny pool presents a " = 3.86, consistent with a scenario of recent 

diversification within evolutionarily disparate lineages (Davies & Buckley, 2012). Thus, 

we suggest that the differences in the trend of poorly resolved phylogenies to make 

statistical errors found between our study and the studies of Kress et al. (2009) and Pei 

et al. (2011) could be to a large part due to the different shape of the phylogenies used 

to derive phylogenetic structure values. 

Previous case studies that assessed potential biases in the detection of 

phylogenetic structure of real communities linked to lack of phylogenetic resolution 

only focused on the metrics NRI and NTI. Here, we have also investigated potential 

biases on the widely used metric stdPD. Our estimates of stdPD showed an intermediate 

resilience between NRI and NTI. Although all these metrics are derived from the same 

internode distances, these are traversed only once when calculating stdPD, whereas for 

NRI they are taken in account as many times as the number of pairwise distances 

defined by such internodes. Deep nodes defining phylogenetic relationships between 

different families and orders are fully and equally resolved in both the D1 chronogram 
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and all the derived chronograms and pseudochronograms, and are expected to hold 

more weight on phylogenetic structure estimates compared to intra-family internodes 

because they are simply defining broader distances. Because NRI traverses deep 

internodes much more times than NTI and stdPD, the effect of phylogenetic uncertainty 

is mitigated. In contrast, NTI estimates rely mainly on intra-family internodes, and thus, 

the effect of phylogenetic uncertainty is expected to be maximal for this metric. The 

fact that all internodes are equally weighted when calculating stdPD would explain why 

the effect of phylogenetic uncertainty on stdPD estimations is intermediate compared to 

NTI and NRI. 

In regard to the influence of the dating approach, differences in phylogenetic 

structure quantification with pseudo-chronograms compared to the D1 chronogram 

could be related to the accuracy of calibrations and the method used. Which 

ultrametrizing approach was better depended both on the metric and the dataset. The D2 

and D3 pseudo-chronograms differ in the type of calibration data and also in the number 

of ages provided. The D3 phylogeny probably yielded overall better results than D2 

because it was ultrametrized by fixing a higher number of deep nodes (extracted from 

Wikström et al., 2001), which are expected to hold more weight on phylogenetic 

structure estimates than shallower nodes. In fact, differences in the yield between D3 

and D2 in regards with NTI were smaller as compared to those with NRI or stdPD, 

probably because NTI relies mainly on shallower nodes. However, although the D3 

phylogeny generated similar results to those derived from the D1 chronogram at 

community scale, it also made directional biases in elevational belts. It should be noted 

that the procedure of BLADJ, which places undated nodes evenly between calibrated 

nodes, is not evolutionarily realistic in many cases. For instance, it has been shown that 

the deepest branches of the angiosperms phylogeny are very short (Fiz-Palacios et al., 
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2011). Dating molecular phylogenies with relaxed molecular clock methods such as 

penalized-likelihood (r8s) yield more evolutionarily realistic chronograms as they date 

based on the amount of genetic differences and can account for heterogeneity in the 

rates of DNA evolution. This is the reason why the molecular phylogeny dated with r8s 

and the phylogeny D2 yielded different results when estimating phylogenetic structure, 

despite both phylogenies were calibrated with the same fossil ages. Thus, if the 

obtaining of a molecular phylogeny is not possible, and given the procedure used by 

BLADJ, it is highly recommendable to provide BLADJ as much node ages as possible; 

and more importantly, these ages should be extracted from reliable and updated dating 

studies in which the phylogeny has been calibrated with a wide range of fossils (Fiz-

Palacios et al., 2011). 

Our results also suggest that there is some interaction between phylogenetic 

resolution and branch length accuracy. For example, phylogenetic resolution was 

critical when quantifying stdPD at both spatial scales, the D1-FP phylogeny generating 

less accurate estimates than D1-MP (Table 1). However, D3-FP generated more accurate 

stdPD estimates than D3-MP, particularly in elevational belts. This result suggests that 

the accuracy of phylogenetic structure quantification based on BLADJ-dated 

phylogenies will not necessarily be improved by manually resolving polytomies on the 

basis of published phylogenies, which is indeed a widespread procedure in community 

phylogenetic research. 

 

 

Conclusions 

Our results support previous evidence that well-resolved molecular phylogenies are 

needed to identify the underlying phylogenetic structure of communities, which may 
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otherwise be underestimated. However, the biases detected with our data in 

phylogenetic structure quantification related to the phylogenetic data quality differ in 

some particular cases from previous studies performed in other biogeographical regions 

with disparate evolutionary assemblages (Kress et al., 2009; Pei et al., 2011). We show 

that differences in tree shape (stemminess) for species pool phylogenies from different 

biogeographical regions can notably affect the degree of mismatch between poorly and 

further resolved phylogenies when quantifying phylogenetic structure. Although 

phylogenetic resolution has been proved to be a source of directional biases on 

phylogenetic structure quantification, the accuracy of branch length information can be 

even more important than phylogenetic resolution in quantifying phylogenetic structure. 

The strength of the impact of branch lengths in phylogenetic structure quantification 

depends on the chosen metrics. For instance, a family level phylogeny dated with 

BLADJ using ages from Wikström et al. (2001) can be enough to calculate accurately 

NRI, but the same phylogeny can lead to spurious results with the indices NTI or stdPD, 

depending ultimately on the tree shape and the sample size. Anyhow, we confirm here 

that the choice between supermatrix and supertree approaches (the latter lacking for 

branch length information) can be critical for the accurate detection of underlying 

patterns of phylogenetic structure of plant assemblages. The supertree approach has the 

clear advantage to be a faster, easier and more economic way to generate phylogenetic 

hypotheses than molecular methods, since only a few informatic notions are needed 

(Webb & Donoghue, 2005; Webb et al., 2008). However, in the light of results found in 

the present study, we strongly suggest that sensibility analysis should be carried out 

when dealing with partially resolved pseudo-chronograms, and that efforts should be 

dedicated to obtain reliable and well-resolved phylogenetic hypotheses to work with. 
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Supplementary Information  

Supermatrix phylogenetic reconstruction  

We first compiled a set list of all native vascular plant genera present in Andalusia and 

North Morocco, based on specialized regional floras (Valdés et al., 1987, 2002; Blanca 

et al., 2009). Then, we conducted an exhaustive retrieval of DNA sequences available in 

Genbank [accessed in September 2011]. We downloaded three conserved chloroplastic 

gene regions (rbcL, matK, ndhF), plus one chloroplastic and two nuclear fast-evolving 

DNA regions (trnL-F intergenic spacer, ITS1 and ITS2, respectively). We selected those 

regions because they are broadly sampled across plants. We included both conserved 

and non-conserved regions in order to be able to resolve deep and shallow nodes. Fast-

evolving regions were clustered in taxonomic groups in order to avoid saturation 

problems (see below). In order to avoid overload of missing data in the supermatrix, we 

only considered fast-evolving regions when at least one of the genera within each 

family lacked available sequences for rbcL, matK and ndhF markers. Because there was 

no data in Genbank for all the species of our list, we decided to only recover sequences 

for one species of each genus, in order to obtain a genus-level phylogeny, and later 

replace the tip labels by polytomies of species. When possible, we selected those 

species native to Andalusia and North Morocco. In the cases where the six regions were 

not available for the same species, we retrieved sequences of different species of the 

same genus, following the methodology of Roelants et al. (2011). When several 

sequences for the same taxon and region were available, we selected the longest and 

most recent one. 

All sequences of each region were aligned using four different programs: Clustal 

X (Thompson et al., 1994; Larkin et al., 2007), MAFFT (Katoh et al., 2005), Kalign 

(Lassmann & Sonnhammer, 2005) and MUSCLE (Edgar, 2004). We selected the best 
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alignment for each region with the multiple overlap score (MOS) implemented in 

MUMSA (Lassmann & Sonnhammer, 2006). We also assessed the quality of the 

obtained alignments computing the average overlap score (AOS) with MUMSA. An AOS 

score < 0.5 indicates that the alignment is probably saturated by multiple substitutions 

and thus it may be unreliable. In this case, we compartmentalized the alignment by 

splitting the sequences in blocks going a step down in the taxonomic hierarchy, and 

performed the alignment again. The array of taxonomic hierarchies considered was 

division, order and family. The fast-evolving regions trnL-F, ITS1 and ITS2 were 

clustered at the family level in all cases. When a marker could not be aligned reliably at 

the family level (e.g. ITS1 and ITS2 for Santalaceae) we decided to remove these 

sequences. For each region, we removed ambiguous or poorly aligned blocks using the 

software trimAl (Capella-Gutiérrez et al., 2009), and finally concatenated the resulting 

alignments into a single supermatrix with the software FASconCAT (Kueck & 

Meusemann, 2010). 

Phylogenetic inference was performed using Maximum Likehood (ML) with the 

program RaxML (Stamatakis, 2006; Stamatakis et al., 2008) on the CIPRES on-line 

portal (Miller et al., 2010), applying the GTRCAT model with partitions defined for 

each region, and a prior tree constraint at the family level based on consensus 

knowledge (Davies et al., 2004; Moore et al., 2010; Smith et al., 2011). The ML tree 

that yielded the highest likelihood was then dated (i.e. branch lengths were converted to 

absolute evolutionary age) using penalized-likelihood as implemented in r8s 

(Sanderson, 2003). Node support was estimated using bootstrap values. Nodes with less 

than 50% support were collapsed into soft polytomies. Multiple fossils were used to 

calibrate the tree (see the complete list in Table S1). 
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Table S1. Summary of the fossil data used for calibration. All fossils were used as minimum 

age constraints, except ‘*’, which was used as a fixed age. 
 

Clade Fossil name Age (mya)               References 

Alismatales Tofieldiaceae/Dicolpopollis 69.5 Chmura, 1973 

Eudicots *  Unnamed  125 Friis et al., 2006a 

Apocynaceae Unnamed 53.2 Magallón et al., 1999 

Araliaceae Unnamed 69.5 Magallón et al., 1999 

Asparagales Liliacidites cf. intermedius and L. 
cf. kaitangataensis 

93 Dettmann, 1973; Raine et al., 2006 

Asterales Menyanthaceae pollen 29.3 Magallón et al., 1999 

Boraginaceae Unnamed 53.2 Magallón et al., 1999 

Brassicales Dressiantha 85 Gandolfo et al., 1998 

Buxales Unnamed 98 Drinnan et al., 1991 

Caryophyllales Unnamed (Caryophyllales) 83.5 Collinson et al., 1993 

Convolvulaceae Unnamed 53.2 Magallón et al., 1999 

Cucurbitaceae Unnamed 58.5 Magallón et al., 1999 

Cupressaceae  Cupressinocladus interruptus 99.6 Stockey et al., 2005 

Dipsacales Caprifoliaceae 53.2 Magallón et al., 1999 

Ericaceae Ericaceae s. l. 89.5 Magallón et al., 1999 

Ericales Unnamed 91.2 Nixon & Crepet, 1993 

Euphorbiaceae  Euphorbiaceae pollen 58.5 Magallón et al., 1999 

Euphyllophyta  Unnamed 365 Rothwell & Scheckler, 1988 

Fabaceae Unnamed 56 Magallón et al., 1999 

Fabales  Unnamed (Fabales) 59.9 Herendeen & Crane, 1992 

Fagales  Tenerina sp. 96 Friis et al., 2006b 

Fumana Unnamed 28 Palibin, 1909 

Geraniaceae Geraniaceae pollen 7.8 Magallón et al., 1999 

Gymnosperms  Emporia lockardii 290 Mapes & Rothwell, 1984, 1991 

Helianthemum Unnamed 11 Menke, 1976; Naud & Suc, 1975  

Lamiales  Fraxinus wilcoxiana 44.3 Call & Dilcher, 1992 

Laurales Unnamed (Laurales) 108.8 Crane et al., 1994 

Malphigiales  Paleoclusia sp. 89 Crepet & Nixon, 1998 

Malvales  Unnamed (Malvales) 69.7 Wolfe, 1976 

Myrtales  Esqueiria futabensis 88.2 Takahashi et al., 1999 
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Orchidaceae Meliorchis caribea 15 Ramírez et al., 2007 

Osmundaceae Grammatopteris sp., Rastropteris 
sp. 

299 Galtier et al., 2001; Miller, 1971; Phipps 
et al., 1998; Rößler & Galtier, 2002 

Phyllanthaceae Phyllanthus type (pollen) 33.7 Zaklinskaya et al., 1978 

Pilularia-Marsilea  Regnellidium upatoensis 83 Lupia et al., 2000; Pryer, 1999 

Pinaceae  Unnamed Pinaceae 225 Miller, 1999 

Poales Restio sp. 68.1 Muller, 1981 

Polypodiaceae Protodrynaria sp. 34 Van Uffelen, 1991 

Pteridaceae  Pteris sp. 93 Krassilov & Bacchia, 2000 

Ranunculideae Menispermaceae 69.5 Magallón et al., 1999 

Rosaceae Unnamed 44.3 Magallón et al., 1999 

Rutaceae Unnamed (Rutaceae) 67.2 Magallón et al., 1999 

Salix-Populus  Pseudosalix handleyi 48 Boucher et al., 2003 

Santalales Olacaceae 53.2 Magallón et al., 1999 

Sapindales Unnamed 65 Knobloch & Mai, 1986 

Saxifragales Divisestylus sp. 89.3 Hermsen et al., 2003 

Tuberaria Unnamed 5.3 Menke, 1976; Naud & Suc, 1975  

Vascular plants Zosterophyllophytes and 
Baragwanathia sp. 

421 Garrat & Rickards, 1987; Hueber, 1992; 
Tims & Chambers, 1984 
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Abstract 

We reconstructed the historical assembly of the eudicot flora of Mediterranean sierras 

(Baetic ranges, Andalusia, southern Spain) by examining compositional (CBD), 

phylogenetic (PBD) and functional (FBD) beta diversity between elevational belts 

among disjunct mountain ranges (sierras), and relating these measures of turnover to 

environmental and geographical distances. To do so, we compiled eudicot species and 

subspecies (‘entities’) checklists for three elevational belts within each of eight sierras 

of Andalusia (‘sites’) and tested for non-random patterns of PBD and FBD of all entities 

and of endemic entities separately among sites between and within sierras. Multiple 

regression on distance matrices was used to determine the respective contribution of 

climate, lithology and geographical distance to CBD, PBD and FBD. Finally, we 

decomposed PBD into the turnover and nestedness components of beta diversity, and 

quantified the phylogenetic diversity (PD) within sites. The observed PBD and FBD 

among elevational belts within sierras for all entities were generally higher than 

expected based on their respective null distributions, whereas CBD among elevational 

belts within sierras was similar or even lower than between sierras. In contrast, the 

observed PBD and FBD for endemics were non-significant in most of the comparisons. 

Temperature-related variables best explained patterns of CBD, PBD and FBD for all 

entities, whereas lithology and geographical distance were the main drivers of endemic 

CBD. The observed PBD among elevational belts within sierras was mainly attributable 

to differences in PD rather than ‘true’ turnover. We conclude there is strong structuring 

of plant lineages along elevational gradients in the Baetic range, probably due to habitat 

filtering acting on life forms and character syndromes that show strong phylogenetic 

signal. The differentiation of the endemic flora that contributed to the emergence of this 
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western Mediterranean biodiversity hotspot was probably driven by geographical 

isolation and/or by repeated specialization to contrasting lithologies. 

 

Keywords: Climate, elevation, eudicots, functional beta diversity, lithology, 

Mediterranean flora, phylogenetic beta diversity, southern Iberian Peninsula. 

 

 

Introduction 

The Mediterranean Basin harbours 8.3% of the world’s total floristic richness (Médail 

& Quézel, 1997). Approximately 18% of this floristic richness is concentrated in the 

southern portion of the Iberian Peninsula (Andalusia) and northern Morocco (see 

Molina-Venegas et al., 2013), and within the Baetic-Rifan mountain range complex in 

particular (Médail & Quézel, 1997). The well-studied flora, high levels of topographic 

and climatic heterogeneity, and the division between two continental plates makes this 

centre of plant diversity an excellent study system for better understanding the 

evolutionary and ecological processes that have shaped plant assemblages within 

Mediterranean biodiversity hotspots. 

The Mediterranean flora is characterized by high compositional beta diversity 

(CBD) (Thompson, 2005), mostly because of the large number of narrow-endemic 

species (Médail & Quézel, 1999). In their analysis of the Baetic ranges, Molina-

Venegas et al. (2013) found that climate was the most significant driver of CBD 

between the floras of ecoregions (territories characterized by the existence of 

homogeneous climatic, topographical and geological features) within the Baetic range, 

whereas CBD of the flora endemic to the range was driven by both lithology and 

climate. These patterns may have arisen as a result of the climatic stability – particularly 

in southern Europe – during the Plio-Pleistocene (Finlayson & Carrión, 2007) and the 
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evolution of traits linked to limited colonizing potential but high population stability in 

particular substrates (Lavergne et al., 2004). Given that species share part of their 

evolutionary histories and are not always functionally equivalent, however, the 

inclusion of phylogenetic and functional information in analyses of beta diversity 

(Graham & Fine, 2008) allows us to improve our understanding of the ecological and 

evolutionary mechanisms that shape biodiversity patterns (Swenson et al., 2012; Siefert 

et al., 2013). 

The Baetic ranges comprise a set of disjunct mountain ranges (sierras) 

containing many peaks over 2000 m a.s.l. (Fig. 1), with the highest peak at 3482 m. The 

rugged topography yields steep temperature and precipitation gradients, with 

contrasting soil types derived from outcrops of differing lithology (Mota et al., 2002). 

This strong environmental heterogeneity explains much of the spatial structure of plant 

diversity and the great richness of narrow-endemic species in this hotspot (Molina-

Venegas et al., 2013). We would thus expect that niche-related traits should be strongly 

structured along these gradients, resulting in high functional beta diversity (FBD). 

Similarly, if niche-related traits show strong phylogenetic signal, we would expect high 

phylogenetic beta diversity (PBD) along elevational gradients, because different clades 

should be non-randomly structured with respect to ecological conditions (Hardy & 

Senterre, 2007). On the other hand, PBD among sites of contrasted lithology should be 

high if there is phylogenetic signal in species’ substrate preferences. Finally, dispersal 

limitation could result in plant assemblages that are close together in space being more 

phylogenetically similar than those that are further apart, as predicted by a distance 

decay null model (Condit et al., 2002). 

Recent studies exploring life-history traits in a phylogenetic context have made 

valuable contributions to our understanding of the mechanisms that drive community 
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assembly and plant evolution within the Mediterranean (Paula & Pausas, 2011; Pausas 

& Schwilk, 2012). Herrera (1992) found that, as a consequence of adaptive processes, 

phylogenetic constraints, historical effects and sorting processes, the woody flora of 

southern Spain could be grouped into two contrasting character syndromes: 

sclerophyllous and non-sclerophyllous plants (see also Verdú & Pausas, 2013). Plants 

 

 

Figure 1 Map of Andalusia (southern Iberian Peninsula) showing the position of the eight 

disjunct mountainous areas (sierras) analysed in the study. The inset shows the location of 

Andalusia within the Mediterranean Basin. The numbers correspond to: (1) Sierra de Cazorla, 

(2) Sierra de María-Los Vélez, (3) siliceous Sierra de los Filabres, (4) Sierra de Gádor, (5) 

siliceous Sierra Nevada, (6) calcareous Sierra Nevada, (7) Sierras de Tejeda, Almijara y 

Alhama, and (8) Sierra de las Nieves. 

 

with sclerophyllous leaves and small, unisexual, uncoloured, wind-pollinated flowers 

with a reduced perianth, and large seeds dispersed by animals occur in lineages whose 
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characteristics pre-date the appearance of the Mediterranean climate, whereas plants 

with alternative character states arose in lineages that evolved after the emergence of 

this climatic regime (Herrera, 1992; Verdú & Pausas, 2013). Further work triggered by 

the seminal paper by Herrera (1992) has focused on the relationship between the 

syndromes and ecological strategies (Verdú, 2000; Verdú & Pausas, 2007) and lineage 

diversification (Verdú & Pausas, 2013). The spatial distribution of these relevant 

syndromes along environmental gradients has not been previously explored, however, 

and it could help to understand the ecological and evolutionary factors that shape 

patterns of biodiversity in this Mediterranean biodiversity hotspot. 

The southern edge of the Iberian Peninsula has acted as a refugium for cold-

sensitive taxa through the dramatic climatic oscillations that occurred from the late 

Miocene onwards (Postigo Mijarra et al., 2009; Rodríguez-Sánchez & Arroyo, 2011). 

Refugia in climatically mild lowlands allow the persistence of several old and 

phylogenetically distinct lineages (e.g. Coriaria, Ilex, Myrtus, Osyris and Pistacia) that 

represent the sclerophyllous syndrome (Herrera, 1992; Verdú & Pausas, 2013). The 

aridity trend of the late Miocene-Pliocene transition, which marks the onset of the 

Mediterranean climate in the region, has been placed between c. 10 (Brachert et al., 

2006) and 3.6 Ma (Suc & Popescu, 2005), roughly coincident with the beginning of the 

uplift of the Baetic Cordillera approximately 8 Ma (Braga et al., 2003). Thus, we expect 

sclerophyllous lineages to be ecologically restricted to warmer low elevations, whereas 

non-sclerophyllous lineages are expected to occur across higher-elevation ranges of 

colder climatic conditions. Diversification in the latter is related to the appearance of the 

current Mediterranean climate regime (Verdú & Pausas, 2013) and the climatic 

oscillations imposed by ice ages of the Pleistocene (Hewitt, 2000; Willis & Niklas, 
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2004). Non-sclerophyllous lineages represent the vast majority of species diversity in 

the Mediterranean. 

Although the character syndromes of Herrera (1992) are useful for developing 

predictions for the woody taxa of the Baetic range, they are not applicable to non-

woody species. Raunkiær (1934) classified the life forms of plants according to the 

locations of buds and apical shoots destined to survive the unfavourable period of the 

year (e.g. summer drought). These life forms seem to be geographically and 

elevationally structured within the Mediterranean (Danin & Orshan, 1990; Giménez 

Luque et al., 2004), which may affect the assembly of the flora of Mediterranean 

sierras. The life form spectrum of the endemic flora of the southern Iberian Peninsula 

does not comply with the general patterns previously observed in a number of local 

floras in the southern Iberian Peninsula and other regions of the Mediterranean Basin 

(Melendo et al., 2003; Giménez Luque et al., 2004), suggesting different diversification 

rates among life forms in the Mediterranean sierras. Thus, if there is phylogenetic signal 

in the distribution of life forms in the flora, we expect high PBD along elevational 

gradients, reflecting the deterministic ecological structuring of lineages mediated by 

life-history traits. 

In this paper, we aim (1) to examine the spatial patterns of compositional, 

phylogenetic and functional (character syndromes and life forms) beta diversity across 

elevational belts of sierras in a Mediterranean biodiversity hotspot, and (2) to quantify 

how environmental factors such as climate, lithology and spatial effects (distance 

decay) affect these patterns. 
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Materials and Methods 

Study area and plant dataset 

We compiled an exhaustive dataset of native eudicot plant species and subspecies 

(hereafter, ‘entities’) recorded in eight disjunct mountain ranges (sierras) of Andalusia 

(Fig. 1, Table 1; see Appendix S1 in Supporting Information for further details). Using 

information on elevational ranges from Blanca et al. (2009), we created a second dataset 

by assigning each entity that we recorded in the study sierras to three elevational belts 

(belt 1, 700-1300 m; belt 2, 1300-1800 m; belt 3, 1800-2700 m), making a site-by-

species matrix of 24 sites (elevational belts within sierras) and 1982 entities in total. 

Unfortunately, it was not possible to base the site species lists on observations. 

Nevertheless, our approach is justified because the latitudinal variation among the 

sierras (the main source of variation in species’ elevational ranges) is very small (see 

Fig. 1) and the sample grain size (elevational belts) considered in the study is broad 

enough to assimilate most of the possible elevational variability of each species among 

the different sierras. Lastly, approximately 30% of the species are restricted to single 

sierras. Blanca et al. (2009) defined these elevational belts for the flora of eastern 

Andalusia according to the bioclimatic classification in Rivas-Martínez (1983), which is 

related to the length of the growing season. We also generated a subset from the site-by-

species matrix that included only those entities that are endemic to the Baetic ranges (n 

= 333), following the criteria in Molina-Venegas et al. (2013) for assessing species’ 

ranges. We did not consider entities that occurred entirely above 2700 m (only in 

siliceous Sierra Nevada) for the overall analyses because of the lack of replicates, but 

we conducted an additional analysis restricted to siliceous Sierra Nevada (four 

elevational belts, up to 3482 m), to further explore patterns of elevational variation in 

one of the widest elevational gradients in the Mediterranean. 
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Functional traits 

We obtained life form information from Blanca et al. (2009), who used Raunkiær 

(1934) categories as defined in Font Quer (1953). They considered five possible states: 

therophyte, hemicryptophyte, geophyte, chamaephyte and phanerophyte. In cases where 

life form was ambiguous, we selected the most common state in the study area 

according to the taxon descriptions in Blanca et al. (2009) and Castroviejo (1986- 

2012). We excluded from all analyses entities that could not be assigned a life form (n = 

17, 0.8%), leaving 672 therophytes, 604 hemicryptophytes, 69 geophytes, 371 

chamaephytes (mostly small shrubs) and 176 phanerophytes (mostly tall shrubs and 

trees). 

 

Table 1 Baetic sierras of Andalusia considered in the study. The table shows the name of the 

sierras, area of the elevational belts (belt 1, 700-1300 m; belt 2, 1300-1800 m; belt 3, 1800-2700 

m), total area (TA), maximum elevation (ME), predominant lithology, species richness (SR), 

endemic species richness (ESR) and floristic sources of eudicots for each sierra. 

 

 

In order to characterize character syndromes (Herrera, 1992), we compiled nine 

binary traits for all woody entities (chamaephytes and phanerophytes) in the dataset (n = 

547) using local floras and field observations. These traits include spinescence, leaf 

Area (km2) Sierra 
Belt 1 Belt 2 Belt 3 

TA 
(km2) 

ME 
(m) 

Lithology SR ESR Source 

Nieves 119.77 38.20 0.38 158.35 1918 Limestone 895  77 Cabezudo et al. (1998) 

Tejeda-Almijara 242.86 100.56 4.85 348.27 2065 Marble 755 87 Cabezudo et al. (2005) 

Calcareous Nevada 292.57 203.62 15.98 512.17 2450 Limestone 758 84 Pérez Raya (1987) 

Siliceous Nevada 225.51 525.48 660.72 1517.86 3482 Schist 995 111 Blanca et al. (2009) 

Gádor 325.39 146.99 58.11 530.49 2240 Limestone 774 74 Giménez Luque (2000) 

Siliceous Filabres 428.43 421.99 146.7 997.12 2168 Schist 624 47 Peñas de Giles (1997) 

Cazorla 1666.94 1224.99 89.93 2981.86 2383 Limestone 1189 138 Blanca et al. (2009) 

María 153.90 62.69 7.52 224.11 2045 Limestone 648 72 Cueto & Blanca (1997) 
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type, flower size, flower sexuality, flower colour, perianth reduction, pollinator type, 

seed size and dispersal syndrome (see Appendix S2). We then summarized this 

multidimensional trait information in the first ordination axis of a multiple 

correspondence analysis, and treated entities’ scores on this axis as a quantitative trait 

representing where they sit in the continuum between the sclerophyllous and non-

sclerophyllous syndromes (Verdú & Pausas, 2013). 

 

Phylogenetic tree 

We used the genus-level time-calibrated phylogeny described in Molina-Venegas & 

Roquet (2014). The phylogeny incluyes 98% of the genera in the dataset (n = 565, 

including those genera removed from the analyses). Species and subspecies were 

inserted as polytomies at the midpoint of the corresponding genus and species terminal 

branches, respectively. 

 

Phylogenetic signal 

To test whether entities that are more closely related are more likely to share the same 

life form, we calculated the mean phylogenetic distance (MPD) among entities within 

each life form. MPD measures the mean of the phylogenetic distances between all 

possible pairs in the sample. We calculated the standardized effect size values of MPD 

(SESmpd) as:  

 

SES = Xobs – mean(Xnull) / SD(Xnull)   (1) 

 

where Xobs is the observed MPD between all pairs of entities in the dataset within a 

given life form, and mean(Xnull) and SD(Xnull) are the mean and standard deviation of a 
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null distribution of MPD scores within the site generated by 999 random draws of the 

same number of species from the entire species pool of the study (Kembel, 2009). The 

SESmpd is expressed in units of standard deviation, such that values below -1.96 

indicate a significantly lower MPD than expected, and thus a strong phylogenetic signal, 

whereas values greater than -1.96 indicate weak or lack of phylogenetic signal. 

We estimated the phylogenetic signal in the ordination axis representing 

character syndromes using the K statistic (Blomberg et al., 2003). Phylogenetic trees 

containing many terminal polytomies can dramatically inflate estimates of phylogenetic 

signal using Blomberg’s K, so we conducted a rarefaction procedure to more accurately 

estimate the phylogenetic signal of the character syndromes on the phylogeny of woody 

entities (Davies et al., 2012). This involved randomly removing all but one taxon per 

terminal polytomy in the complete phylogeny of woody entities and estimating K on the 

smaller ‘thinned’ tree, this procedure being repeated 999 times (Davies et al., 2012). 

The ‘true’ estimate of phylogenetic signal is represented by the mean of the generated 

distribution of K values. K values of 1 correspond to a Brownian motion process, which 

implies some degree of phylogenetic signal. K values closer to zero correspond to a 

random pattern of evolution, whereas K values greater than 1 indicate strong 

phylogenetic signal. The statistical significance of Blomberg’s K was evaluated against 

a null model where taxa labels were shuffled randomly across the tips of the phylogeny 

999 times (Blomberg et al., 2003). 

 

 Phylogenetic beta diversity 

We test for non-random patterns of phylogenetic beta diversity (PBD) between 

elevational belts within sierras (set 1), and between sierras within the same elevational 

belt (set 2) using the PhyloSor index (Bryant et al., 2008). The PhyloSor index is 
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analogous to the Sørensen index (Sørensen, 1948), computing the fraction of shared 

phylogenetic branch length between two samples, rather than the fraction of shared 

species. We also estimated compositional beta diversity (CBD) between the same sites 

as for PBD using the Sørensen index. Both indices were used as distance measures (i.e. 

CBD = 1 – Sørensen index; and PBD = 1 – PhyloSor index). 

Previous empirical studies have emphasized that CBD and PBD can be highly 

correlated (Bryant et al., 2008; Qian et al., 2013). For our dataset, the correlation 

between PhyloSor and Sørensen indices was very high (Pearson’s correlation 

coefficient, r = 0.93). Thus, in order to determine whether the PBD among sites was 

higher or lower than expected given the observed CBD, we calculated the standardized 

effect size values of PBD (SESpbd) among sites as in equation 1, where Xobs is the 

observed PBD between two sites, and mean(Xnull) and SD(Xnull) are the mean and 

standard deviation of a null distribution of PBD values between the two sites generated 

by shuffling taxa labels of the community matrix 999 times. Values greater than 1.96 

indicate a higher PBD than expected for the given CBD, and values below -1.96 indicate 

a lower PBD than expected. 

In order to test for the possible timescale-dependence of the processes that 

generate non-random patterns, we repeated the PBD analysis including only those 

lineales younger than 1/2 (62.5 Ma), 1/4 (31.25 Ma) and 1/8 (15.6 Ma) of the total time 

from the root to the tips of the phylogeny (125 Ma) (Hardy & Senterre, 2007). 

To explore to what extent PBD is driven by the nestedness versus turnover 

components of beta diversity, we decomposed PBD into differences arising from 

differences in phylogenetic diversity (nestedness component, ‘PD’ in the sense of Faith, 

1992) from those that are due to ‘true’ turnover (Leprieur et al., 2012). We determined 

whether the turnover and nestedness components of the PBD among sites were higher or 
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lower than expected given the observed CBD by calculating the standardized effect size 

scores of both components among sites (SESturn and SESnes respectively) in the same 

way as for the SESpbd (see above). Finally, we tested for non-random patterns of PD at 

each site by estimating the standardized effect size values of PD (SESpd) as in Eqn 1, 

where Xobs is the observed PD within a site, and mean(Xnull) and SD(Xnull) are the 

mean and standard deviation of a null distribution of PD scores within the site generated 

by 999 random draws of the same number of species from the entire species pool of the 

study. 

 

Functional beta diversity 

We quantified the observed functional dissimilarity in life forms (FBDLF) among the 

same sites as for PBD based on the counts of entities within each life form at each site, 

using the Bray-Curtis dissimilarity index. Functional dissimilarity in life forms was also 

highly correlated with CBD (Pearson’s correlation coefficient, r = 0.72). Thus, in order 

to test for non-random patterns in FBDLF given the observed CBD, we calculated the 

standardized effect size values of FBDLF (SESfbdLF) among sites as in Eqn 1, where Xobs 

is the observed FBDLF between two sites, and mean(Xnull) and SD(Xnull) are the mean 

and standard deviation of a null distribution of FBDLF values between the two sites 

generated by randomizing the life form states among taxa 999 times. 

Finally, we quantified the observed functional dissimilarity in character 

syndromes (FBDCS) among the same sites as for FBDLF using the Euclidean distance 

between the averaged ordination scores. We tested for non-random patterns in FBDCS in 

the same way as for FBDLF  (see above), because FBDCS was also highly correlated with 

CBD (Pearson’s correlation coefficient, r = 0.62). 
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Climatic, lithological and geographical variables 

To characterize the climatic variation among elevational belts, we used GIS raster layers 

for the period 1970-2000 acquired from the Environmental Information Network of 

Andalusia (REDIAM, 2013) at 1 km2 resolution. We took monthly minimum, maximum 

and mean temperatures and monthly mean precipitation for each 1-km2 cell in the study 

area and extracted the means for each elevational belt. We also derived the mean 

precipitation of the driest and wettest annual quarters from the monthly mean 

precipitation scores. Precipitation-related variables were log-transformed and all 

variables were standardized using Gower’s standardization of quantitative variables (i.e. 

division by the range). Given that the climatic variables were highly collinear, we 

conducted separate principal components analyses (PCA) for the temperature and 

precipitation variables to reduce their dimensionality, and then used only the first 

principal component of each analysis. The Euclidean distance between PCA1 scores was 

used to represent the temperature and precipitation distances among sites. 

A lithological distance matrix was constructed using the Bray-Curtis 

dissimilarity index based on the counts at each site of the relative surface area of 86 

different lithological substrates, derived from a lithological map (scale 1:100,000) of 

Andalusia (Jordán, 2000). Finally, we calculated the geographical distances among 

sierras as the Euclidean distance between the centroids of each sierra (note that the 

geographical distances between elevational belts within each sierra is zero, because they 

are geographically nested). 

 

Exploring environmental correlates of beta diversity 

We applied multiple regression on distance matrices (MRM; Lichstein, 2007) by relating 

each of CBD, SESpbd and SESfbdLF matrices for all entities, CBD, SESpbd and SESfbdLF 
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matrices for endemics only and SESfbdCS for woody entities, to climatic, lithological and 

geographical distance matrices. We partitioned the variance of the beta diversity 

matrices into the single contributions from each explanatory variable, the covariation 

between them and the unexplained variance (Legendre & Legendre, 1998). We also 

tested the significance of each univariate relationship between each beta diversity 

matrix and each explanatory variable using permutation tests (n = 1000). 

All analyses were performed in R 2.15.1 (R Development Core Team, 2012), 

using the packages PICANTE (Kembel et al., 2010), SPACODIR (Eastman et al., 2012), 

VEGAN (Oksanen et al., 2012), ADE4 (Chessel et al., 2004) and ECODIST (Goslee & 

Urban, 2007), and the R functions thin_terminal_polytomies (Davies et al., 2012) and 

betadecompo (Leprieur et al., 2012). 

 

 

Results 

Phylogenetic signal 

We found strong phylogenetic signal in all life forms except phanerophytes, for which 

the mean phylogenetic distance among entities was not significantly different from 

expected (SESmpd = 0.15; P = 0.543). The phylogenetic signal was particularly strong 

for hemicryptophytes (SESmpd = -16.13; P < 0.001). The first axis of the ordination 

analysis of syndromes explained 42.40% of the variance, with negative scores 

representing entities with small, unisexual, reduced, uncoloured, wind-pollinated 

flowers and sclerophyllous leaves, whereas positive scores represent entities with large, 

hermaphroditic, unreduced, colourful, insect-pollinated flowers and non-sclerophyllous 

leaves (see Appendix S2 for details). The ordination scores showed a strong 

phylogenetic signal [K = 1.33 ± 0.0005 (mean ± SE); P < 0.001 for all K estimations]. 
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Patterns of beta diversity 

The correlation between the standardized effect size of phylogenetic beta diversity 

(SESpbd) and compositional beta diversity (CBD) was very weak (Pearson’s correlation 

coefficient, r = -0.03), implying that our null-model approach broke down the inherent 

correlation between phylogenetic beta diversity (PBD) and CBD. Thus, despite similar 

or lower CBD within sierras than between, the observed PBD among elevational belts 

within sierras (set 1) for all entities was generally higher than expected for the given 

CBD (Fig. 2a,b). In contrast, the observed PBD between sierras within the same 

elevational belt (set 2) did not deviate significantly from the null expectation (Fig. 2b). 

This pattern was quite robust among different time partitions of the phylogeny, 

particularly with regard to the observed PBD between the lowest and the highest-

elevation sites, where the significance levels were only slightly reduced when only 

lineages younger than 15.6 Ma were considered (Fig. 2c). The observed functional beta 

diversity in life forms (FBDLF) and PBD for endemic entities were not significantly 

different from the null expectations in most comparisons. The nestedness component of 

PBD (differences in phylogenetic diversity, PD) was higher than expected for the given 

CBD in 20 of the 24 pairwise comparisons between elevational belts within sierras, 

whereas the turnover component of PBD was non-significant (data not shown). PD 

decreased from low to high elevations in all cases, regardless of the age of the lineages 

considered (Fig. 3). 

The observed FBDLF among elevational belts within sierras for all entities was 

higher than expected in all cases (Fig. 2d), whereas the observed FBDLF between sierras 

within the same elevational belt was also higher than expected in some cases. The 

observed functional beta diversity in character síndromes (FBDCS) among elevational 

belts within sierras was generally significantly higher than expected in almost all cases 
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(Fig. 2e), whereas the observed FBDCS between sierras within the same elevational belt 

was only significant in a few cases. 

The observed PBD along the elevational gradient of siliceous Sierra Nevada 

(four elevational belts) was significantly greater than expected between belt 1 and 

higher elevations (belts 2, 3 and 4), and also between belts 2 and 4. 
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Figure 2. Box-and-whisker plots 
summarizing compositional (CBD), 
phylogenetic (SESpbd) and functional 
(SESfbd: life forms, SESfbdLF; character 
syndromes, SESfbdCS) beta diversity 
scores (y-axis) among pairwise site 
comparisons for eudicots of the Baetic 
sierras of Andalusia (continue on next 
page).  
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Figure 2. (Continuation) Two types of comparisons of three groups within each are presented: 

between elevational belts within sierras (set 1, n = 8 per group) and between sierras within the 

same elevational belt (set 2, n = 28 per group). Pairwise numbers (x-axis) represent the 

elevational belts involved in each pairwise site comparison (belt 1, 700-1300 m; belt 2, 1300-

1800 m; belt 3, 1800-2700 m). Horizontal dotted lines represent threshold values for 

significance at -1.96 and +1.96 respectively (! = 0.05, two-sided). Horizontal solid lines 

represent a visual reference line at y = 0. The panels represent (a) CBD scores obtained when 

using all lineages in the dataset (for endemic entities and all entities, respectively); (b) the 

SESpbd scores obtained when using all lineages in the dataset (for endemic entities and all 

entities, respectively); (c) the SESpbd scores obtained when using only lineages younger than 

15.6 Ma; (d) the SESfbd of life form scores (for endemic entities and all entities, respectively); 

(e) the SESfbd of character syndromes scores (woody entities). 
 

 

Environmental correlates of beta diversity 

The first axes of the PCAs for temperature-related and precipitation-related variables 

explained 87.7% and 65.7% of variance, respectively (negative scores represent high-

temperature and high-precipitation regimes). Temperature-related variables had the 

greatest explanatory power for compositional (CBD), phylogenetic (SESpbd) and 

functional (SESfbdLF and SESfbdCS) beta diversity across all entities (CBD, 45.5%; 

SESpbd, 48.6%; SESfbdLF, 39.4%; SESfbdCS, 21.4%; Table 2), whereas precipitation-

related variables showed a non-significant relationship in all cases (data not shown). In 

contrast, variance in the CBD of endemics was related to lithological and geographical 

distances (14.3% and 27.2% respectively), and to temperature-related variables to a 

lesser extent (7.2%). Only a small fraction of variance in the SESfbdLF of endemics was 

explained by temperature-related variables (7.6%), whereas no variables explained 

significant variance in the SESpbd of endemics. 
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Table 2 Proportion (%) of the variance in compositional (CBD), phylogenetic (SESpbd) and 

functional (SESfbd: life forms, SESfbdLF; character syndromes, SESfbdCS) beta diversity for 

eudicots of the Baetic sierras of Andalusia explained by temperature-related variables, lithology 

and geographical distance using the matrix multiple regression method of Lichstein (2007). 

Correlated variation and residual unexplained variance are reported. 
 

Metric Taxa Temperature  Lithology Geographical distance  Correlated Unexplained 

CBD All  45.5 ***  3.7 ** 8.3 ** 0.0 43.7 

CBD Endemic  7.2 **  14.3 *** 27.2 *** 6.7 44.6 

SESpbd All 48.6 ***  1.8 ** 4.7 ** 5.3 39.7 

SESpbd Endemic  < 1.0  3.7 4.9 0.0 92.1 

SESfbdLF All 39.4 ***  < 1.0 2.0 * 2.9 55.0 

SESfbdLF Endemic  7.6 ***  < 1.0 < 1.0 < 1.0 90.9 

SESfbdCS Woody 21.4 ***  < 1.0 < 1.0 1.7 75.1 

 
Significant variables at *** P < 0.001, ** P < 0.01, * P < 0.05 
 

 

 

 
 

Figure 3. Box-and-whisker plot of the standardized effect size values of phylogenetic diversity 

(SESpd) for eudicots within elevational belts across the Baetic sierras of Andalusia (n = 8), for 

all lineages and for lineages younger than 15.6 Ma. Horizontal dotted lines represent threshold 

values for significance at -1.96 and +1.96 respectively (! = 0.05, two-sided). Horizontal solid 

line represents a visual reference line at y = 0. 
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Discussion 

Studies of elevational clines in the diversity and composition of plant assemblages date 

back to the origins of biogeography (von Humboldt, 1849; Lomolino, 2001). The recent 

incorporation of phylogenetic and functional information into biogeographical analyses 

of elevational gradients provides a more complete understanding of the evolutionary 

and ecological processes that shape plant assemblages, allowing species turnover to be 

interpreted as a function of adaptation and environmental filtering, and/or speciation in 

relation to ecological and historical processes (Anacker & Harrison, 2012a; Qian et al., 

2013). In this study, we explored the compositional, phylogenetic and functional beta 

diversity of eudicot plant assemblages along elevational belts across multiple disjunct 

sierras in a western Mediterranean biodiversity hotspot, finding strong phylogenetic and 

phenotypic structuring of plant lineages along elevational gradients in the range. 

 

Beta diversity patterns 

The observed phylogenetic and functional beta diversity in life forms (PBD and FBDLF, 

respectively) for all entities and the observed functional beta diversity in character 

síndromes (FBDCS) among elevational belts within sierras (set 1) were generally higher 

than expected, although the compositional beta diversity (CBD) within sierras was 

similar or even lower than between sierras. This pattern suggests a strong ecological 

structuring of lineages, life forms and character syndromes along elevational gradients 

in the mountain areas of the Baetic ranges. The close relationship between lineage and 

functional turnover is likely to be due to the strong phylogenetic signal in the 

distribution of life forms and character syndromes across the phylogeny. The significant 

PBD between elevational belts was mainly attributable to differences in phylogenetic 

diversity (PD) among elevational belts (Fig. 3) both for all lineages and for lineages 
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younger than 15.6 Ma, which implies a loss of relatively deep lineages (compared to the 

average age of the constituent lineages in each case) from low to high elevations. 

The observed FBDLF for all entities was higher than expected among elevational 

belts within sierras and, to a lesser extent, between sierras within the same elevational 

belt. This suggests strong phenotypic structuring with elevation (Giménez Luque et al., 

2004) and some phenotypic structuring between the different sierras across the study 

area. Thus, lineages containing many therophytes (e.g. Caryophyllaceae, Boraginaceae, 

Papaveraceae, Fabaceae-Fabeae and Fabaceae-Trifolieae) are abundant at low 

elevations, whereas those containing many chamaephytes (e.g. Lamiaceae, Fabaceae-

Genisteae, Cistaceae) and especially hemicryptophytes (e.g. Apiaceae, Asteraceae) 

become increasingly dominant at higher elevations (Melendo et al., 2003; Giménez 

Luque et al., 2004). Despite debate about the extent to which phylogenetic signal 

equates to phylogenetic niche conservatism (Ackerly, 2009; Wiens et al., 2010), the 

strong phylogenetic signal reported for life forms, combined with the non-random PBD 

among elevational belts within sierras, provides further evidence for the combined role 

of phylogenetic niche conservatism and habitat filtering in shaping plant assemblages 

(Webb et al., 2002; Siefert et al., 2013). 

The observed FBDCS was also generally higher than expected among elevational 

belts within sierras, particularly between comparisons involving the highest sites, and 

occasionally greater than expected between sierras within the same elevational belt. 

This pattern might be explained by the predominance of the non-sclerophyllous 

syndrome at the highest elevations and the ecological restriction of the less diverse 

sclerophyllous syndrome to low elevations. Many of these sclerophyllous lineages (e.g. 

Coriaria, Ilex, Myrtus, Osyris and Pistacia) are the extant representatives of the past 

flora that existed under Tertiary climatic conditions (Herrera, 1992; Postigo Mijarra et 
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al., 2009; Verdú & Pausas, 2013) and are well represented in the Baetic ranges, where 

they have persisted through the Quaternary ice ages (Finlayson & Carrión, 2007). 

Although many of these ancient taxa are endozoochorous (a putatively efficient 

dispersal mechanism), and are generally widespread throughout the Northern 

Hemisphere (Herrera, 1992), they are mainly found in low-elevation woodland habitats 

of mild climate. It is thus likely that the significant FBDCS and PBD pairwise 

comparisons among elevational belts within sierras are partly driven by the combined 

role of strong habitat filtering and phylogenetic niche conservatism among these 

Tertiary taxa (Rodríguez-Sánchez & Arroyo, 2008). The pattern is also driven in part, 

however, by the differential sorting of more recently diverged lineages, because most of 

the observed PBD pairwise comparisons between elevational belts 1 and 3 within sierras 

remain significant even when considering only the youngest lineages (Fig. 2c). 

Finally, the limited analysis of PBD in the tallest range (siliceous Sierra Nevada) 

shows a similar pattern of high values between lowest and highest belts. There was no 

clear-cut phylogenetic differentiation between belt 3 and the unique belt 4 in this range, 

suggesting that these belts share the same or closely related entities. 

 

Environmental correlates of beta diversity 

Climatic differences based on temperature-related variables explained a high fraction of 

the total variance in compositional (CBD), functional (SESfbdLF and SESfbdCS) and 

phylogenetic (SESpbd) beta diversity of all entities, whereas geographical and 

lithological distances better explained CBD of endemics. The strong influence of 

temperature-related variables reflects the importance of elevational gradients in 

explaining beta diversity patterns within the Baetic ranges, where temperatures decrease 

with increasing elevation and there are no clear-cut rules for precipitation (for details, 
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see Appendix S3 and Körner, 2003, 2007). 

The SESpbd of endemics was only weakly explained by the environmental 

variables considered in this study. Divergence in the results for endemic entities from 

those for all entities is not surprising given that existing evidence suggests that endemic 

diversity does not necessarily mirror the diversity patterns apparent in the regional pool 

of which they are a part (Molina-Venegas et al., 2013). Here, CBD of all entities was 

explained well by climatic variables, whereas lithological and geographical distances 

better explained the CBD of endemics. This stresses the importance of substrate 

specialization and/or geographical isolation in driving local speciation in the Baetic 

ranges (see Molina-Venegas et al., 2013 for further discussion). In addition, unlike 

CBD, the SESpbd of endemics was only weakly correlated with lithological distance, 

suggesting little phylogenetic signal in substrate specialization among endemics. This 

implies that edaphic specialist endemics have evolved from multiple lineages, 

highlighting the role of substrate in promoting differentiation in the Baetic ranges (Mota 

et al., 2002) and in Mediterranean climate regions in general (Anacker et al., 2011; 

Anacker & Harrison, 2012b). 

The recent Neogene uplift of the Baetic sierras started in the Tortonian age, 

around 8 Ma (Braga et al., 2003). Between 8.5 and 7.2 Ma, the Baetic range constituted 

a set of small islands separated by narrow marine channels and small basins 

(Rodríguez-Fernández & Sanz de Galdeano, 2006). Since that time, the Baetic ranges 

have undergone regional uplift at a maximum rate of 0.5 mm yr-1 (Braga et al., 2003), 

which ultimately led to the isolation of populations and incipient speciation, followed 

by ecological divergence (Wiens, 2004). The ecological characteristics of the endemic 

species further support the role of substrates and geographical isolation as drivers of 

diversification among the sierras of the range (Melendo et al., 2003; Giménez Luque et 
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al., 2004; Mota et al., 2008). Furthermore, there is phylogenetic evidence of higher 

speciation rates associated with the non-sclerophyllous syndrome (Verdú & Pausas, 

2013), which is overrepresented at high elevations within the Baetic ranges. In fact, the 

high degree of endemism in Mediterranean-type ecosystems has been proposed to be 

the result of differential speciation and extinction rates during the Quaternary (Cowling 

et al., 1996). Nevertheless, further phylogenetic, biogeographical and ecological 

genetics analyses focusing on disparate lineages found across the Baetic ranges will 

help to improve our understanding of diversification patterns and mechanisms among 

Mediterranean biodiversity hotspots. 
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Supplementary Information 
 
Appendix S1. Methods for compilation of species checklists. 

We compiled an exhaustive dataset of native eudicot plant species and subspecies 

recorded in eight disjunct mountain ranges of Andalusia (82% of the angiosperm flora) 

that exceed 2000 m a.s.l. (including Sierra de las Nieves, which reaches 1918 m, but 

excluding Sierra de Mágina and Sierra de Baza due to a lack of recent, exhaustive 

floristic catalogues). Despite their proximity, we considered the siliceous and calcareous 

parts of Sierra Nevada separately in the analyses, because they harbour markedly 

different floras (Mota et al., 2002). Floristic information was taken from a single 

comprehensive source for each sierra, following the nomenclatural criteria of Blanca et 

al. (2009), a regional flora of eastern Andalusia. We used the highest minimum 

elevation considered in all these species checklists as the lowest elevation in the present 

study, and dropped all taxa that fall entirely below this bound (700 m above sea level), 

according to elevational range information in Blanca et al. (2009). Given that each 

sierra falls within an ecoregion defined in Blanca et al. (2009), we matched our sierra 

species lists to those of the ecoregions and excluded all unmatched records from the 

dataset. We also removed taxa whose presence in the study area is doubtful or whose 

distribution range within this area is little known (n = 11; 0.5% of the regional pool). 

Despite their putative importance in some regions and relevance for descriptions of 

plant biodiversity, hybrids were not considered due to the lack of comprehensive 

information about their constancy across the sources. We also exclude hydrophytes and 

helophytes from the dataset, because they are largely dependent on environmental 

conditions not directly related to elevation and lithology (n = 51; 2.5%). Finally, we 

excluded parasitic taxa, because their occurrence is dependent on the presence of their 

hosts (n = 55, 2.7%). 
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Appendix S2. Multiple correspondence analysis coordinates (Table S1), binary traits 

defining character syndromes (Table S2) and life forms (Table S3). 

 
Table S1. Multiple correspondence analysis coordinates (MCA co-ord.) of binary traits defining 

character syndromes for woody species considered in the study. 
 

1  0 

Trait State MCA co-ord.   State MCA co-ord. 

SP Spinescence yes #0.10833780  No 0.01065974 
LT Leaf type sclerophyllous #1.53006627  otherwise 0.17104399 
FS Flower size perianth depth $ 

width < 25 mm2 
#1.19123033  otherwise 0.45839749 

FSE Flower sexuality unisexual #2.01338199  hermaphroditic 0.32985194 
PC Flower colour coloured 0.43122339  brownish or greenish #1.97570716 
PR Perianth reduction complete 0.38582308  at least one verticil  

absent or much reduced 
#1.90814677 

PT Pollinator type insect 0.27536584  wind #2.19389837 
SS Seed size length $ width 

> 2.25 mm2 
#0.31543386  otherwise 0.25213956 

SD Seed dispersal endozoochorous #0.63216257  others 0.11308081 
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Table S2. Binary traits defining character syndromes for woody species considered in the study. 

Taxon SP LT FS FSE PC PR PT SS SD 

Acer monspessulanum 0 0 0 1 1 1 1 1 0 
Acer opalus subsp. granatense 0 0 0 1 1 1 1 1 0 
Acinos alpinus 0 0 0 0 1 1 1 0 0 
Adenocarpus decorticans 0 0 0 0 1 1 1 1 0 
Adenocarpus telonensis 0 0 0 0 1 1 1 1 0 
Ajuga iva 0 0 0 0 1 1 1 1 0 
Alnus glutinosa 0 0 1 1 0 0 0 0 0 
Alyssum atlanticum 0 0 0 0 1 1 1 0 0 
Alyssum montanum subsp. montanum 0 0 0 0 1 1 1 0 0 
Alyssum serpyllifolium subsp. malacitanum 0 0 1 0 1 1 1 0 0 
Alyssum serpyllifolium subsp. serpyllifolium 0 0 1 0 1 1 1 0 0 
Amelanchier ovalis 0 0 0 0 1 1 1 1 1 
Anagallis monelli 0 0 0 0 1 1 1 0 0 
Anagyris foetida 0 0 0 0 1 1 1 1 0 
Androsace vandellii 0 0 0 0 1 1 1 0 0 
Androsace vitaliana subsp. nevadensis 0 0 0 0 1 1 1 0 0 
Andryala agardhii 0 0 1 0 1 1 1 0 0 
Anthyllis montana 0 0 0 0 1 1 1 1 0 
Anthyllis onobrychioides 0 0 0 0 1 1 1 0 0 
Anthyllis polycephala 0 0 0 0 1 1 1 0 0 
Anthyllis ramburii 0 0 0 0 1 1 1 0 0 
Anthyllis rupestris 0 0 0 0 1 1 1 0 0 
Anthyllis tejedensis subsp. plumosa 0 0 0 0 1 1 1 0 0 
Anthyllis tejedensis subsp. tejedensis 0 0 0 0 1 1 1 0 0 
Antirrhinum australe 0 0 0 0 1 1 1 0 0 
Antirrhinum controversum 0 0 0 0 1 1 1 0 0 
Antirrhinum graniticum 0 0 0 0 1 1 1 0 0 
Antirrhinum hispanicum 0 0 0 0 1 1 1 0 0 
Antirrhinum litigiosum 0 0 0 0 1 1 1 0 0 
Antirrhinum mollissimum 0 0 0 0 1 1 1 0 0 
Arbutus unedo 0 0 0 0 1 1 1 1 0 
Arctostaphylos uva-ursi 0 0 0 0 1 1 1 0 0 
Arenaria alfacarensis 0 0 0 1 1 1 1 0 0 
Arenaria arcuatociliata 0 0 0 0 1 1 1 0 0 
Arenaria armerina subsp. armerina 0 0 0 0 1 1 1 0 0 
Arenaria armerina subsp. caesia 0 0 0 0 1 1 1 0 0 
Arenaria delaguardiae 0 0 0 0 1 1 1 0 0 
Arenaria erinacea 0 0 0 0 1 1 1 0 0 
Arenaria grandiflora subsp. grandiflora 0 0 0 0 1 1 1 0 0 
Arenaria montana subsp. intricata 0 0 0 0 1 1 1 0 0 
Arenaria montana subsp. montana 0 0 0 0 1 1 1 0 0 
Arenaria pungens subsp. pungens 1 0 0 0 1 1 1 0 0 
Arenaria racemosa 0 0 0 0 1 1 1 0 0 
Arenaria tetraquetra subsp. amabilis 0 0 0 0 1 1 1 0 0 
Arenaria tetraquetra subsp. murcica 0 0 0 0 1 1 1 0 0 
Arenaria tomentosa 0 0 0 0 1 1 1 0 0 
Argyrolobium zanonii subsp. zanonii 0 0 0 0 1 1 1 0 0 
Armeria colorata 0 0 0 0 1 1 1 0 0 
Armeria filicaulis subsp. filicaulis 0 0 0 0 1 1 1 0 0 
Armeria filicaulis subsp. nevadensis 0 0 0 0 1 1 1 0 0 
Armeria filicaulis subsp. trevenqueana 0 0 0 0 1 1 1 0 0 
Armeria villosa subsp. bernisii 0 0 0 0 1 1 1 0 0 
Armeria villosa subsp. carratracensis 0 0 0 0 1 1 1 0 0 
Armeria villosa subsp. longiaristata 0 0 0 0 1 1 1 0 0 
Armeria villosa subsp. provillosa 0 0 0 0 1 1 1 0 0 



Chapter 5. Plant phylogenetic turnover across elevational belts 

  235 

Taxon SP LT FS FSE PC PR PT SS SD 

Armeria villosa subsp. villosa 0 0 0 0 1 1 1 0 0 
Artemisia absinthium 0 0 1 1 0 1 0 0 0 
Artemisia alba subsp. nevadensis 0 0 1 1 0 1 0 0 0 
Artemisia barrelieri 0 0 1 1 0 1 0 0 0 
Artemisia campestris subsp. glutinosa 0 0 1 1 0 1 0 0 0 
Artemisia chamaemelifolia 0 0 1 1 0 1 0 0 0 
Artemisia granatensis 0 0 1 1 0 1 0 0 0 
Artemisia herbaalba 0 0 1 1 0 1 0 0 0 
Astragalus clusianus 1 0 0 0 1 1 1 1 0 
Astragalus granatensis 1 0 0 0 1 1 1 1 0 
Astragalus hispanicus 0 0 0 0 1 1 1 1 0 
Astragalus nevadensis subsp. nevadensis 1 0 0 0 1 1 1 1 0 
Astragalus vesicarius 0 0 0 0 1 1 1 1 0 
Atriplex halimus 0 0 1 1 0 0 0 0 0 
Ballota hirsuta 0 0 0 0 1 1 1 0 0 
Ballota nigra 0 0 0 0 1 1 1 0 0 
Berberis hispanica 1 0 0 0 1 1 1 1 1 
Betula pendula subsp. fontqueri 0 0 1 1 0 0 0 1 0 
Biscutella frutescens 0 0 0 0 1 1 1 1 0 
Biscutella glacialis 0 0 1 0 1 1 1 0 0 
Biscutella stenophylla 0 0 0 0 1 1 1 1 0 
Biscutella variegata 0 0 0 0 1 1 1 1 0 
Bupleurum acutifolium 0 1 1 0 1 1 1 1 0 
Bupleurum fruticosum 0 1 1 0 1 1 1 1 0 
Bupleurum gibraltaricum 0 1 1 0 1 1 1 1 0 
Bupleurum spinosum 1 1 1 0 1 1 1 1 0 
Buxus balearica 0 1 1 1 0 0 0 0 0 
Buxus sempervirens 0 1 1 1 0 0 0 0 0 
Calendula suffruticosa subsp. suffruticosa 0 0 1 1 1 1 1 1 0 
Calicotome intermedia 1 0 0 0 1 1 1 1 0 
Calicotome villosa 1 0 0 0 1 1 1 1 0 
Capparis spinosa subsp. spinosa 1 0 0 0 1 1 1 0 1 
Celtis australis 0 0 1 1 0 0 0 1 1 
Centranthus nevadensis 0 0 0 0 1 1 1 1 0 
Cephalaria leucantha 0 0 0 0 1 1 1 1 0 
Cephalaria linearifolia 0 0 0 0 1 1 1 1 0 
Cerastium gibraltaricum 0 0 0 0 1 1 1 0 0 
Chamaespartium undulatum 0 0 0 0 1 1 1 1 0 
Cheirolophus sempervirens 0 0 1 0 1 1 1 1 0 
Cistus albidus 0 0 0 0 1 1 1 0 0 
Cistus clusii subsp. clusii 0 0 0 0 1 1 1 0 0 
Cistus clusii subsp. multiflorus 0 0 0 0 1 1 1 0 0 
Cistus crispus 0 0 0 0 1 1 1 0 0 
Cistus ladanifer 0 0 0 0 1 1 1 0 0 
Cistus laurifolius 0 0 0 0 1 1 1 0 0 
Cistus monspeliensis 0 0 0 0 1 1 1 0 0 
Cistus populifolius subsp. major 0 0 0 0 1 1 1 0 0 
Cistus populifolius subsp. populifolius 0 0 0 0 1 1 1 0 0 
Cistus salviifolius 0 0 0 0 1 1 1 0 0 
Clematis cirrhosa 0 0 0 0 1 0 1 1 0 
Clematis flammula 0 0 0 0 1 0 1 1 0 
Clematis vitalba 0 0 0 0 0 0 1 1 0 
Colutea brevialata 0 0 0 0 1 1 1 1 0 
Colutea hispanica 0 0 0 0 1 1 1 1 0 
Convolvulus boissieri 0 0 0 0 1 1 1 1 0 
Convolvulus lanuginosus 0 0 0 0 1 1 1 1 0 
Coriaria myrtifolia 0 1 1 1 0 1 0 1 1 
Coris monspeliensis subsp. fontqueri 0 0 0 0 1 1 1 0 0 
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Coris monspeliensis subsp. monspeliensis 0 0 0 0 1 1 1 0 0 
Coris monspeliensis subsp. syrtica 0 0 0 0 1 1 1 0 0 
Cornus sanguinea subsp. sanguinea 0 0 0 0 1 1 1 1 1 
Coronilla minima 0 0 0 0 1 1 1 1 0 
Corylus avellana 0 0 1 1 0 0 0 1 1 
Cotoneaster granatensis 0 0 0 0 1 1 1 1 1 
Crataegus granatensis 1 0 0 0 1 1 1 1 1 
Crataegus laciniata 1 0 0 0 1 1 1 1 1 
Crataegus monogyna 1 0 0 0 1 1 1 1 1 
Cynanchum acutum 0 1 0 0 1 1 1 1 0 
Cytisus arboreus subsp. baeticus 0 0 0 0 1 1 1 1 0 
Cytisus arboreus subsp. catalaunicus 0 0 0 0 1 1 1 1 0 
Cytisus fontanesii subsp. fontanesii 0 0 0 0 1 1 1 1 0 
Cytisus fontanesii subsp. plumosus 0 0 0 0 1 1 1 1 0 
Cytisus galianoi 0 0 0 0 1 1 1 1 0 
Cytisus grandiflorus subsp. grandiflorus 0 0 0 0 1 1 1 1 0 
Cytisus malacitanus 0 0 0 0 1 1 1 1 0 
Cytisus scoparius subsp. reverchonii 0 0 0 0 1 1 1 1 0 
Cytisus scoparius subsp. scoparius 0 0 0 0 1 1 1 1 0 
Cytisus villosus 0 0 0 0 1 1 1 1 0 
Daphne gnidium 0 1 0 0 1 0 1 1 1 
Daphne laureola 0 1 0 1 0 0 1 1 1 
Daphne oleoides 0 1 0 0 1 0 1 1 1 
Dianthus anticarius 0 0 0 0 1 1 1 0 0 
Dianthus boissieri 0 0 0 0 1 1 1 0 0 
Dianthus brachyanthus 0 0 0 0 1 1 1 0 0 
Dianthus broteri 0 0 0 0 1 1 1 0 0 
Dianthus crassipes 0 0 0 0 1 1 1 0 0 
Dianthus hispanicus 0 0 0 0 1 1 1 0 0 
Dianthus lusitanus 0 0 0 0 1 1 1 0 0 
Dianthus subbaeticus 0 0 0 0 1 1 1 0 0 
Dictamnus albus 0 0 0 0 1 1 1 1 0 
Dictamnus hispanicus 0 0 0 0 1 1 1 1 0 
Digitalis obscura subsp. laciniata 0 1 0 0 1 1 1 0 0 
Digitalis obscura subsp. obscura 0 1 0 0 1 1 1 0 0 
Dorycnium hirsutum 0 0 0 0 1 1 1 1 0 
Draba hispanica subsp. hispanica 0 1 0 0 1 1 1 0 0 
Draba hispanica subsp. laderoi 0 1 0 0 1 1 1 0 0 
Echinospartum subsp. boissieri  1 0 0 0 1 1 1 0 0 
Echium albicans subsp. albicans 0 0 0 0 1 1 1 1 0 
Erica arborea 0 0 1 0 1 1 1 0 0 
Erica australis 0 0 1 0 1 1 1 0 0 
Erica erigena 0 0 1 0 1 1 1 0 0 
Erica multiflora 0 0 1 0 1 1 1 0 0 
Erica scoparia subsp. scoparia 0 0 1 0 1 1 1 0 0 
Erica terminalis 0 0 1 0 1 1 1 0 0 
Erica umbellata 0 0 1 0 1 1 1 0 0 
Erinacea anthyllis subsp. anthyllis 1 0 0 0 1 1 1 1 0 
Erodium boissieri 0 0 0 0 1 1 1 1 0 
Erodium cheilanthifolium 0 0 0 0 1 1 1 1 0 
Euonymus latifolius 0 0 1 0 1 1 1 1 1 
Euphorbia characias subsp. characias 0 0 1 1 0 0 1 1 0 
Euphorbia clementei subsp. clementei 0 0 1 1 0 0 1 1 0 
Euphorbia flavicoma subsp. flavicoma 0 0 1 1 0 0 1 1 0 
Euphorbia nicaeensis subsp. nicaeensis 0 0 1 1 0 0 1 1 0 
Euphorbia serrata 0 0 1 1 0 0 1 1 0 
Euphorbia squamigera 0 0 1 1 0 0 1 1 0 
Euphorbia terracina 0 0 1 1 0 0 1 1 0 
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Fagonia cretica 1 0 0 0 1 1 1 1 0 
Frangula alnus subsp. alnus 0 1 1 0 0 0 1 1 1 
Frankenia corymbosa 0 0 0 0 1 1 1 0 0 
Fraxinus angustifolia 0 0 0 1 0 0 0 1 0 
Fumana baetica 0 0 0 0 1 1 1 0 0 
Fumana ericifolia 0 0 0 0 1 1 1 0 0 
Fumana ericoides 0 0 0 0 1 1 1 0 0 
Fumana hispidula 0 0 0 0 1 1 1 0 0 
Fumana laevipes 0 0 0 0 1 1 1 0 0 
Fumana paradoxa 0 0 0 0 1 1 1 0 0 
Fumana procumbens 0 0 0 0 1 1 1 0 0 
Fumana scoparia 0 0 0 0 1 1 1 0 0 
Fumana thymifolia 0 0 0 0 1 1 1 0 0 
Galium baeticum 0 0 1 0 1 0 1 0 0 
Galium boissieranum 0 0 1 0 1 0 1 0 0 
Galium ephedroides 0 0 1 0 1 0 1 0 0 
Galium glaucum subsp. murcicum 0 0 1 0 1 0 1 0 0 
Galium moralesianum 0 0 1 0 1 0 1 0 0 
Galium pruinosum 0 0 1 0 1 0 1 0 0 
Galium pulvinatum 0 0 1 0 1 0 1 0 0 
Galium tunetanum 0 0 1 0 1 0 1 0 0 
Genista florida 0 0 0 0 1 1 1 1 0 
Genista longipes subsp. longipes 1 0 0 0 1 1 1 1 0 
Genista longipes subsp. viciosoi 1 0 0 0 1 1 1 1 0 
Genista pseudopilosa 0 0 0 0 1 1 1 1 0 
Genista pumila subsp. pumila 1 0 0 0 1 1 1 1 0 
Genista versicolor 1 0 0 0 1 1 1 1 0 
Glandora nitida 0 0 0 0 1 1 1 1 0 
Glandora prostrata subsp. lusitanica 0 0 0 0 1 1 1 1 0 
Globularia alypum 0 1 1 0 1 1 1 0 0 
Gypsophila montserrati 0 0 0 0 1 1 1 0 0 
Gypsophila struthium subsp. struthium 0 0 0 0 1 1 1 0 0 
Halimium atriplicifolium subsp. atriplicifolium 0 0 0 0 1 1 1 0 0 
Halimium halimifolium subsp. halimifolium 0 0 0 0 1 1 1 0 0 
Halimium umbellatum subsp. viscosum 0 0 0 0 1 1 1 0 0 
Hammada articulata 0 0 1 0 0 0 0 0 0 
Haplophyllum linifolium 0 0 0 0 1 1 1 1 0 
Hedera helix 0 1 1 0 0 0 1 1 1 
Hedera hibernica 0 1 1 0 0 0 1 1 1 
Hedysarum boveanum subsp. costaetalentii 0 0 0 0 1 1 1 1 0 
Hedysarum boveanum subsp. europaeum 0 0 0 0 1 1 1 1 0 
Helianthemum almeriense 0 0 0 0 1 1 1 0 0 
Helianthemum apenninum subsp. apenninum 0 0 0 0 1 1 1 0 0 
Helianthemum apenninum subsp. cavanillesianum 0 0 0 0 1 1 1 0 0 
Helianthemum apenninum subsp. estevei 0 0 0 0 1 1 1 0 0 
Helianthemum apenninum subsp. stoechadifolium 0 0 0 0 1 1 1 0 0 
Helianthemum apenninum subsp. suffruticosum 0 0 0 0 1 1 1 0 0 
Helianthemum asperum 0 0 0 0 1 1 1 0 0 
Helianthemum cinereum subsp. cinereum 0 0 0 0 1 1 1 0 0 
Helianthemum cinereum subsp. guadiccianum 0 0 0 0 1 1 1 0 0 
Helianthemum cinereum subsp. rotundifolium 0 0 0 0 1 1 1 0 0 
Helianthemum hirtum 0 0 0 0 1 1 1 0 0 
Helianthemum marifolium subsp. andalusicum 0 0 0 0 1 1 1 0 0 
Helianthemum marifolium subsp. marifolium 0 0 0 0 1 1 1 0 0 
Helianthemum marifolium subsp. origanifolium 0 0 0 0 1 1 1 0 0 
Helianthemum neopiliferum 0 0 0 0 1 1 1 0 0 
Helianthemum nummularium 0 0 0 0 1 1 1 0 0 
Helianthemum oelandicum subsp. incanum 0 0 0 0 1 1 1 0 0 
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Helianthemum pannosum 0 0 0 0 1 1 1 0 0 
Helianthemum raynaudii 0 0 0 0 1 1 1 0 0 
Helianthemum syriacum 0 0 0 0 1 1 1 0 0 
Helianthemum violaceum 0 0 0 0 1 1 1 0 0 
Helianthemum viscidulum 0 0 0 0 1 1 1 0 0 
Helichrysum italicum subsp. serotinum 0 0 1 0 1 1 1 0 0 
Helichrysum stoechas 0 0 1 0 1 1 1 0 0 
Helleborus foetidus 0 1 0 0 0 0 1 1 0 
Herniaria fontanesii subsp. almeriana 0 0 1 0 0 0 0 0 0 
Hippocrepis bourgaei 0 0 0 0 1 1 1 0 0 
Hippocrepis castroviejoi 0 0 0 0 1 1 1 0 0 
Hippocrepis eriocarpa 0 0 0 0 1 1 1 1 0 
Hippocrepis nevadensis 0 0 0 0 1 1 1 1 0 
Hippocrepis prostrata 0 0 0 0 1 1 1 0 0 
Hippocrepis squamata 0 0 0 0 1 1 1 1 0 
Hormathophylla baetica 0 0 1 0 1 1 1 1 0 
Hormathophylla cadevalliana 0 0 0 0 1 1 1 1 0 
Hormathophylla lapeyrousiana subsp. angustifolia 0 0 1 0 1 1 1 1 0 
Hormathophylla longicaulis 0 0 1 0 1 1 1 1 0 
Hormathophylla reverchonii 0 0 0 0 1 1 1 1 0 
Hormathophylla spinosa 1 0 1 0 1 1 1 1 0 
Hypericum ericoides subsp. ericoides 0 0 0 0 1 1 1 0 0 
Hypericum robertii 0 0 0 0 1 1 1 0 0 
Hyssopus officinalis subsp. pilifer 0 0 0 0 1 1 1 0 0 
Iberis saxatilis subsp. cinerea 0 0 0 0 1 1 1 1 0 
Ilex aquifolium 1 1 0 1 0 0 1 1 1 
Jasminum fruticans 0 0 0 0 1 1 1 1 1 
Jurinea pinnata 0 0 1 0 1 1 1 1 0 
Lactuca tenerrima 0 0 1 0 1 1 1 1 0 
Lafuentea rotundifolia 0 0 0 0 1 1 1 0 0 
Launaea fragilis 0 0 1 0 1 1 1 1 0 
Launaea lanifera 0 0 1 0 1 1 1 1 0 
Lavandula lanata 0 0 0 0 1 1 1 0 0 
Lavandula latifolia 0 0 0 0 1 1 1 0 0 
Lavandula multifida 0 0 0 0 1 1 1 0 0 
Lavandula stoechas 0 0 0 0 1 1 1 0 0 
Lavatera maritima 0 0 0 0 1 1 1 1 0 
Lavatera oblongifolia 0 0 0 0 1 1 1 1 0 
Ligustrum vulgare 0 1 0 0 1 1 1 1 1 
Limonium delicatulum 0 0 1 0 1 1 1 1 0 
Linum appressum 0 0 0 0 1 1 1 0 0 
Linum austriacum 0 0 0 0 1 1 1 0 0 
Linum maritimum 0 0 0 0 1 1 1 0 0 
Linum narbonense 0 0 0 0 1 1 1 0 0 
Linum suffruticosum 0 0 0 0 1 1 1 0 0 
Lithodora fruticosa 0 0 0 0 1 1 1 1 0 
Lobularia maritima subsp. maritima 0 0 0 0 1 1 1 0 0 
Lomelosia pulsatilloides subsp. pulsatilloides 0 0 0 0 1 1 1 0 0 
Lonicera arborea 0 0 0 0 1 1 1 1 1 
Lonicera biflora 0 0 0 0 1 1 1 1 1 
Lonicera etrusca 0 0 0 0 1 1 1 1 1 
Lonicera implexa 0 0 0 0 1 1 1 1 1 
Lonicera periclymenum subsp. hispanica 0 0 0 0 1 1 1 1 1 
Lonicera pyrenaica subsp. pyrenaica 0 0 0 0 1 1 1 1 1 
Lonicera splendida 0 0 0 0 1 1 1 1 1 
Lonicera xylosteum 0 0 0 0 1 1 1 1 1 
Lotononis lupinifolia 0 0 0 0 1 1 1 1 0 
Lycium europaeum 1 0 0 0 1 1 1 1 1 
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Malus sylvestris 0 0 0 0 1 1 1 1 1 
Marrubium alysson 0 0 0 0 1 1 1 0 0 
Marrubium supinum 0 0 0 0 1 1 1 0 0 
Marrubium vulgare 0 0 0 0 1 1 1 0 0 
Matthiola fruticulosa subsp. fruticulosa 0 0 0 0 1 1 1 0 0 
Medicago suffruticosa 0 0 0 0 1 1 1 1 0 
Micromeria graeca subsp. graeca 0 0 0 0 1 1 1 0 0 
Myrtus communis 0 1 0 0 1 1 1 1 1 
Nerium oleander 0 1 0 0 1 1 1 1 0 
Nevadensia purpurea 0 0 1 0 1 1 1 1 0 
Odontites bolligeri 0 0 0 0 1 1 1 0 0 
Olea europaea 0 1 1 0 0 0 0 1 1 
Onobrychis argentea subsp. argentea 0 0 0 0 1 1 1 1 0 
Onobrychis argentea subsp. hispanica 0 0 0 0 1 1 1 1 0 
Onobrychis humilis subsp. humilis 0 0 0 0 1 1 1 1 0 
Onobrychis stenorrhiza 0 0 0 0 1 1 1 1 0 
Ononis aragonensis 0 0 0 0 1 1 1 0 0 
Ononis cephalotes 0 0 0 0 1 1 1 0 0 
Ononis cristata 0 0 0 0 1 1 1 1 0 
Ononis fruticosa 0 0 0 0 1 1 1 1 0 
Ononis minutissima 0 0 0 0 1 1 1 0 0 
Ononis natrix 0 0 0 0 1 1 1 0 0 
Ononis pusilla subsp. pusilla 0 0 0 0 1 1 1 0 0 
Ononis pusilla subsp. saxicola 0 0 0 0 1 1 1 0 0 
Ononis reuteri 0 0 0 0 1 1 1 1 0 
Ononis rotundifolia 0 0 0 0 1 1 1 1 0 
Ononis speciosa 0 0 0 0 1 1 1 1 0 
Ononis spinosa subsp. australis 1 0 0 0 1 1 1 0 0 
Ononis tridentata subsp. angustifolia 0 0 0 0 1 1 1 0 0 
Ononis tridentata subsp. tridentata 0 0 0 0 1 1 1 0 0 
Osyris alba 0 1 1 1 0 0 1 1 1 
Osyris lanceolata 0 1 1 1 0 0 1 1 1 
Parietaria judaica 0 0 1 1 0 0 0 0 0 
Paronychia aretioides 0 0 1 0 0 0 0 0 0 
Paronychia suffruticosa subsp. hirsuta 0 1 1 0 0 0 0 0 0 
Paronychia suffruticosa subsp. suffruticosa 0 1 1 0 0 0 0 0 0 
Peganum harmala 0 0 0 0 1 1 1 0 0 
Phagnalon rupestre 0 0 1 0 0 1 1 0 0 
Phagnalon saxatile 0 0 1 0 0 1 1 0 0 
Phagnalon sordidum 0 0 1 0 0 1 1 0 0 
Phillyrea angustifolia 0 1 1 1 0 0 0 1 1 
Phillyrea latifolia 0 1 1 1 0 0 0 1 1 
Phlomis crinita subsp. malacitana 0 0 0 0 1 1 1 1 0 
Phlomis lychnitis 0 0 0 0 1 1 1 1 0 
Phlomis purpurea 0 0 0 0 1 1 1 1 0 
Phonus arborescens 1 1 1 0 1 1 1 1 0 
Pistacia lentiscus 0 1 1 1 0 0 0 1 1 
Pistacia terebinthus 0 1 1 1 0 0 0 1 1 
Plantago asperrima 0 0 1 0 0 1 0 1 0 
Plantago holosteum 0 0 1 0 0 1 0 1 0 
Plantago sempervirens 0 0 1 0 0 1 0 1 0 
Platycapnos saxicola 0 0 1 0 1 1 1 0 0 
Plumbago europaea 0 0 0 0 1 1 1 1 0 
Polygala baetica 0 0 0 0 1 1 1 1 0 
Polygala boissieri 0 0 0 0 1 1 1 1 0 
Polygala rupestris 0 0 0 0 0 1 1 1 0 
Polygonum equisetiforme 0 0 1 0 1 0 1 1 0 
Populus alba 0 0 1 1 0 0 0 0 0 
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Populus tremula 0 0 1 1 0 0 0 0 0 
Prasium majus 0 0 0 0 1 1 1 1 0 
Prunus insititia 0 0 0 0 1 1 1 1 1 
Prunus mahaleb 0 0 0 0 1 1 1 1 1 
Prunus prostrata 0 0 0 0 1 1 1 1 1 
Prunus ramburii 1 0 0 0 1 1 1 1 1 
Prunus spinosa 1 0 0 0 1 1 1 1 1 
Pseudoscabiosa grosii 0 0 0 0 1 1 1 0 0 
Pterocephalus spathulatus 0 0 0 0 1 1 1 1 0 
Ptilostemon hispanicus 1 1 1 0 1 1 1 1 0 
Putoria calabrica 0 0 0 0 1 1 1 1 1 
Pyrus bourgaeana 0 0 0 0 1 1 1 1 1 
Quercus broteroi 0 1 1 1 0 0 0 1 0 
Quercus coccifera 1 1 1 1 0 0 0 1 0 
Quercus faginea subsp. alpestris 0 1 1 1 0 0 0 1 0 
Quercus faginea subsp. faginea 0 1 1 1 0 0 0 1 0 
Quercus pyrenaica 0 1 1 1 0 0 0 1 0 
Quercus rotundifolia 1 1 1 1 0 0 0 1 0 
Quercus suber 0 1 1 1 0 0 0 1 0 
Retama sphaerocarpa 0 1 0 0 1 1 1 1 0 
Rhamnus alaternus 0 1 1 1 0 0 1 1 1 
Rhamnus alpina 0 0 1 1 0 0 1 1 1 
Rhamnus cathartica 1 0 1 1 0 0 1 1 1 
Rhamnus lycioides subsp. lycioides 1 1 1 0 0 0 1 1 1 
Rhamnus lycioides subsp. oleoides 1 1 1 0 0 0 1 1 1 
Rhamnus lycioides subsp. velutina 1 1 1 0 0 0 1 1 1 
Rhamnus myrtifolia 0 1 1 1 0 0 1 1 1 
Rhamnus pumila 0 0 1 1 0 0 1 1 1 
Rhamnus saxatilis 1 0 1 1 0 0 1 1 1 
Rhodalsine geniculata 0 0 1 0 1 1 1 0 0 
Rhus coriaria 0 1 1 1 1 0 1 1 1 
Ribes alpinum 0 0 1 0 1 1 1 1 1 
Ribes uva-crispa 0 0 1 0 1 1 1 1 1 
Rosa agrestis 1 0 0 0 1 1 1 1 1 
Rosa canina 1 0 0 0 1 1 1 1 1 
Rosa dumalis 1 0 0 0 1 1 1 1 1 
Rosa micrantha 1 0 0 0 1 1 1 1 1 
Rosa pimpinellifolia 1 0 0 0 1 1 1 1 1 
Rosa pouzinii 1 0 0 0 1 1 1 1 1 
Rosa sempervirens 1 0 0 0 1 1 1 1 1 
Rosa sicula 1 0 0 0 1 1 1 1 1 
Rosa stylosa 1 0 0 0 1 1 1 1 1 
Rosa villosa 1 0 0 0 1 1 1 1 1 
Rosmarinus officinalis 0 0 0 0 1 1 1 1 0 
Rubia agostinhoi 0 1 1 0 0 0 1 1 1 
Rubia peregrina 0 1 1 0 0 0 1 1 1 
Rubus caesius 1 0 0 0 1 1 1 1 1 
Rubus canescens 1 0 0 0 1 1 1 1 1 
Rubus ulmifolius 1 0 0 0 1 1 1 1 1 
Rumex induratus 0 0 1 1 0 0 0 1 0 
Rumex intermedius 0 0 1 1 0 0 0 1 0 
Rumex papillaris 0 0 1 1 0 0 0 1 0 
Rumex scutatus 0 0 1 1 0 0 0 1 0 
Ruta angustifolia 0 0 0 0 1 1 1 1 0 
Ruta chalepensis 0 0 0 0 1 1 1 1 0 
Ruta montana 0 0 0 0 1 1 1 1 0 
Salix alba 0 0 1 1 0 0 0 0 0 
Salix atrocinerea 0 0 1 1 0 0 0 0 0 
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Salix caprea 0 0 1 1 0 0 0 0 0 
Salix elaeagnos subsp. angustifolia 0 0 1 1 0 0 0 0 0 
Salix fragilis  0 0 1 1 0 0 0 0 0 
Salix hastata subsp. sierrae-nevadae 0 0 1 1 0 0 0 0 0 
Salix pedicellata 0 0 1 1 0 0 0 0 0 
Salix purpurea 0 0 1 1 0 0 0 0 0 
Salix triandra subsp. discolor 0 0 1 1 0 0 0 0 0 
Salsola genistoides 0 0 0 0 0 0 0 1 0 
Salsola oppositifolia 0 0 0 0 0 0 0 1 0 
Salsola vermiculata 0 0 0 0 0 0 0 1 0 
Salsola webbii 0 0 0 0 0 0 0 1 0 
Salvia candelabrum 0 0 0 0 1 1 1 0 0 
Salvia lavandulifolia subsp. blancoana 0 0 0 0 1 1 1 0 0 
Salvia lavandulifolia subsp. vellerea 0 0 0 0 1 1 1 0 0 
Sambucus nigra 0 0 1 0 1 1 1 1 1 
Sanguisorba ancistroides 0 0 1 1 0 0 0 0 0 
Sanguisorba rupicola 0 0 1 1 0 0 0 0 0 
Santolina chamaecyparissus subsp. chamaecyparissus 0 0 1 0 1 1 1 0 0 
Santolina chamaecyparissus subsp. squarrosa 0 0 1 0 1 1 1 0 0 
Santolina elegans 0 0 1 0 1 1 1 0 0 
Santolina rosmarinifolia subsp. canescens 0 0 1 0 1 1 1 0 0 
Santolina rosmarinifolia subsp. pectinata 0 0 1 0 1 1 1 0 0 
Sarcocapnos baetica 0 0 0 0 1 1 1 0 0 
Sarcocapnos enneaphylla 0 0 0 0 1 1 1 0 0 
Sarcocapnos integrifolia 0 0 0 0 1 1 1 0 0 
Sarcocapnos pulcherrima 0 0 0 0 1 1 1 0 0 
Sarcocapnos saetabensis 0 0 0 0 1 1 1 0 0 
Sarcocapnos speciosa 0 0 0 0 1 1 1 0 0 
Satureja intricata 0 0 0 0 1 1 1 0 0 
Satureja obovata 0 0 0 0 1 1 1 0 0 
Saxifraga camposii subsp. camposii 0 0 0 0 1 1 1 0 0 
Saxifraga camposii subsp. leptophylla 0 0 0 0 1 1 1 0 0 
Saxifraga erioblasta 0 0 0 0 1 1 1 0 0 
Saxifraga fragilis subsp. paniculata 0 0 0 0 1 1 1 0 0 
Saxifraga globulifera 0 0 0 0 1 1 1 0 0 
Saxifraga nevadensis 0 0 0 0 1 1 1 0 0 
Saxifraga reuteriana 0 0 0 0 1 1 1 0 0 
Saxifraga rigoi subsp. rigoi 0 0 0 0 1 1 1 0 0 
Saxifraga stellaris subsp. robusta 0 0 0 0 1 1 1 0 0 
Saxifraga trabutiana 0 0 0 0 1 1 1 0 0 
Scrophularia canina subsp. canina 0 0 1 0 1 1 1 0 0 
Scrophularia crithmifolia 0 0 1 0 1 1 1 0 0 
Sedum acre 0 0 0 0 1 1 1 0 0 
Sedum album 0 0 0 0 1 1 1 0 0 
Sedum amplexicaule 0 0 0 0 1 1 1 0 0 
Sedum brevifolium 0 0 0 0 1 1 1 0 0 
Sedum dasyphyllum 0 0 0 0 1 1 1 0 0 
Sedum forsterianum 0 0 0 0 1 1 1 0 0 
Sedum gypsicola 0 0 1 0 1 1 1 0 0 
Sedum hirsutum subsp. hirsutum 0 0 0 0 1 1 1 0 0 
Sedum melanantherum 0 0 0 0 1 1 1 0 0 
Sedum sediforme 0 0 0 0 1 1 1 0 0 
Sedum villosum subsp. villosum 0 0 0 0 1 1 1 0 0 
Sempervivum minutum 0 0 0 0 1 1 1 0 0 
Sempervivum tectorum 0 0 0 0 1 1 1 0 0 
Senecio boissieri 0 0 1 1 1 1 1 1 0 
Senecio malacitanus 0 0 1 1 1 1 1 1 0 
Senecio nevadensis 0 0 1 1 1 1 1 1 0 
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Senecio quinqueradiatus 0 0 1 1 1 1 1 1 0 
Seseli intricatum 0 0 1 0 1 1 1 1 0 
Sideritis arborescens 0 0 0 0 1 1 1 0 0 
Sideritis carbonellii 0 0 0 0 1 1 1 0 0 
Sideritis glacialis 0 0 0 0 1 1 1 0 0 
Sideritis hirsuta 0 0 0 0 1 1 1 0 0 
Sideritis incana 0 0 0 0 1 1 1 0 0 
Sideritis lasiantha 0 0 0 0 1 1 1 0 0 
Sideritis laxespicata 0 0 0 0 1 1 1 0 0 
Sideritis leucantha 0 0 0 0 1 1 1 0 0 
Sideritis pungens 0 0 0 0 1 1 1 0 0 
Sideritis pusilla 0 0 0 0 1 1 1 0 0 
Sideritis reverchonii 0 0 0 0 1 1 1 0 0 
Sideritis stachydioides 0 0 0 0 1 1 1 0 0 
Silene andryalifolia 0 0 0 0 1 1 1 1 0 
Silene saxifraga 0 0 0 0 1 1 1 1 0 
Solanum dulcamara 0 0 0 0 1 1 1 0 1 
Sonchus tenerrimus 0 0 1 0 1 1 1 1 0 
Sorbus aria 0 0 0 0 1 1 1 1 1 
Sorbus hybrida 0 0 0 0 1 1 1 1 1 
Sorbus torminalis 0 0 0 0 1 1 1 1 1 
Spartium junceum 0 0 0 0 1 1 1 1 0 
Stachys circinata 0 0 0 0 1 1 1 1 0 
Staehelina baetica 0 0 1 0 1 1 1 1 0 
Staehelina dubia 0 0 1 0 1 1 1 1 0 
Suaeda vera 0 0 1 0 0 0 0 0 0 
Tamarix africana 0 0 1 0 1 1 1 0 0 
Tamarix canariensis 0 0 1 0 1 1 1 0 0 
Tamarix gallica 0 0 1 0 1 1 1 0 0 
Teline patens 0 0 0 0 1 1 1 1 0 
Teucrium aureum subsp. angustifolium 0 0 0 0 1 1 1 0 0 
Teucrium bicoloreum 0 0 0 0 1 1 1 0 0 
Teucrium capitatum subsp. capitatum 0 0 0 0 1 1 1 0 0 
Teucrium capitatum subsp. gracillimum 0 0 0 0 1 1 1 0 0 
Teucrium chamaedrys 0 0 0 0 1 1 1 0 0 
Teucrium chrysotrichum 0 0 0 0 1 1 1 0 0 
Teucrium compactum 0 0 0 0 1 1 1 0 0 
Teucrium fragile 0 0 0 0 1 1 1 0 0 
Teucrium fruticans 0 0 0 0 1 1 1 1 0 
Teucrium gnaphalodes 0 0 0 0 1 1 1 0 0 
Teucrium haenseleri 0 0 0 0 1 1 1 0 0 
Teucrium leonis 0 0 0 0 1 1 1 0 0 
Teucrium lusitanicum subsp. aureiforme 0 0 0 0 1 1 1 0 0 
Teucrium lusitanicum subsp. lusitanicum 0 0 0 0 1 1 1 0 0 
Teucrium murcicum 0 0 0 0 1 1 1 0 0 
Teucrium oxylepis 0 0 0 0 1 1 1 0 0 
Teucrium pseudochamaepitys 0 0 0 0 1 1 1 0 0 
Teucrium pugionifolium 0 0 0 0 1 1 1 0 0 
Teucrium rixanense 0 0 0 0 1 1 1 0 0 
Teucrium rotundifolium 0 0 0 0 1 1 1 0 0 
Teucrium similatum 0 0 0 0 1 1 1 0 0 
Teucrium thymifolium 0 0 0 0 1 1 1 0 0 
Teucrium webbianum 0 0 0 0 1 1 1 0 0 
Thymbra capitata 0 0 0 0 1 1 1 0 0 
Thymelaea argentata 0 0 1 1 0 1 1 1 0 
Thymelaea granatensis 0 0 1 1 0 1 1 0 0 
Thymelaea hirsuta 0 1 1 1 0 1 1 0 0 
Thymelaea pubescens subsp. elliptica 0 0 1 1 0 1 1 1 0 
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Taxon SP LT FS FSE PC PR PT SS SD 

Thymelaea sanamunda 0 0 1 1 0 1 1 0 0 
Thymus baeticus 0 0 0 0 1 1 1 0 0 
Thymus funkii 0 0 0 0 1 1 1 0 0 
Thymus granatensis subsp. granatensis 0 0 0 0 1 1 1 0 0 
Thymus longiflorus 0 0 0 0 1 1 1 0 0 
Thymus mastichina subsp. mastichina 0 0 0 0 1 1 1 0 0 
Thymus membranaceus 0 0 0 0 1 1 1 0 0 
Thymus orospedanus 0 0 0 0 1 1 1 0 0 
Thymus pulegioides 0 0 0 0 1 1 1 0 0 
Thymus serpylloides subsp. gadorensis 0 0 0 0 1 1 1 0 0 
Thymus serpylloides subsp. serpylloides 0 0 0 0 1 1 1 0 0 
Thymus vulgaris subsp. vulgaris 0 0 0 0 1 1 1 0 0 
Thymus zygis subsp. gracilis 0 0 0 0 1 1 1 0 0 
Trachelium caeruleum subsp. caeruleum 0 0 0 0 1 1 1 0 0 
Ulmus glabra 0 0 0 0 0 0 0 1 0 
Ulmus minor 0 0 0 0 0 0 0 1 0 
Vaccinium uliginosum 0 0 0 0 1 1 1 0 1 
Vella castrilensis 1 0 0 0 1 1 1 1 0 
Vella spinosa 1 0 0 0 1 1 1 1 0 
Veronica aragonensis 0 0 0 0 1 1 1 0 0 
Veronica fruticans 0 0 0 0 1 1 1 0 0 
Viburnum lantana 0 1 0 0 1 1 1 1 1 
Viburnum opalus 0 1 0 0 1 1 1 1 1 
Viburnum tinus 0 1 0 0 1 1 1 1 1 
Vinca difformis 0 0 0 0 1 1 1 1 0 
Viola arborescens 0 0 0 0 1 1 1 0 0 
Viola cazorlensis 0 0 0 0 1 1 1 0 0 
Vitis sylvestris 0 0 0 1 0 0 1 1 1 
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Table S3. Life forms (LF) of all taxa considered in the study.

Taxon LF 

Acer monspessulanum 5 
Acer opalus subsp. granatense 5 
Achillea ageratum 2 
Achillea ligustica 2 
Achillea millefolium 2 
Achillea odorata 2 
Acinos alpinus 4 
Acinos arvensis 1 
Acinos rotundifolius 1 
Aconitum burnatii 3 
Aconitum vulparia subsp. neapolitanum 3 
Adenocarpus decorticans 5 
Adenocarpus telonensis 5 
Adonis aestivalis subsp. squarrosa 1 
Adonis annua 1 
Adonis flammea 1 
Adonis microcarpa 1 
Adonis vernalis 3 
Aegonychon purpurocaeruleum 3 
Aetheorhiza bulbosa subsp. bulbosa 3 
Aethionema marginatum 2 
Aethusa cynapium subsp. cynapium 1 
Agrimonia eupatoria subsp. eupatoria 2 
Agrimonia eupatoria subsp. grandis 2 
Agrimonia procera 2 
Agrostemma githago 1 
Ajuga chamaepitys 1 
Ajuga iva 4 

Alchemilla filicaulis 2 
Alchemilla fontqueri 2 
Alchemilla glabra 2 

Taxon LF 

Alchemilla saxatilis 2 
Alchemilla straminea 2 
Alkanna tinctoria 2 
Alliaria petiolata 1 
Alnus glutinosa 5 
Althaea cannabina 2 
Althaea hirsuta 1 
Althaea longiflora 1 
Alyssum alyssoides 1 
Alyssum atlanticum 4 
Alyssum gadorense 2 
Alyssum granatense 1 
Alyssum minutum 1 
Alyssum montanum subsp. montanum 4 
Alyssum nevadense 2 
Alyssum serpyllifolium subsp. malacitanum 4 
Alyssum serpyllifolium subsp. serpyllifolium 4 
Alyssum simplex 1 
Alyssum strigosum 1 
Amaranthus blitum subsp. blitum 1 
Amaranthus graecizans subsp. sylvestris 1 
Amelanchier ovalis 5 
Ammi visnaga 1 
Ammoides pusilla 1 
Anacyclus clavatus 1 

Anagallis arvensis 1 
Anagallis foemina 1 
Anagallis monelli 4 
Anagallis tenella 2 
Anagyris foetida 5 
Anarrhinum bellidifolium 2 

Taxon LF 

Anarrhinum laxiflorum 2 
Anchusa azurea 2 
Anchusa undulata subsp. undulata 2 
Androsace maxima 1 
Androsace vandellii 4 
Androsace vitaliana subsp. nevadensis 4 
Andryala agardhii 4 
Andryala integrifolia 2 
Andryala ragusina 1 
Anemone palmata 2 
Anthemis arvensis 1 
Anthemis cotula 1 
Anthemis pedunculata 2 
Anthriscus caucalis 1 
Anthriscus sylvestris 2 
Anthyllis montana 4 
Anthyllis onobrychioides 4 
Anthyllis polycephala 4 
Anthyllis ramburii 4 
Anthyllis rupestris 4 
Anthyllis tejedensis subsp. plumosa 4 
Anthyllis tejedensis subsp. tejedensis 4 

Anthyllis vulneraria subsp. arundana 2 
Anthyllis vulneraria subsp. maura 2 
Anthyllis vulneraria subsp. microcephala 2 
Anthyllis vulneraria subsp. pseudoarundana 2 
Antirrhinum australe 4 
Antirrhinum controversum 4 
Antirrhinum graniticum 4 
Antirrhinum hispanicum 4 
Antirrhinum litigiosum 4 
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Taxon LF 

Antirrhinum mollissimum 4 
Aphanes arvensis 1 
Aphanes australis 1 
Aphanes cornucopioides 1 
Aphanes microcarpa 1 
Apium crispum 2 
Apium graveolens 2 
Aquilegia pyrenaica subsp. cazorlensis 3 
Aquilegia vulgaris subsp. hispanica 3 
Aquilegia vulgaris subsp. nevadensis 3 
Arabidopsis thaliana 1 
Arabis alpina 2 
Arabis auriculata 1 
Arabis margaritae 2 
Arabis nova subsp. iberica 1 
Arabis parvula 1 
Arabis planisiliqua 2 
Arabis stenocarpa 2 
Arabis turrita 3 
Arabis verna 1 
Arbutus unedo 5 

Arctium minus 2 
Arctostaphylos uva-ursi 4 
Arenaria alfacarensis 4 
Arenaria arcuatociliata 4 
Arenaria armerina subsp. armerina 4 
Arenaria armerina subsp. caesia 4 
Arenaria arundana 1 
Arenaria capillipes 1 
Arenaria delaguardiae 4 
Arenaria erinacea 4 
Arenaria grandiflora subsp. grandiflora 4 
Arenaria hispanica 1 

Taxon LF 

Arenaria leptoclados 1 
Arenaria modesta subsp. modesta 1 
Arenaria modesta subsp. tenuis 1 
Arenaria montana subsp. intricata 4 
Arenaria montana subsp. montana 4 
Arenaria obtusiflora subsp. ciliaris 1 
Arenaria obtusiflora subsp. obtusiflora 1 
Arenaria pungens subsp. pungens 4 
Arenaria racemosa 4 
Arenaria retusa 1 
Arenaria serpyllifolia 1 
Arenaria tetraquetra subsp. amabilis 4 
Arenaria tetraquetra subsp. murcica 4 
Arenaria tomentosa 4 
Argyrolobium zanonii subsp. zanonii 4 
Armeria bourgaei subsp. bourgaei 2 
Armeria bourgaei subsp. lanceobracteata 2 
Armeria colorata 4 

Armeria filicaulis subsp. filicaulis 4 
Armeria filicaulis subsp. nevadensis 4 
Armeria filicaulis subsp. trevenqueana 4 
Armeria splendens 2 
Armeria villosa subsp. bernisii 4 
Armeria villosa subsp. carratracensis 4 
Armeria villosa subsp. longiaristata 4 
Armeria villosa subsp. provillosa 4 
Armeria villosa subsp. villosa 4 
Arnoseris minima 1 
Artemisia absinthium 4 
Artemisia alba subsp. nevadensis 4 
Artemisia barrelieri 4 
Artemisia campestris subsp. glutinosa 4 
Artemisia chamaemelifolia 4 

Taxon LF 

Artemisia granatensis 4 
Artemisia herbaalba 4 
Asperugo procumbens 1 
Asperula aristata subsp. scabra 2 
Asperula arvensis 1 
Asperula hirsuta 2 
Asteriscus aquaticus 1 
Asterolinon linumstellatum 1 
Astragalus alopecuroides subsp. alopecuroides 2 
Astragalus alopecuroides subsp. grosii 2 
Astragalus bourgaeanus 2 
Astragalus cavanillesii 2 
Astragalus clusianus 4 
Astragalus depressus 2 
Astragalus echinatus 1 

Astragalus edulis 1 
Astragalus epiglottis 1 
Astragalus glaux 2 
Astragalus glycyphyllos 2 
Astragalus granatensis 4 
Astragalus hamosus 1 
Astragalus hispanicus 4 
Astragalus hypoglottis subsp. hypoglottis 2 
Astragalus incanus subsp. incanus 2 
Astragalus incanus subsp. nummularioides 2 
Astragalus longidentatus 1 
Astragalus monspessulanus subsp. gypsophyllus 2 
Astragalus monspessulanus subsp. 

monspessulanus 
2 

Astragalus nevadensis subsp. nevadensis 4 
Astragalus pelecinus subsp. pelecinus 1 
Astragalus sesameus 1 
Astragalus stella 1 
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Taxon LF 

Astragalus tremolsianus 2 
Astragalus vesicarius 4 
Athamanta hispanica 2 
Athamanta vayredana 2 
Atractylis cancellata 1 
Atriplex halimus 5 
Atriplex patula 1 
Atriplex prostrata 1 
Atropa baetica 2 
Atropa belladonna 2 
Ballota hirsuta 4 

Ballota nigra 4 
Bartsia trixago 1 
Bassia hyssopifolia 1 
Bellis annua subsp. annua 1 
Bellis microcephala 1 
Bellis perennis 2 
Bellis sylvestris 2 
Berberis hispanica 5 
Beta maritima 2 
Betula pendula subsp. fontqueri 5 
Bifora testiculata 1 
Biscutella auriculata 1 
Biscutella baetica 1 
Biscutella frutescens 4 
Biscutella glacialis 4 
Biscutella stenophylla 4 
Biscutella variegata 4 
Bituminaria bituminosa 2 
Blackstonia perfoliata subsp. imperfoliata 1 
Blackstonia perfoliata subsp. perfoliata 1 
Blackstonia perfoliata subsp. serotina 1 
Bombycilaena discolor 1 

Taxon LF 

Bombycilaena erecta 1 
Borago officinalis 1 
Brassica fruticulosa subsp. fruticulosa 2 
Brassica nigra 1 
Brassica repanda subsp. almeriensis 2 
Brassica repanda subsp. blancoana 2 
Brassica repanda subsp. confusa 2 
Brassica repanda subsp. latisiliqua 2 

Bryonia dioica 2 
Bufonia paniculata 1 
Bufonia tenuifolia 1 
Buglossoides arvensis subsp. arvensis 1 
Buglossoides arvensis subsp. gasparrinii 1 
Buglossoides arvensis subsp. permixta 1 
Bunium balearicum 3 
Bunium macuca subsp. macuca 3 
Bunium macuca subsp. nivale 3 
Bunium pachypodum 3 
Bupleurum acutifolium 4 
Bupleurum baldense 1 
Bupleurum bourgaei 2 
Bupleurum fruticosum 5 
Bupleurum gerardi 1 
Bupleurum gibraltaricum 5 
Bupleurum lancifolium 1 
Bupleurum praealtum 1 
Bupleurum rigidum subsp. paniculatum 2 
Bupleurum rigidum subsp. rigidum 2 
Bupleurum rotundifolium 1 
Bupleurum semicompositum 1 
Bupleurum spinosum 4 
Buxus balearica 5 
Buxus sempervirens 5 

Taxon LF 

Cachrys sicula 2 
Calamintha nepeta subsp. nepeta 2 
Calendula arvensis 1 
Calendula suffruticosa subsp. suffruticosa 4 
Calepina irregularis 1 

Calicotome intermedia 5 
Calicotome villosa 5 
Callipeltis cucullaris 1 
Calystegia sepium subsp. sepium 3 
Camelina microcarpa 1 
Campanula cabezudoi 1 
Campanula decumbens 1 
Campanula dichotoma 1 
Campanula erinus 1 
Campanula herminii 2 
Campanula lusitanica 1 
Campanula mollis 2 
Campanula rapunculus 2 
Campanula rotundifolia subsp. hispanica 2 
Campanula rotundifolia subsp. willkommii 2 
Campanula semisecta 1 
Campanula specularioides 1 
Capparis spinosa subsp. spinosa 5 
Capsella bursa-pastoris 1 
Cardamine hirsuta 1 
Cardaria draba subsp. draba 2 
Carduncellus caeruleus 2 
Carduncellus cuatrecasasii 2 
Carduncellus hispanicus subsp. araneosus 2 
Carduncellus hispanicus subsp. hispanicus 2 
Carduncellus monspelliensium 2 
Carduus bourgeanus subsp. bourgeanus 1 
Carduus carlinoides subsp. hispanicus 2 
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Taxon LF 

Carduus meonanthus subsp. valentinus 1 
Carduus platypus subsp. granatensis 2 

Carduus pycnocephalus 1 
Carduus rivasgodayanus 1 
Carduus tenuiflorus 1 
Carlina baetica 2 
Carlina gummifera 2 
Carlina hispanica 2 
Carlina racemosa 1 
Carlina vulgaris subsp. vulgaris 2 
Carrichtera annua 1 
Carthamus creticus 1 
Carthamus lanatus 1 
Carum carvi 2 
Carum verticillatum 2 
Castrilanthemum debeauxii 1 
Catananche caerulea 2 
Caucalis platycarpos 1 
Celtis australis 5 
Centaurea antennata subsp. meridionalis 2 
Centaurea aspera subsp. aspera 2 
Centaurea boissieri 2 
Centaurea bombycina subsp. bombycina 2 
Centaurea bombycina subsp. xeranthemoides 2 
Centaurea calcitrapa 2 
Centaurea castellanoides subsp. castellanoides 2 
Centaurea clementei 2 
Centaurea eriophora 1 
Centaurea gabrielis-blancae 2 
Centaurea gadorensis 2 
Centaurea genesii-lopezii 2 
Centaurea granatensis 2 

Taxon LF 

Centaurea haenseleri 2 
Centaurea jaennensis 2 
Centaurea kunkelii 2 
Centaurea malacitana 2 
Centaurea mariana 2 
Centaurea melitensis 1 
Centaurea monticola 2 
Centaurea nevadensis 2 
Centaurea ornata 2 
Centaurea prolongi 2 
Centaurea pullata subsp. baetica 2 
Centaurea pullata subsp. pullata 2 
Centaurea pulvinata 2 
Centaurea sagredoi 2 
Centaurea sulphurea 1 
Centaurea toletana subsp. toletana 2 
Centaurea triumfetti subsp. lingulata 2 
Centaurium barrelieri 2 
Centaurium majus subsp. majus 2 
Centaurium maritimum 1 
Centaurium pulchellum 1 
Centaurium suffruticosum 2 
Centaurium tenuiflorum subsp. tenuiflorum 1 
Centranthus calcitrapae 1 
Centranthus lecoqii 2 
Centranthus macrosiphon 1 
Centranthus nevadensis 4 
Centranthus ruber 2 
Cephalaria leucantha 4 
Cephalaria linearifolia 4 

Cerastium alpinum subsp. aquaticum 2 
Cerastium brachypetalum 1 
Cerastium cerastioides 2 

Taxon LF 

Cerastium dichotomum 1 
Cerastium fontanum subsp. vulgare 2 
Cerastium gibraltaricum 4 
Cerastium glomeratum 1 
Cerastium gracile 1 
Cerastium perfoliatum 1 
Cerastium pumilum 1 
Cerastium ramosissimum 1 
Cerastium semidecandrum 1 
Ceratocephala falcata 1 
Cerinthe major 1 
Chaenorhinum crassifolium subsp. crassifolium 2 
Chaenorhinum glareosum 2 
Chaenorhinum macropodum subsp. degenii 2 
Chaenorhinum macropodum subsp. 

macropodum 
2 

Chaenorhinum minus subsp. minus 1 
Chaenorhinum raveyi 1 
Chaenorhinum rubrifolium subsp. rubrifolium 1 
Chaenorhinum villosum subsp. granatense 2 
Chaenorhinum villosum subsp. villosum 2 
Chaerophyllum aureum 2 
Chaerophyllum hirsutum 2 
Chamaemelum fuscatum 1 
Chamaespartium undulatum 4 
Chamaesyce canescens subsp. canescens 1 
Cheirolophus sempervirens 4 

Chelidonium majus 3 
Chenopodium album 1 
Chenopodium botrys 1 
Chenopodium exsuccum 1 
Chenopodium foliosum 1 
Chenopodium murale 1 
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Taxon LF 

Chenopodium opulifolium 1 
Chenopodium vulvaria 1 
Chiliadenus glutinosus 2 
Chondrilla juncea 2 
Chrozophora tinctoria 1 
Cichorium endivia subsp. endivia 1 
Cichorium endivia subsp. pumilum 1 
Cichorium intybus 2 
Cirsium acaule subsp. gregarium 2 
Cirsium arvense 3 
Cirsium echinatum 2 
Cirsium gaditanum 2 
Cirsium monspessulanum subsp. ferox 2 
Cirsium odontolepis 2 
Cirsium pyrenaicum 2 
Cirsium rosulatum 2 
Cirsium vulgare 2 
Cistus albidus 5 
Cistus clusii subsp. clusii 5 
Cistus clusii subsp. multiflorus 5 
Cistus crispus 5 
Cistus ladanifer 5 
Cistus laurifolius 5 
Cistus monspeliensis 5 

Cistus populifolius subsp. major 5 
Cistus populifolius subsp. populifolius 5 
Cistus salviifolius 5 
Cladanthus mixtus 1 
Clematis cirrhosa 5 
Clematis flammula 5 
Clematis vitalba 5 
Cleome violacea 1 
Cleonia lusitanica 1 

Taxon LF 

Clinopodium vulgare 2 
Clypeola eriocarpa 1 
Clypeola jonthlaspi subsp. jonthlaspi 1 
Clypeola jonthlaspi subsp. microcarpa 1 
Coincya monensis subsp. nevadensis 2 
Colutea brevialata 5 
Colutea hispanica 5 
Conium maculatum 2 
Conopodium arvense 3 
Conopodium bunioides 3 
Conopodium pyrenaeum 3 
Conopodium thalictrifolium 3 
Conringia orientalis 1 
Consolida mauritanica 1 
Consolida orientalis 1 
Convolvulus althaeoides 2 
Convolvulus arvensis 3 
Convolvulus boissieri 4 
Convolvulus lanuginosus 4 
Convolvulus lineatus 2 
Convolvulus meonanthus 1 

Convolvulus siculus subsp. siculus 1 
Coriaria myrtifolia 5 
Coris monspeliensis subsp. fontqueri 4 
Coris monspeliensis subsp. monspeliensis 4 
Coris monspeliensis subsp. syrtica 4 
Cornus sanguinea subsp. sanguinea 5 
Coronilla minima 4 
Coronilla scorpioides 1 
Coronopus didymus 1 
Coronopus navasii 3 
Corrigiola telephiifolia 2 
Corylus avellana 5 

Taxon LF 

Cota triumfettii 2 
Cotoneaster granatensis 5 
Crambe filiformis 2 
Crambe hispanica 1 
Crassula tillaea 1 
Crataegus granatensis 5 
Crataegus laciniata 5 
Crataegus monogyna 5 
Crepis albida 2 
Crepis capillaris 1 
Crepis foetida subsp. foetida 1 
Crepis granatensis 2 
Crepis oporinoides 2 
Crepis pulchra 1 
Crepis tingitana 2 
Crepis vesicaria subsp. congenita 2 
Crepis vesicaria subsp. taraxacifolia 2 
Crucianella angustifolia 1 

Crucianella latifolia 1 
Crucianella patula 1 
Cruciata pedemontana 1 
Crupina crupinastrum 1 
Crupina vulgaris 1 
Cynanchum acutum 4 
Cynara baetica subsp. baetica 2 
Cynara cardunculus subsp. flavescens 2 
Cynara humilis 2 
Cynoglossum baeticum 2 
Cynoglossum cheirifolium subsp. cheirifolium 1 
Cynoglossum cheirifolium subsp. heterocarpum 1 
Cynoglossum clandestinum 1 
Cynoglossum creticum 1 
Cynoglossum nebrodense 1 
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Taxon LF 

Cytisus arboreus subsp. baeticus 5 
Cytisus arboreus subsp. catalaunicus 5 
Cytisus fontanesii subsp. fontanesii 4 
Cytisus fontanesii subsp. plumosus 4 
Cytisus galianoi 4 
Cytisus grandiflorus subsp. grandiflorus 5 
Cytisus malacitanus 4 
Cytisus scoparius subsp. reverchonii 5 
Cytisus scoparius subsp. scoparius 5 
Cytisus villosus 5 
Daphne gnidium 5 
Daphne laureola 5 
Daphne oleoides 4 
Daucus carota subsp. carota 2 

Daucus carota subsp. maximus 2 
Daucus crinitus 2 
Daucus durieua 1 
Delphinium emarginatum subsp. nevadense 3 
Delphinium gracile 1 
Delphinium pentagynum 3 
Descurainia sophia 1 
Dianthus anticarius 4 
Dianthus boissieri 4 
Dianthus brachyanthus 4 
Dianthus broteri 4 
Dianthus crassipes 4 
Dianthus hispanicus 4 
Dianthus lusitanus 4 
Dianthus subbaeticus 4 
Dictamnus albus 4 
Dictamnus hispanicus 4 
Digitalis obscura subsp. laciniata 4 
Digitalis obscura subsp. obscura 4 

Taxon LF 

Digitalis purpurea subsp. purpurea 2 
Diplotaxis catholica 1 
Diplotaxis erucoides subsp. erucoides 1 
Diplotaxis viminea 1 
Diplotaxis virgata subsp. virgata 1 
Dipsacus comosus 2 
Dipsacus fullonum 2 
Distichoselinum tenuifolium 3 
Doronicum plantagineum 2 
Dorycnium hirsutum 4 
Dorycnium rectum 2 

Dorycnopsis gerardi 2 
Draba hispanica subsp. hispanica 4 
Draba hispanica subsp. laderoi 4 
Draba lutescens 1 
Draba muralis 1 
Ecballium elaterium 2 
Echinops ritro subsp. ritro 2 
Echinops sphaerocephalus subsp. 

sphaerocephalus 
2 

Echinops strigosus 1 
Echinospartum boissieri 4 
Echium albicans subsp. albicans 4 
Echium asperrimum 1 
Echium boissieri 1 
Echium creticum subsp. coincyanum 1 
Echium flavum 2 
Echium plantagineum 1 
Echium sabulicolum 1 
Elaeoselinum asclepium subsp. millefolium 2 
Epilobium alsinifolium 2 
Epilobium anagallidifolium 2 
Epilobium angustifolium 2 

Taxon LF 

Epilobium atlanticum 2 
Epilobium collinum 2 
Epilobium hirsutum 2 
Epilobium lanceolatum 2 
Epilobium montanum 2 
Epilobium obscurum 2 
Epilobium palustre 2 
Epilobium parviflorum 2 

Epilobium tetragonum subsp. tetragonum 2 
Epilobium tetragonum subsp. tournefortii 2 
Erica arborea 5 
Erica australis 5 
Erica erigena 5 
Erica multiflora 5 
Erica scoparia subsp. scoparia 5 
Erica terminalis 5 
Erica umbellata 4 
Erigeron acer 2 
Erigeron major 2 
Erinacea anthyllis subsp. anthyllis 4 
Erinus alpinus 2 
Erodium aethiopicum 1 
Erodium astragaloides 2 
Erodium boissieri 4 
Erodium botrys 1 
Erodium cazorlanum 2 
Erodium cheilanthifolium 4 
Erodium chium 1 
Erodium ciconium 1 
Erodium cicutarium 1 
Erodium daucoides 2 
Erodium laciniatum subsp. laciniatum 1 
Erodium malacoides subsp. malacoides 1 
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Taxon LF 

Erodium moschatum 1 
Erodium neuradifolium 1 
Erodium primulaceum 1 
Erodium recoderii 1 
Erodium rupicola 2 

Erodium valentinum 2 
Erophaca baetica subsp. baetica 3 
Erophila verna 1 
Eruca vesicaria 1 
Erucastrum virgatum subsp. baeticum 1 
Erucastrum virgatum subsp. pseudosinapis 1 
Eryngium aquifolium 2 
Eryngium bourgatii 2 
Eryngium campestre 2 
Eryngium dilatatum 2 
Eryngium glaciale 2 
Eryngium grosii 2 
Eryngium huteri 2 
Eryngium ilicifolium 1 
Erysimum baeticum subsp. baeticum 2 
Erysimum baeticum subsp. bastetanum 2 
Erysimum cazorlense 2 
Erysimum incanum subsp. incanum 1 
Erysimum incanum subsp. mairei 1 
Erysimum medio-hispanicum subsp. medio-

hispanicum 
2 

Erysimum medio-hispanicum subsp. rondae 2 
Erysimum myriophyllum 2 
Erysimum nevadense 2 
Erysimum popovii 2 
Euonymus latifolius 5 
Eupatorium cannabinum subsp. cannabinum 2 
Euphorbia characias subsp. characias 4 

Taxon LF 

Euphorbia clementei subsp. clementei 4 
Euphorbia esula subsp. esula 2 

Euphorbia exigua subsp. exigua 1 
Euphorbia falcata subsp. falcata 1 
Euphorbia flavicoma subsp. flavicoma 4 
Euphorbia helioscopia subsp. helioscopia 1 
Euphorbia hirsuta 2 
Euphorbia nevadensis subsp. nevadensis 2 
Euphorbia nicaeensis subsp. nicaeensis 4 
Euphorbia peplus 1 
Euphorbia serrata 4 
Euphorbia squamigera 5 
Euphorbia sulcata 1 
Euphorbia terracina 4 
Euphrasia salisburgensis 1 
Euphrasia willkommii 1 
Exaculum pusillum 1 
Fagonia cretica 4 
Fallopia convolvulus 1 
Fedia cornucopiae 1 
Ferula communis 2 
Ferulago brachyloba 2 
Ferulago granatensis 2 
Filago hispanica 1 
Filago lutescens 1 
Filago micropodioides 1 
Filago nevadensis 1 
Filago pygmaea subsp. pygmaea 1 
Filago pyramidata 1 
Filipendula vulgaris 2 
Foeniculum vulgare 2 
Fragaria vesca subsp. vesca 3 

Taxon LF 

Frangula alnus subsp. alnus 5 
Frankenia corymbosa 4 
Frankenia pulverulenta 1 
Fraxinus angustifolia 5 
Fumana baetica 4 
Fumana ericifolia 4 
Fumana ericoides 4 
Fumana hispidula 4 
Fumana laevipes 4 
Fumana paradoxa 4 
Fumana procumbens 4 
Fumana scoparia 4 
Fumana thymifolia 4 
Fumaria agraria 1 
Fumaria bastardii 1 
Fumaria capreolata 1 
Fumaria densiflora 1 
Fumaria macrosepala subsp. macrosepala 1 
Fumaria officinalis subsp. officinalis 1 
Fumaria officinalis subsp. wirtgenii 1 
Fumaria parviflora 1 
Fumaria petteri subsp. calcarata 1 
Fumaria pugsleyana 1 
Fumaria reuteri 1 
Fumaria rupestris subsp. rupestris 1 
Fumaria segetalis 1 
Fumaria sepium 1 
Fumaria vaillantii 1 
Galactites tomentosa 1 
Galatella linosyris 2 

Galatella sedifolia 2 
Galeopsis angustifolia 3 
Galium aparine subsp. aparine 1 
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Taxon LF 

Galium aparine subsp. spurium 1 
Galium baeticum 4 
Galium boissieranum 4 
Galium ephedroides 4 
Galium erythrorrhizon 2 
Galium estebanii 2 
Galium glaucum subsp. murcicum 4 
Galium lucidum subsp. fruticescens 2 
Galium lucidum subsp. lucidum 2 
Galium mollugo subsp. erectum 2 
Galium moralesianum 4 
Galium murale 1 
Galium nevadense 2 
Galium palustre 2 
Galium papillosum subsp. papillosum 2 
Galium parisiense subsp. divaricatum 1 
Galium parisiense subsp. parisiense 1 
Galium pruinosum 4 
Galium pulvinatum 4 
Galium pyrenaicum 2 
Galium rosellum 2 
Galium scabrum 2 
Galium setaceum 1 
Galium tricornutum 1 
Galium tunetanum 4 
Galium verrucosum subsp. verrucosum 1 
Galium verticillatum 1 

Galium viridiflorum 2 
Genista florida 5 
Genista longipes subsp. longipes 4 
Genista longipes subsp. viciosoi 4 
Genista pseudopilosa 4 
Genista pumila subsp. pumila 4 

Taxon LF 

Genista versicolor 4 
Gentiana alpini 2 
Gentiana boryi 2 
Gentiana lutea subsp. lutea 2 
Gentiana pneumonanthe subsp. depressa 2 
Gentiana sierrae 2 
Geranium cataractarum 2 
Geranium cazorlense 2 
Geranium columbinum 1 
Geranium dissectum 1 
Geranium divaricatum 1 
Geranium lucidum 1 
Geranium malviflorum 2 
Geranium molle 1 
Geranium purpureum 1 
Geranium pyrenaicum subsp. pyrenaicum 2 
Geranium robertianum 1 
Geranium rotundifolium 1 
Geranium sylvaticum 2 
Geropogon hybridus 1 
Geum heterocarpum 2 
Geum rivale 2 
Geum sylvaticum 2 
Geum urbanum 2 

Glandora nitida 4 
Glandora prostrata subsp. lusitanica 4 
Glaucium corniculatum 1 
Glebionis segetum 1 
Glechoma hederacea 2 
Globularia alypum 5 
Globularia spinosa 2 
Globularia vulgaris 2 
Glossopappus macrotus 1 

Taxon LF 

Gnaphalium supinum 2 
Guillonea scabra subsp. canescens 2 
Gypsophila montserrati 4 
Gypsophila struthium subsp. struthium 4 
Halimium atriplicifolium subsp. atriplicifolium 5 
Halimium halimifolium subsp. halimifolium 5 
Halimium umbellatum subsp. viscosum 4 
Halogeton sativus 1 
Hammada articulata 5 
Haplophyllum linifolium 4 
Hedera helix 5 
Hedera hibernica 5 
Hedypnois rhagadioloides 1 
Hedysarum boveanum subsp. costaetalentii 4 
Hedysarum boveanum subsp. europaeum 4 
Hedysarum spinosissimum 1 
Helianthemum almeriense 4 
Helianthemum angustatum 1 
Helianthemum apenninum subsp. apenninum 4 
Helianthemum apenninum subsp. 

cavanillesianum 
4 

Helianthemum apenninum subsp. estevei 4 
Helianthemum apenninum subsp. 

stoechadifolium 
4 

Helianthemum apenninum subsp. suffruticosum 4 
Helianthemum asperum 4 
Helianthemum cinereum subsp. cinereum 4 
Helianthemum cinereum subsp. guadiccianum 4 
Helianthemum cinereum subsp. rotundifolium 4 
Helianthemum hirtum 4 
Helianthemum ledifolium 1 
Helianthemum marifolium subsp. andalusicum 4 
Helianthemum marifolium subsp. marifolium 4 
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Taxon LF 

Helianthemum marifolium subsp. origanifolium 4 
Helianthemum neopiliferum 4 
Helianthemum nummularium 4 
Helianthemum oelandicum subsp. incanum 4 
Helianthemum pannosum 4 
Helianthemum papillare 1 
Helianthemum raynaudii 4 
Helianthemum salicifolium 1 
Helianthemum sanguineum 1 
Helianthemum syriacum 4 
Helianthemum violaceum 4 
Helianthemum viscidulum 4 
Helichrysum italicum subsp. serotinum 4 
Helichrysum stoechas 4 
Heliotropium europaeum 1 
Helleborus foetidus 4 

Helminthotheca comosa subsp. comosa 2 
Helminthotheca echioides 2 
Hepatica nobilis 2 
Heracleum sphondylium 2 
Herniaria baetica 2 
Herniaria boissieri subsp. boissieri 2 
Herniaria cinerea 1 
Herniaria fontanesii subsp. almeriana 4 
Herniaria glabra 2 
Herniaria hirsuta subsp. hirsuta 1 
Herniaria lusitanica subsp. lusitanica 1 
Herniaria scabrida 2 
Hesperis laciniata 2 
Hieracium amplexicaule 2 
Hieracium aragonense 2 
Hieracium baeticum 2 
Hieracium elisaeanum 2 

Taxon LF 

Hieracium spathulatum 2 
Hieracium texedense 2 
Hippocrepis biflora 1 
Hippocrepis bourgaei 4 
Hippocrepis castroviejoi 4 
Hippocrepis ciliata 1 
Hippocrepis eriocarpa 4 
Hippocrepis nevadensis 4 
Hippocrepis prostrata 4 
Hippocrepis squamata 4 
Hirschfeldia incana 1 
Hohenackeria exscapa 1 
Holosteum umbellatum 1 

Hormathophylla baetica 4 
Hormathophylla cadevalliana 4 
Hormathophylla lapeyrousiana subsp. 

angustifolia 
4 

Hormathophylla longicaulis 4 
Hormathophylla reverchonii 4 
Hormathophylla spinosa 4 
Hornungia petraea subsp. petraea 1 
Humulus lupulus 2 
Hymenocarpos cornicina 1 
Hyoscyamus albus 2 
Hyoscyamus niger 2 
Hyoseris radiata 2 
Hyoseris scabra 1 
Hypecoum imberbe 1 
Hypecoum pendulum 1 
Hypecoum procumbens 1 
Hypericum caprifolium 2 
Hypericum elongatum subsp. callithyrsum 2 
Hypericum ericoides subsp. ericoides 4 

Taxon LF 

Hypericum humifusum 2 
Hypericum hyssopifolium 2 
Hypericum perfoliatum 2 
Hypericum perforatum subsp. angustifolium 2 
Hypericum perforatum subsp. perforatum 2 
Hypericum robertii 4 
Hypericum tetrapterum 2 
Hypericum tomentosum 2 
Hypericum undulatum 2 
Hypochaeris achyrophorus 1 

Hypochaeris glabra 1 
Hypochaeris radicata 2 
Hyssopus officinalis subsp. pilifer 4 
Iberis carnosa subsp. granatensis 2 
Iberis ciliata subsp. contracta 2 
Iberis fontqueri 1 
Iberis grosii 2 
Iberis nazarita 2 
Iberis saxatilis subsp. cinerea 4 
Ilex aquifolium 5 
Inula conyza 2 
Inula helenioides 2 
Inula montana 2 
Inula salicina 2 
Isatis tinctoria subsp. tinctoria 1 
Jasione amethystina 2 
Jasione blepharodon 1 
Jasione crispa subsp. segurensis 2 
Jasione foliosa subsp. minuta 2 
Jasione montana subsp. montana 1 
Jasione penicillata 1 
Jasminum fruticans 5 
Jasonia tuberosa 2 
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Taxon LF 

Jonopsidium prolongoi 1 
Jurinea humilis 2 
Jurinea pinnata 4 
Kernera boissieri 2 
Kickxia lanigera 1 
Kickxia spuria subsp. integrifolia 1 
Klasea alcalae 2 

Klasea flavescens subsp. flavescens 2 
Klasea flavescens subsp. leucantha 2 
Klasea nudicaulis 2 
Knautia subscaposa 2 
Lactuca muralis 2 
Lactuca saligna 1 
Lactuca serriola 1 
Lactuca singularis 2 
Lactuca tenerrima 4 
Lactuca viminea subsp. chondrilliflora 2 
Lactuca viminea subsp. ramosissima 2 
Lactuca viminea subsp. viminea 2 
Lactuca virosa subsp. livida 1 
Lactuca virosa subsp. virosa 2 
Lafuentea rotundifolia 4 
Lagoecia cuminoides 1 
Lamium amplexicaule 1 
Lamium flexuosum 2 
Lamium maculatum 2 
Lamium purpureum 1 
Laphangium luteoalbum 1 
Lapsana communis subsp. communis 1 
Laserpitium gallicum 2 
Laserpitium latifolium subsp. nevadense 2 
Laserpitium nestleri subsp. nestleri 2 
Lathyrus amphicarpos 1 

Taxon LF 

Lathyrus angulatus 1 
Lathyrus aphaca 1 
Lathyrus cicera 1 
Lathyrus clymenum 1 

Lathyrus filiformis 3 
Lathyrus hirsutus 1 
Lathyrus latifolius 3 
Lathyrus ochrus 1 
Lathyrus pratensis 3 
Lathyrus pulcher 3 
Lathyrus setifolius 1 
Lathyrus sphaericus 1 
Lathyrus tingitanus 1 
Launaea fragilis 4 
Launaea lanifera 4 
Lavandula lanata 4 
Lavandula latifolia 4 
Lavandula multifida 4 
Lavandula stoechas 4 
Lavatera maritima 5 
Lavatera oblongifolia 5 
Lavatera triloba 2 
Legousia falcata 1 
Legousia hybrida 1 
Legousia scabra 1 
Lens nigricans 1 
Leontodon boryi 2 
Leontodon longirrostris 1 
Leontodon tingitanus 2 
Lepidium calycotrichum subsp. calycotrichum 2 
Lepidium campestre 1 
Lepidium graminifolium 2 
Lepidium hirtum 2 

Taxon LF 

Lepidium latifolium 2 

Lepidium petrophilum 2 
Lepidium stylatum 2 
Lepidium villarsii subsp. villarsii 2 
Leucanthemopsis pallida subsp. spathulifolia 2 
Leucanthemopsis pectinata 2 
Leucanthemum aligulatum 2 
Ligusticum lucidum subsp. lucidum 2 
Ligustrum vulgare 5 
Limonium delicatulum 4 
Limonium echioides 1 
Linaria aeruginea subsp. aeruginea 2 
Linaria aeruginea subsp. nevadensis 2 
Linaria amethystea subsp. amethystea 1 
Linaria amoi 2 
Linaria arvensis 1 
Linaria clementei 2 
Linaria hirta 1 
Linaria huteri 1 
Linaria micrantha 1 
Linaria oblongifolia subsp. haenseleri 1 
Linaria salzmannii 1 
Linaria saturejoides subsp. angustealata 1 
Linaria saturejoides subsp. saturejoides 1 
Linaria simplex 1 
Linaria tristis subsp. tristis 2 
Linaria verticillata subsp. anticaria 2 
Linaria verticillata subsp. cuartanensis 2 
Linaria verticillata subsp. lilacina 2 
Linaria verticillata subsp. verticillata 2 
Linaria viscosa subsp. spicata 1 

Linaria viscosa subsp. viscosa 1 
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Taxon LF 

Linum appressum 4 
Linum austriacum 4 
Linum bienne 1 
Linum catharticum 1 
Linum maritimum 4 
Linum narbonense 4 
Linum setaceum 1 
Linum strictum 1 
Linum suffruticosum 4 
Linum tenue 1 
Linum trigynum 1 
Linum viscosum 2 
Lithodora fruticosa 4 
Lithospermum officinale 3 
Lobelia urens 2 
Lobularia maritima subsp. maritima 4 
Loeflingia hispanica 1 
Logfia arvensis 1 
Logfia clementei 1 
Logfia gallica 1 
Logfia minima 1 
Lomelosia divaricata 1 
Lomelosia pulsatilloides subsp. pulsatilloides 4 
Lomelosia simplex subsp. dentata 1 
Lomelosia stellata 1 
Lonicera arborea 5 
Lonicera biflora 5 
Lonicera etrusca 5 
Lonicera implexa 5 

Lonicera periclymenum subsp. hispanica 5 
Lonicera pyrenaica subsp. pyrenaica 5 
Lonicera splendida 5 
Lonicera xylosteum 5 

Taxon LF 

Lotononis lupinifolia 4 
Lotus corniculatus subsp. carpetanus 2 
Lotus corniculatus subsp. delortii 2 
Lotus corniculatus subsp. glacialis 2 
Lotus longisiliquosus 2 
Lotus ornithopodioides 1 
Lotus parviflorus 1 
Lotus pedunculatus 2 
Lotus tenuis 2 
Lupinus angustifolius 1 
Lupinus hispanicus 1 
Lupinus luteus 1 
Lycium europaeum 5 
Lycopsis arvensis 1 
Lycopus europaeus 2 
Lysimachia ephemerum 3 
Lysimachia vulgaris 2 
Lythrum acutangulum 1 
Lythrum hyssopifolia 1 
Lythrum junceum 3 
Lythrum portula 1 
Lythrum salicaria 3 
Macrosyringion longiflorum 1 
Magydaris panacifolia 2 
Malcolmia africana 1 
Malus sylvestris 5 

Malva cretica subsp. althaeoides 1 
Malva hispanica 1 
Malva nicaeensis 2 
Malva parviflora 1 
Malva sylvestris 2 
Malva tournefortiana 2 
Mandragora autumnalis 2 

Taxon LF 

Mantisalca salmantica 2 
Margotia gummifera 2 
Marrubium alysson 4 
Marrubium supinum 4 
Marrubium vulgare 4 
Matricaria chamomilla 1 
Matthiola fruticulosa subsp. fruticulosa 4 
Matthiola lunata 1 
Matthiola parviflora 1 
Mauranthemum paludosum 1 
Medicago arabica 1 
Medicago coronata 1 
Medicago doliata 1 
Medicago littoralis 1 
Medicago minima 1 
Medicago orbicularis 1 
Medicago polymorpha 1 
Medicago rigidula 1 
Medicago scutellata 1 
Medicago suffruticosa 4 
Medicago truncatula 1 
Melilotus albus 2 
Melilotus indicus 1 

Melilotus officinalis 2 
Melilotus spicatus 1 
Melilotus sulcatus 1 
Mentha aquatica 2 
Mentha longifolia 2 
Mentha pulegium 2 
Mentha suaveolens 2 
Mercurialis ambigua 1 
Mercurialis huetii 1 
Meum athamanticum 2 
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Taxon LF 

Micromeria graeca subsp. graeca 4 
Micropus supinus 1 
Minuartia campestris subsp. campestris 1 
Minuartia cymifera 2 
Minuartia dichotoma 1 
Minuartia funkii 1 
Minuartia hamata 1 
Minuartia hybrida subsp. hybrida 1 
Minuartia mediterranea 1 
Minuartia montana subsp. montana 1 
Misopates calycinum 1 
Misopates microcarpum 1 
Misopates orontium 1 
Moehringia fontqueri 2 
Moehringia intricata subsp. giennensis 2 
Moehringia intricata subsp. intricata 2 
Moehringia intricata subsp. tejedensis 2 
Moehringia pentandra 1 
Moenchia erecta subsp. octandra 1 
Monotropa hypopitys 3 

Moricandia arvensis 1 
Moricandia moricandioides subsp. giennensis 1 
Moricandia moricandioides subsp. 

moricandioides 
1 

Murbeckiella boryi 2 
Myosotis arvensis subsp. arvensis 1 
Myosotis decumbens subsp. teresiana 2 
Myosotis discolor subsp. dubia 1 
Myosotis minutiflora subsp. minutiflora 1 
Myosotis personii 1 
Myosotis ramosissima subsp. ramosissima 1 
Myosotis refracta subsp. refracta 1 
Myosotis stricta 1 

Taxon LF 

Myosurus minimus 1 
Myrrhoides nodosa 1 
Myrtus communis 5 
Neatostema apulum 1 
Nepeta apuleji 2 
Nepeta cataria 2 
Nepeta granatensis 2 
Nepeta hispanica 2 
Nepeta nepetella subsp. laciniata 2 
Nepeta nepetella subsp. murcica 2 
Nepeta tuberosa 2 
Nerium oleander 5 
Neslia paniculata subsp. thracica 1 
Nevadensia purpurea 4 
Nigella damascena 1 
Nigella papillosa subsp. atlantica 1 
Nigella papillosa subsp. papillosa 1 

Nonea echioides 1 
Nonea micrantha subsp. micrantha 1 
Nonea vesicaria 1 
Notobasis syriaca 1 
Odontites bolligeri 4 
Odontites luteus 1 
Odontites vernus 1 
Odontites viscosus subsp. australis 1 
Odontites viscosus subsp. granatensis 1 
Oenanthe crocata 3 
Oenanthe globulosa 3 
Oenanthe lachenalii 3 
Oenanthe pimpinelloides 3 
Olea europaea 5 
Omphalodes commutata 1 
Omphalodes linifolia 1 

Taxon LF 

Onobrychis argentea subsp. argentea 4 
Onobrychis argentea subsp. hispanica 4 
Onobrychis humilis subsp. humilis 4 
Onobrychis stenorrhiza 4 
Ononis aragonensis 5 
Ononis cephalotes 4 
Ononis cristata 4 
Ononis fruticosa 5 
Ononis laxiflora 1 
Ononis minutissima 4 
Ononis mitissima 1 
Ononis natrix 4 
Ononis ornithopodioides 1 
Ononis pendula subsp. boissieri 1 

Ononis pubescens 1 
Ononis pusilla subsp. pusilla 4 
Ononis pusilla subsp. saxicola 4 
Ononis reclinata subsp. mollis 1 
Ononis reclinata subsp. reclinata 1 
Ononis reuteri 5 
Ononis rotundifolia 4 
Ononis sicula 1 
Ononis speciosa 5 
Ononis spinosa subsp. australis 5 
Ononis tridentata subsp. angustifolia 5 
Ononis tridentata subsp. tridentata 5 
Ononis viscosa subsp. brachycarpa 1 
Ononis viscosa subsp. breviflora 1 
Ononis viscosa subsp. porrigens 1 
Onopordum acaulon 2 
Onopordum illyricum subsp. illyricum 2 
Onopordum nervosum 2 
Onosma tricerosperma subsp. granatensis 2 
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Taxon LF 

Onosma tricerosperma subsp. mauritanica 2 
Onosma tricerosperma subsp. tricerosperma 2 
Opopanax chironium 2 
Origanum virens 2 
Orlaya daucoides 1 
Orlaya grandiflora 1 
Osyris alba 5 
Osyris lanceolata 5 
Paeonia broteri 3 
Paeonia coriacea 3 
Paeonia officinalis subsp. microcarpa 3 

Pallenis spinosa 1 
Papaver dubium 1 
Papaver hybridum 1 
Papaver pinnatifidum 1 
Papaver rhoeas 1 
Papaver somniferum subsp. setigerum 1 
Parentucellia latifolia 1 
Parentucellia viscosa 1 
Parietaria judaica 4 
Parietaria mauritanica 1 
Parnassia palustris 2 
Paronychia aretioides 4 
Paronychia argentea 2 
Paronychia capitata subsp. capitata 2 
Paronychia chlorothyrsa subsp. chlorothyrsa 2 
Paronychia echinulata 1 
Paronychia kapela subsp. baetica 2 
Paronychia kapela subsp. kapela 2 
Paronychia polygonifolia 2 
Paronychia suffruticosa subsp. hirsuta 4 
Paronychia suffruticosa subsp. suffruticosa 4 
Pastinaca sativa subsp. sylvestris 2 

Taxon LF 

Pedicularis comosa subsp. nevadensis 2 
Pedicularis verticillata 2 
Peganum harmala 4 
Petrorhagia dubia 1 
Petrorhagia nanteuilii 1 
Petrorhagia prolifera 1 
Petrorhagia saxifraga 2 
Peucedanum carvifolia 2 

Peucedanum hispanicum 2 
Peucedanum officinale subsp. officinale 2 
Phagnalon rupestre 4 
Phagnalon saxatile 4 
Phagnalon sordidum 4 
Phillyrea angustifolia 5 
Phillyrea latifolia 5 
Phlomis crinita subsp. malacitana 4 
Phlomis herbaventi 2 
Phlomis lychnitis 4 
Phlomis purpurea 5 
Phonus arborescens 5 
Phyteuma charmelii 2 
Phyteuma orbiculare 2 
Picnomon acarna 1 
Picris hieracioides subsp. longifolia 2 
Picris hispanica 2 
Pilosella argyrocoma 2 
Pilosella castellana 2 
Pilosella pseudopilosella 2 
Pilosella saussureoides 2 
Pilosella tardans 2 
Pimpinella espanensis 2 
Pimpinella procumbens 2 
Pimpinella saxifraga 2 

Taxon LF 

Pimpinella tragium subsp. lithophilla 2 
Pimpinella villosa 2 
Pinguicula dertosensis 2 
Pinguicula grandiflora subsp. grandiflora 2 
Pinguicula nevadensis 2 

Pinguicula vallisneriifolia 2 
Pistacia lentiscus 5 
Pistacia terebinthus 5 
Pistorinia hispanica 1 
Pisum sativum subsp. elatius 1 
Plantago afra 1 
Plantago albicans 2 
Plantago amplexicaulis subsp. amplexicaulis 1 
Plantago asperrima 4 
Plantago bellardii 1 
Plantago holosteum 4 
Plantago lagopus 1 
Plantago lanceolata 2 
Plantago major 2 
Plantago media 2 
Plantago nivalis 2 
Plantago sempervirens 4 
Plantago serraria 2 
Platycapnos saxicola 4 
Platycapnos spicata 1 
Platycapnos tenuiloba subsp. parallela 1 
Plumbago europaea 4 
Polycarpon polycarpoides subsp. herniarioides 2 
Polycarpon tetraphyllum subsp. tetraphyllum 1 
Polygala baetica 4 
Polygala boissieri 4 
Polygala monspeliaca 1 
Polygala rupestris 4 
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Taxon LF 

Polygala vulgaris subsp. vulgaris 2 
Polygonum arenastrum 1 

Polygonum aviculare 1 
Polygonum bellardii 1 
Polygonum equisetiforme 4 
Polygonum lapathifolium 1 
Polygonum persicaria 1 
Polygonum rurivagum 1 
Polygonum salicifolium 2 
Populus alba 5 
Populus tremula 5 
Portulaca oleracea subsp. oleracea 1 
Potentilla caulescens 2 
Potentilla cinerea 2 
Potentilla erecta 2 
Potentilla hirta 2 
Potentilla hispanica 2 
Potentilla neumanniana 2 
Potentilla nevadensis 2 
Potentilla recta 2 
Potentilla reptans 2 
Potentilla reuteri 2 
Potentilla rupestris 2 
Prangos trifida 2 
Prasium majus 5 
Primula acaulis subsp. acaulis 2 
Primula elatior subsp. lofthousei 2 
Primula veris subsp. columnae 2 
Primula veris subsp. veris 2 
Prolongoa hispanica 1 
Prunella hyssopifolia 2 
Prunella laciniata 2 

Taxon LF 

Prunella vulgaris 2 
Prunus insititia 5 
Prunus mahaleb 5 
Prunus prostrata 4 
Prunus ramburii 5 
Prunus spinosa 5 
Pseudoscabiosa grosii 4 
Pterocephalus spathulatus 4 
Ptilostemon hispanicus 4 
Ptychotis saxifraga 2 
Pulicaria dysenterica 2 
Pulicaria odora 2 
Pulicaria paludosa 1 
Pulsatilla alpina subsp. fontqueri 2 
Putoria calabrica 4 
Pyrus bourgaeana 5 
Quercus broteroi 5 
Quercus coccifera 5 
Quercus faginea subsp. alpestris 5 
Quercus faginea subsp. faginea 5 
Quercus pyrenaica 5 
Quercus rotundifolia 5 
Quercus suber 5 
Radiola linoides 1 
Ranunculus acetosellifolius 3 
Ranunculus aduncus 3 
Ranunculus angustifolius subsp. alismoides 3 
Ranunculus arvensis 1 
Ranunculus bulbosus subsp. aleae 3 
Ranunculus demissus 3 

Ranunculus ficaria subsp. ficaria 3 
Ranunculus gramineus 3 
Ranunculus granatensis 3 

Taxon LF 

Ranunculus lateriflorus 1 
Ranunculus macrophyllus 3 
Ranunculus malessanus 3 
Ranunculus muricatus 1 
Ranunculus ollissiponensis subsp. 

ollissiponensis 
3 

Ranunculus paludosus 3 
Ranunculus parviflorus 1 
Ranunculus polyanthemophyllus 3 
Ranunculus repens 3 
Ranunculus spicatus subsp. blepharicarpos 3 
Ranunculus trilobus 1 
Raphanus raphanistrum subsp. raphanistrum 1 
Rapistrum rugosum subsp. rugosum 1 
Reichardia intermedia 1 
Reichardia picroides 2 
Reichardia tingitana 1 
Reseda alba subsp. alba 1 
Reseda barrelieri 2 
Reseda complicata 2 
Reseda gayana 2 
Reseda lanceolata subsp. lanceolata 1 
Reseda lutea subsp. lutea 1 
Reseda luteola 1 
Reseda media 1 
Reseda phyteuma 1 
Reseda stricta 1 

Reseda undata subsp. leucantha 1 
Reseda undata subsp. undata 1 
Reseda valentina subsp. almijarensis 2 
Reseda valentina subsp. valentina 2 
Retama sphaerocarpa 5 
Rhagadiolus edulis 1 
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Taxon LF 

Rhagadiolus stellatus 1 
Rhamnus alaternus 5 
Rhamnus alpina 5 
Rhamnus cathartica 5 
Rhamnus lycioides subsp. lycioides 5 
Rhamnus lycioides subsp. oleoides 5 
Rhamnus lycioides subsp. velutina 5 
Rhamnus myrtifolia 5 
Rhamnus pumila 5 
Rhamnus saxatilis 5 
Rhaponticum coniferum 2 
Rhodalsine geniculata 4 
Rhodanthemum arundanum 2 
Rhus coriaria 5 
Ribes alpinum 5 
Ribes uva-crispa 5 
Ridolfia segetum 1 
Rochelia disperma subsp. disperma 1 
Roemeria argemone 1 
Roemeria hybrida 1 
Rosa agrestis 5 
Rosa canina 5 
Rosa dumalis 5 
Rosa micrantha 5 

Rosa pimpinellifolia 5 
Rosa pouzinii 5 
Rosa sempervirens 5 
Rosa sicula 5 
Rosa stylosa 5 
Rosa villosa 5 
Rosmarinus officinalis 5 
Rothmaleria granatensis 2 
Rubia agostinhoi 5 

Taxon LF 

Rubia peregrina 5 
Rubus caesius 5 
Rubus canescens 5 
Rubus ulmifolius 5 
Rumex acetosa subsp. acetosa 2 
Rumex angiocarpus 2 
Rumex bucephalophorus subsp. gallicus 1 
Rumex conglomeratus 2 
Rumex crispus 2 
Rumex induratus 4 
Rumex intermedius 4 
Rumex obtusifolius 2 
Rumex papillaris 4 
Rumex pulcher subsp. woodsii 2 
Rumex scutatus 4 
Ruta angustifolia 4 
Ruta chalepensis 4 
Ruta montana 4 
Sagina apetala 1 
Sagina procumbens 2 
Sagina sabuletorum 2 

Sagina saginoides subsp. nevadensis 2 
Salix alba 5 
Salix atrocinerea 5 
Salix caprea 5 
Salix elaeagnos subsp. angustifolia 5 
Salix fragilis 5 
Salix hastata subsp. sierrae-nevadae 5 
Salix pedicellata 5 
Salix purpurea 5 
Salix triandra subsp. discolor 5 
Salsola genistoides 5 
Salsola kali 1 

Taxon LF 

Salsola oppositifolia 5 
Salsola vermiculata 5 
Salsola webbii 5 
Salvia argentea 2 
Salvia candelabrum 5 
Salvia lavandulifolia subsp. blancoana 4 
Salvia lavandulifolia subsp. vellerea 4 
Salvia phlomoides subsp. boissieri 2 
Salvia phlomoides subsp. phlomoides 2 
Salvia sclarea 2 
Salvia verbenaca 2 
Salvia viridis 1 
Sambucus ebulus 2 
Sambucus nigra 5 
Samolus valerandi 2 
Sanguisorba ancistroides 4 
Sanguisorba hybrida 2 
Sanguisorba lateriflora 2 

Sanguisorba minor subsp. balearica 2 
Sanguisorba minor subsp. minor 2 
Sanguisorba officinalis 3 
Sanguisorba rupicola 4 
Sanguisorba verrucosa 2 
Sanicula europaea 3 
Santolina chamaecyparissus subsp. 

chamaecyparissus 
4 

Santolina chamaecyparissus subsp. squarrosa 4 
Santolina elegans 4 
Santolina rosmarinifolia subsp. canescens 4 
Santolina rosmarinifolia subsp. pectinata 4 
Saponaria glutinosa 2 
Saponaria ocymoides 2 
Saponaria officinalis 2 
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Taxon LF 

Sarcocapnos baetica 4 
Sarcocapnos enneaphylla 4 
Sarcocapnos integrifolia 4 
Sarcocapnos pulcherrima 4 
Sarcocapnos saetabensis 4 
Sarcocapnos speciosa 4 
Satureja intricata 4 
Satureja obovata 4 
Saxifraga bourgeana 2 
Saxifraga camposii subsp. camposii 4 
Saxifraga camposii subsp. leptophylla 4 
Saxifraga carpetana subsp. carpetana 2 
Saxifraga dichotoma 2 
Saxifraga erioblasta 4 
Saxifraga fragilis subsp. paniculata 4 

Saxifraga gemmulosa 2 
Saxifraga globulifera 4 
Saxifraga granulata 2 
Saxifraga haenseleri 2 
Saxifraga latepetiolata 2 
Saxifraga longifolia 2 
Saxifraga nevadensis 4 
Saxifraga reuteriana 4 
Saxifraga rigoi subsp. rigoi 4 
Saxifraga stellaris subsp. robusta 4 
Saxifraga trabutiana 4 
Saxifraga tridactylites 1 
Scabiosa andryaefolia 2 
Scabiosa galianoi 1 
Scabiosa turolensis subsp. grosii 2 
Scabiosa turolensis subsp. turolensis 2 
Scandix australis subsp. australis 1 
Scandix australis subsp. microcarpa 1 

Taxon LF 

Scandix macrorhyncha 1 
Scandix pectenveneris 1 
Scandix stellata 1 
Schenkia spicata 1 
Scleranthus annuus subsp. annuus 1 
Scleranthus delortii 1 
Scolymus hispanicus 2 
Scolymus maculatus 1 
Scorpiurus muricatus 1 
Scorzonera albicans 2 
Scorzonera angustifolia 2 
Scorzonera baetica 2 

Scorzonera hispanica 2 
Scorzonera reverchonii 2 
Scorzoneroides microcephala 2 
Scorzoneroides nevadensis 2 
Scrophularia canina subsp. canina 4 
Scrophularia crithmifolia 4 
Scrophularia lyrata 2 
Scrophularia peregrina 1 
Scrophularia scorodonia 2 
Scrophularia tanacetifolia 2 
Scutellaria alpina subsp. alpina 2 
Scutellaria galericulata 2 
Scutellaria orientalis subsp. hispanica 2 
Sedum acre 4 
Sedum aetnense 1 
Sedum album 4 
Sedum amplexicaule 4 
Sedum annuum 1 
Sedum arenarium 1 
Sedum brevifolium 4 
Sedum caespitosum 1 

Taxon LF 

Sedum candollei 1 
Sedum dasyphyllum 4 
Sedum forsterianum 4 
Sedum gypsicola 4 
Sedum hirsutum subsp. hirsutum 4 
Sedum melanantherum 4 
Sedum mucizonia 1 
Sedum nevadense 1 
Sedum rubens 1 

Sedum sediforme 4 
Sedum villosum subsp. villosum 4 
Sempervivum minutum 4 
Sempervivum tectorum 4 
Senecio adonidifolius 2 
Senecio aquaticus subsp. erraticus 2 
Senecio boissieri 4 
Senecio doria subsp. laderoi 2 
Senecio duriaei 2 
Senecio eriopus subsp. eriopus 2 
Senecio erucifolius 2 
Senecio gallicus 1 
Senecio jacobaea 2 
Senecio lividus 2 
Senecio malacitanus 4 
Senecio minutus 2 
Senecio nevadensis 4 
Senecio petraeus 2 
Senecio pyrenaicus subsp. granatensis 2 
Senecio quinqueradiatus 4 
Senecio vulgaris 2 
Sesamoides purpurascens subsp. prostrata 2 
Sesamoides purpurascens subsp. purpurascens 2 
Seseli intricatum 4 
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Taxon LF 

Seseli montanum subsp. granatense 3 
Seseli montanum subsp. montanum 3 
Sherardia arvensis 1 
Sibthorpia europaea 2 
Sideritis arborescens 4 
Sideritis carbonellii 4 

Sideritis glacialis 4 
Sideritis hirsuta 4 
Sideritis incana 4 
Sideritis lasiantha 4 
Sideritis laxespicata 4 
Sideritis leucantha 4 
Sideritis montana 1 
Sideritis pungens 4 
Sideritis pusilla 4 
Sideritis reverchonii 4 
Sideritis romana 1 
Sideritis stachydioides 4 
Silene aellenii 1 
Silene almolae 1 
Silene andryalifolia 4 
Silene boryi 2 
Silene coelirosa 1 
Silene colorata 1 
Silene conica subsp. conica 1 
Silene conoidea 1 
Silene decipiens 1 
Silene fernandezii 2 
Silene gallica 1 
Silene germana 1 
Silene inaperta subsp. inaperta 1 
Silene inaperta subsp. serpentinicola 1 
Silene laeta 3 

Taxon LF 

Silene latifolia 2 
Silene legionensis 2 
Silene mellifera 2 

Silene muscipula 1 
Silene nocturna 1 
Silene nutans subsp. nutans 2 
Silene portensis subsp. portensis 1 
Silene psammitis subsp. lasiostyla 1 
Silene rubella subsp. rubella 1 
Silene rubella subsp. segetalis 1 
Silene rupestris 2 
Silene saxifraga 4 
Silene scabriflora subsp. tuberculata 1 
Silene sclerocarpa 1 
Silene secundiflora 1 
Silene stricta 1 
Silene tridentata 1 
Silene vulgaris subsp. commutata 2 
Silene vulgaris subsp. vulgaris 2 
Silybum eburneum 2 
Silybum marianum 2 
Sinapis alba 1 
Sinapis arvensis 1 
Sisymbrium austriacum subsp. hispanicum 2 
Sisymbrium crassifolium 2 
Sisymbrium erysimoides 1 
Sisymbrium irio 1 
Sisymbrium officinale 1 
Sisymbrium orientale 1 
Sisymbrium runcinatum 1 
Smyrnium olusatrum 2 
Smyrnium perfoliatum 2 
Solanum alatum 1 

Taxon LF 

Solanum dulcamara 5 
Solanum nigrum 1 
Solanum villosum 1 
Solenanthus reverchonii 2 
Solenopsis laurentia 1 
Solidago virgaurea 2 
Sonchus aquatilis 2 
Sonchus asper subsp. asper 1 
Sonchus asper subsp. glaucescens 1 
Sonchus oleraceus 1 
Sonchus tenerrimus 4 
Sorbus aria 5 
Sorbus hybrida 5 
Sorbus torminalis 5 
Spartium junceum 5 
Spergula arvensis 1 
Spergula morisonii 1 
Spergula pentandra 1 
Spergularia bocconei 1 
Spergularia diandra 1 
Spergularia rubra 2 
Spergularia segetalis 1 
Stachys arvensis 1 
Stachys circinata 4 
Stachys germanica 2 
Stachys heraclea 2 
Stachys ocymastrum 1 
Stachys officinalis subsp. algeriensis 2 
Stachys officinalis subsp. officinalis 2 
Staehelina baetica 4 

Staehelina dubia 4 
Stellaria alsine 2 
Stellaria graminea 2 
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Taxon LF 

Stellaria media 1 
Stellaria pallida 1 
Stoibrax dichotomum 1 
Suaeda vera 5 
Succisella andreae-molinae 2 
Symphytum tuberosum subsp. tuberosum 3 
Tamarix africana 5 
Tamarix canariensis 5 
Tamarix gallica 5 
Tanacetum annuum 1 
Tanacetum corymbosum 2 
Tanacetum funkii 1 
Taraxacum dissectum 2 
Taraxacum laevigatum 2 
Taraxacum obovatum 2 
Taraxacum pyropappum 2 
Teesdalia coronopifolia 1 
Telephium imperati subsp. imperati 2 
Teline patens 5 
Tephroseris elodes 2 
Tetragonolobus conjugatus subsp. requienii 1 
Tetragonolobus maritimus 2 
Teucrium aureum subsp. angustifolium 4 
Teucrium bicoloreum 4 
Teucrium botrys 1 
Teucrium capitatum subsp. capitatum 4 
Teucrium capitatum subsp. gracillimum 4 

Teucrium chamaedrys 4 
Teucrium chrysotrichum 4 
Teucrium compactum 4 
Teucrium fragile 4 
Teucrium fruticans 5 
Teucrium gnaphalodes 4 

Taxon LF 

Teucrium haenseleri 4 
Teucrium leonis 4 
Teucrium lusitanicum subsp. aureiforme 4 
Teucrium lusitanicum subsp. lusitanicum 4 
Teucrium murcicum 4 
Teucrium oxylepis 4 
Teucrium pseudochamaepitys 4 
Teucrium pugionifolium 4 
Teucrium rixanense 4 
Teucrium rotundifolium 4 
Teucrium scordium subsp. scordium 2 
Teucrium scorodonia 2 
Teucrium similatum 4 
Teucrium thymifolium 4 
Teucrium webbianum 4 
Thalictrum alpinum 2 
Thalictrum minus subsp. valentinum 2 
Thalictrum speciosissimum subsp. albini 2 
Thalictrum speciosissimum subsp. 

speciosissimum 
2 

Thapsia minor 2 
Thapsia nitida 2 
Thapsia transtagana 2 
Thapsia villosa 2 

Theligonum cynocrambe 1 
Thesium humifusum 2 
Thesium humile 1 
Thlaspi arvense 1 
Thlaspi nevadense 2 
Thlaspi perfoliatum 1 
Thymbra capitata 4 
Thymelaea argentata 4 
Thymelaea granatensis 4 

Taxon LF 

Thymelaea hirsuta 5 
Thymelaea passerina 1 
Thymelaea pubescens subsp. elliptica 4 
Thymelaea salsa 1 
Thymelaea sanamunda 4 
Thymus baeticus 4 
Thymus funkii 4 
Thymus granatensis subsp. granatensis 4 
Thymus longiflorus 4 
Thymus mastichina subsp. mastichina 4 
Thymus membranaceus 4 
Thymus orospedanus 4 
Thymus pulegioides 4 
Thymus serpylloides subsp. gadorensis 4 
Thymus serpylloides subsp. serpylloides 4 
Thymus vulgaris subsp. vulgaris 4 
Thymus zygis subsp. gracilis 4 
Tolpis barbata 1 
Tolpis nemoralis 2 
Tolpis umbellata 1 
Torilis arvensis subsp. neglecta 1 

Torilis arvensis subsp. purpurea 1 
Torilis arvensis subsp. recta 1 
Torilis elongata 1 
Torilis japonica subsp. japonica 1 
Torilis leptophylla 1 
Torilis nodosa 1 
Trachelium caeruleum subsp. caeruleum 4 
Tragopogon crocifolius 1 
Tragopogon pratensis 1 
Tribulus terrestris 1 
Trifolium angustifolium 1 
Trifolium arvense 1 
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Taxon LF 

Trifolium bocconei 1 
Trifolium campestre 1 
Trifolium cernuum 1 
Trifolium cherleri 1 
Trifolium diffusum 1 
Trifolium dubium 1 
Trifolium fragiferum 2 
Trifolium gemellum 1 
Trifolium glomeratum 1 
Trifolium hirtum 1 
Trifolium incarnatum 1 
Trifolium lappaceum 1 
Trifolium leucanthum 1 
Trifolium ligusticum 1 
Trifolium micranthum 1 
Trifolium ochroleucon 2 
Trifolium ornithopodioides 1 
Trifolium phleoides subsp. willkommii 1 

Trifolium pratense subsp. pratense 2 
Trifolium repens 2 
Trifolium resupinatum 1 
Trifolium scabrum 1 
Trifolium squamosum 1 
Trifolium stellatum 1 
Trifolium striatum subsp. striatum 1 
Trifolium strictum 1 
Trifolium subterraneum subsp. subterraneum 1 
Trifolium sylvaticum 1 
Trifolium tomentosum 1 
Trigonella gladiata 1 
Trigonella monspeliaca 1 
Trigonella ovalis 1 
Trigonella polyceratia 1 

Taxon LF 

Tripleurospermum maritimum subsp. inodorum 1 
Tripodion tetraphyllum 1 
Tuberaria guttata 1 
Tuberaria lignosa 2 
Tuberaria plantaginea 1 
Turgenia latifolia 1 
Tussilago farfara 3 
Tyrimnus leucographus 1 
Ulmus glabra 5 
Ulmus minor 5 
Umbilicus gaditanus 3 
Umbilicus rupestris 3 
Urospermum picroides 1 
Urtica dioica 2 

Urtica membranacea 1 
Urtica pilulifera 1 
Urtica urens 1 
Vaccaria hispanica 1 
Vaccinium uliginosum 4 
Valantia hispida 1 
Valantia muralis 1 
Valeriana tuberosa 2 
Valerianella coronata 1 
Valerianella discoidea 1 
Valerianella echinata 1 
Valerianella eriocarpa 1 
Valerianella fusiformis 1 
Valerianella locusta 1 
Valerianella microcarpa 1 
Velezia rigida 1 
Vella castrilensis 4 
Vella spinosa 4 
Verbascum blattaria 2 

Taxon LF 

Verbascum boerhavii 2 
Verbascum dentifolium 2 
Verbascum giganteum subsp. giganteum 2 
Verbascum hervieri 2 
Verbascum lychnitis 2 
Verbascum nevadense 2 
Verbascum rotundifolium subsp. haenseleri 2 
Verbascum sinuatum 2 
Verbascum virgatum 2 
Verbena officinalis 2 
Veronica aragonensis 4 

Veronica arvensis 1 
Veronica cymbalaria 1 
Veronica fruticans 4 
Veronica hederifolia 1 
Veronica nevadensis 2 
Veronica persica 1 
Veronica polita 1 
Veronica ponae 2 
Veronica praecox 1 
Veronica serpyllifolia subsp. serpyllifolia 2 
Veronica sibthorpioides 1 
Veronica triloba 1 
Veronica verna 1 
Viburnum lantana 5 
Viburnum opalus 5 
Viburnum tinus 5 
Vicia amphicarpa 1 
Vicia angustifolia 1 
Vicia bithynica 1 
Vicia hirsuta 1 
Vicia hybrida 1 
Vicia incana 2 
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Taxon LF 

Vicia lathyroides 1 
Vicia lutea subsp. lutea 1 
Vicia lutea subsp. vestita 1 
Vicia monantha subsp. calcarata 1 
Vicia narbonensis 1 
Vicia onobrychioides 2 
Vicia parviflora 1 
Vicia peregrina 1 

Vicia pseudocracca 1 
Vicia pyrenaica 3 
Vicia tenuifolia 2 
Vicia vicioides 1 
Vinca difformis 4 
Vincetoxicum nigrum 2 
Viola alba 2 
Viola arborescens 4 
Viola arvensis 1 
Viola cazorlensis 4 
Viola crassiuscula 2 
Viola demetria 1 
Viola hirta 2 
Viola kitaibeliana 1 
Viola odorata 2 
Viola palustris subsp. palustris 2 
Viola parvula 1 
Viola riviniana 2 
Viola suavis 2 
Vitis sylvestris 5 
Xanthium strumarium subsp. strumarium 1 
Xeranthemum cylindraceum 1 
Xeranthemum inapertum 1 
Ziziphora hispanica 1 
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Appendix S3. Box-and-whisker plots representing the principal component analysis 

axis 1 (PCA1) scores of the (a) temperature-related and (b) precipitation-related 

variables used for the multiple regression analyses on distance matrices within 

elevational belts across all sierras considered in the study (n = 8). Negative scores 

represent (a) high-temperature and (b) high-precipitation regimes. 
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Abstract 

Understanding how environmental factors drive assemblages of Mediterranean plant 

communities is one of the challenges still facing ecologists. It is particularly critical in 

systems such as mountain landscapes that tend to suffer most dramatically from the 

effects of global changes. Traditionally, soil types and, especially, elevation have been 

considered important factors in shaping ecological communities in mountain 

ecosystems. In this study, we focus on (1) species incidence and abundance data, 

multiple traits and phylogenetic information of shrub communities in a core region of a 

western Mediterranean biodiversity hotspot (the Sierra Nevada) as a preliminary means 

of assessing the effects of soil properties and elevation on alpha and beta taxonomic, 

phylogenetic and functional diversity, and (2) on the regenerative status of the studied 

communities. Elevation was the main factor in predicting the phylogenetic and 

functional alpha diversity of plant communities for both incidence-based and abundance 

data for the maximum height and blooming time of species. We also detected a shift in 

deviances of local species abundances towards larger seed sizes and phylogenetic 

clustering at low elevations, as well as divergent distributions and phylogenetic 

overdispersion with increasing elevation. By contrast, turnover in incidence-based 

specific leaf area (SLA) and leaf carbon:nitrogen ratio (leaf C:N ratio) values were 

related to a pH and micronutrient gradient. We found no differences in taxonomic or 

phylogenetic diversity between adults and juveniles except in species richness, where 

adults outnumbered juveniles to a variable extent depending on the community type. 

Our results highlight the multidimensional nature of the functional niche of species and 

suggest that different trait-mediated mechanisms may simultaneously shape the 

structure of local plant communities. Thus, the combination of incidence and abundance 

data, functional traits and phylogenetic information is critical for detecting the 
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responses of Mediterranean shrub communities to these environmental gradients. Future 

research is still needed to address the scaling down from community to plant and 

neighbourhood level to disentangle the relative contribution of abiotic filters and biotic 

interactions in the structuring of natural plant communities. 

 

Keywords: elevation, environmental filtering, functional diversity, phylogenetic 

diversity, Mediterranean shrub communities, soil. 

 

 

Introduction 

Despite the ‘renaissance’ in research in community ecology that has occurred over the 

past decade (Mouquet et al., 2012), predicting how environmental factors drive the 

assemblage of communities is a challenge that ecological research still has to resolve 

(Mason & de Bello, 2013). It is particularly important when predictions regarding 

community responses to the effects of global change are urgently required (Walther et 

al., 2002). The incorporation of phylogenetic information into community assembly 

studies permits the evaluation of the effect of the ancestor-descendant relationship on 

the present distribution of species and traits in communities (Webb et al., 2002). 

However, despite the advantages of incorporating phylogenetic information into 

community ecology research (Mouquet et al., 2012), there is evidence that phylogenies 

may be unable to capture all aspects of functional community structure (Carboni et al., 

2013) due to the large number of dimensions defining species niches (Ackerly & 

Cornwell, 2007; Devictor et al., 2010a) whose evolution will thus be difficult to trace. 

Indeed, the solution lies in combining multiple sources of information on community 

structure using species abundances, functional traits and phylogenies, and in studying 
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these patterns along environmental gradients (Bernard-Verdier et al., 2012; Gross et al., 

2013). 

The analysis of functional trait distributions within and among communities 

permits a quantification of the different processes that may be affecting the assemblage 

of communities along environmental gradients (Mason et al., 2013). Focusing on 

functional traits and/or phylogenetic distances rather than species identities has the 

advantage of allowing quantitative comparisons to be made between communities that 

in fact share only a few – if any – species (Messier et al., 2010). Mediterranean Basin 

plant communities are one such case, since they are characterized by a high turnover of 

species with narrow distributions along sharp environmental gradients (Thompson, 

2005; Molina-Venegas et al., 2013). A key factor for understanding the exceptional 

concentration of biodiversity in these ecosystems (Médail & Quézel, 1999) is the 

enormous spatial and temporal heterogeneity of the region at different scales 

(Thompson, 2005), which generates the characteristic mosaic-like pattern of 

Mediterranean plant landscapes (Dufour-Dror, 2002). Specifically, the heterogeneity of 

landscapes in the Mediterranean Basin is due to successive periods of Alpine orogeny 

and contrasting lithologies, as well as the climatic shifts that occurred in the late 

Tertiary (aridification and the rise of the Mediterranean-type climate) and the climatic 

oscillations of the Pleistocene (Thompson, 2005). At local scales, elevation gradients 

have been demonstrated to be an important factor in structuring plant diversity in 

regional Mediterranean plant assemblages (Molina-Venegas et al., 2014). In addition, 

the nature of soils also seems to play a primary role in the structuring of Mediterranean 

plant communities (Quézel & Médail, 2003; Ojeda et al., 2010). Unlike in more mesic 

ecosystems, little attention has ever been paid to disentangling the axes of specialization 



Chapter 6. Diversity patterns of Mediterranean shrub communities 

  274 

along environmental gradients in the Mediterranean (but see Cornwell & Ackerly, 2009; 

Domínguez et al., 2012; Frenette-Dussault et al., 2012; Gross et al., 2013). 

At community scale, the pool of species than can live in a given environment is 

determined by a series of filters that select functionally similar species from a regional 

species pool according to their suitability to local conditions (Diamond, 1975; Keddy, 

1992; de Bello et al., 2012). Strong abiotic filters are expected to constrain the range of 

viable strategies from those available in the regional species pool and to lead to 

‘clustered’ local trait variation. As well, strong phylogenetic structure is often observed 

along environmental gradients due to deep phylogenetic signals in species niches 

(Chalmandrier et al., 2014; Kraft & Ackerly, 2014; Molina-Venegas et al., 2014). When 

environmental filtering is less strong, more ‘overdispersed’ trait values or phylogenetic 

compositions are to be expected, especially when resource partitioning is the main 

driver of competition (Webb et al., 2002; Cornwell et al., 2006). However, because 

species do not coexist in isolation from one other, the resulting local species pool and 

observed community trait distributions will be the result of both abiotic filters and biotic 

interactions, and will reflect species’ differential ecological successes. Thus, considered 

in tandem, incidences and abundances can shed light on the different processes driving 

the assemblage of communities (Chalmandrier et al., 2014). On the other hand, the 

mosaic-like pattern of Mediterranean plant landscapes suggests a high diversity 

turnover in communities and thus the decomposition of diversity into within-community 

(alpha diversity) and among-community (beta diversity) components will help improve 

understanding of community assembly processes in Mediterranean plant communities 

(Hardy & Senterre, 2007). 

All plant communities consist ultimately of species whose ecological requisites 

allow them to maintain at least one population over time at the site in question, which in 
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turn will depend on the ability of populations to regenerate adequately. Mediterranean 

ecosystems in some regions are currently under threat from global change (e.g. 

desertification) that may have potentially irreversible impacts (Reynolds et al., 2007). 

An appropriate assessment of the regeneration status of Mediterranean communities is 

thus of great relevance for conservation management and for facing up to this threat of 

global change. A comparative analysis of the different alpha diversity (e.g. taxonomic 

and phylogenetic) components among successive life stages of species (e.g. juveniles 

and adults) may yield an instructive assessment of the regeneration status of 

communities (Devictor et al., 2010b).  

In this study, we focus on species incidence and abundance data, multiple traits 

and phylogenetic information from shrub communities in the Sierra Nevada, a core 

region of a western Mediterranean biodiversity hotspot in the southern Iberian 

Peninsula. The Sierra Nevada is an ideal scenario for assessing the role of elevation and 

soil properties in shaping shrub communities in Mediterranean mountain ecosystems 

since it is the highest mountain range in the Iberian Peninsula and boasts a wide array of 

edaphic conditions, which thus give rise to great floristic and community diversity 

(Blanca et al., 1998). Specifically, our aims were (1) to assess the effects of soil 

properties and elevation on alpha and beta taxonomic, phylogenetic and functional 

diversity, (2) to determine significant deviances in local species abundances towards 

common trait optima values or divergent trait distributions, and (3) to assess the 

regenerative status of the communities by comparing alpha diversity components in 

successive life stages. 
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Materials and Methods 

Study area 

The Sierra Nevada is the highest mountain range (3482 m a.s.l.) in the Iberian Peninsula 

and is also among the highest ranges in the whole Mediterranean Basin. Its rugged 

topography harbours a heterogeneous lithology, with a broad central mica-schist core 

that extends linearly west-southwest-to-east-northeast for about 100 km. This siliceous 

central core is surrounded by a younger discontinuous Triassic limestone border (along 

with other less abundant substrates) that forms the middle and lower slopes of the sierra, 

and an extensive crystalline dolomite outcrop along its western edge (Martín et al., 

2008). The whole area has been deeply eroded by generally north-to-south-flowing 

rivers. The climate is predominantly Mediterranean with precipitation concentrated in 

spring and autumn (mean annual precipitation in the range 200-900 mm), while the 

warmest season coincides with effective drought in summer. However, the climate 

becomes colder at greater elevations, which enables populations of plants with more 

northerly distributions to persist (Blanca et al., 1998). Although there is no clear cut 

rule for trends in precipitation in Sierra Nevada with increasing elevation, its west-to-

east alignment means that, due to the prevailing Atlantic fronts, the western valleys are 

generally more humid than the eastern ones. 

 

Vegetation survey 

We conducted fieldwork in June-July 2013. To cover the main array of soil conditions 

in Sierra Nevada, as well as the altitudinal and longitudinal variation in environmental 

conditions, we selected two south-facing elevation gradients for each of the three main 

types of bedrocks present in Sierra Nevada (mica-schist, limestone and dolomites, n = 

6), each pair of sites being separated from the other along the west-to-east axis of the 
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range (Fig. 1). The dolomite elevation gradients were located towards the western edge 

of the Sierra Nevada since no outcrops of this nature exist in the eastern part of the 

range. Within each elevation gradient, we drew at random three 75-m-long and 1-m-

wide transects at three different elevations (~1300, ~1650 and ~1950 m a.s.l.) that 

passed through shrub vegetation (chamaephytes, nanophanerophytes and a few 

phanerophytes) on sunny slopes beyond the edge of the tree canopy (when present). We 

only selected one transect site on the dolomites at ~1950 m because there is only one 

dolomitic peak over 1900 m in the Sierra Nevada. We did not place any transects on the 

north face of the sierra due to its far more limited elevation range and the lack of 

variation in substrate (mica-schist). As well, we avoid sampling at locations where there 

was clear evidence of recent disturbance. Within each transect we (1) counted the total 

number of adult plants of each species and subspecies and (2) looked for recruitment by 

recording the total number of juvenile plants (i.e. non-reproductive plants) of each 

species and subspecies. We did not take seedlings into account due to the high 

interannual variation in seedling emergence and mortality recorded for Mediterranean 

shrubland species (Mendoza et al., 2009). For taxonomical identification and functional 

trait measurements, we collected five healthy adult plants (or part of them) growing in 

full sunlight of each species and subspecies recorded in the transects. We followed the 

nomenclatural criteria in Blanca et al. (2009) and did not consider any taxonomical 

category below subspecies level.  
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Figure 1. Map of Sierra Nevada in southern Iberian Peninsula, showing the location of the 

study plots along the elevation gradients. Circles, squares and diamonds represent the sampled 

communities on limestones, mica-schists and dolomites, respectively. The arrow in the inset 

shows the location of the Sierra Nevada in the western Mediterranean.         

 

 

Soil survey and analyses 

We took five soil samples at random along each transect at a depth of 10-20 cm and 

mixed them into a single bulk sample. We left these samples to dry for 24 hours at room 

temperature and then passed them through a 2-mm sieve. The following 

physicochemical parameters were obtained: granulometry (% of sand, silt and clay), pH 

(at 25ºC 1:5), electric conductivity (µS/cm, at 25ºC 1:5), carbonates (%), oxidizable 

organic matter (%), concentrations of macronutrients (mg/kg of N-Kjeldahl and Olsen 

P) and micronutrients (mg/kg of Cu, Fe, Mn, Zn and Bo), and assimilable cations 

(meq/100g of Ca, Mg, K and Na). 

 In order to avoid redundant information (collinearity) we applied principal 

component analysis (PCA) to soil parameters. We retained the first two principal 

components, which accounted for 42.9 % (PC1) and 25.5 % (PC2) of the soil parameter 
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variance across the study transects, respectively. Negative scores of PCA1 were mainly 

related to carbonated and silty soils with high concentrations of Ca and N, and high 

electric conductivity, whereas positive scores corresponded to sandy soils (see 

Appendix 1 in Supplementary Information). Negative scores of PCA2 were mainly due 

to high concentrations of micronutrients (Cu, Fe and Mn), whereas positive scores were 

related to high pH values. 

 

Functional traits 

To characterize the vegetative and regenerative phases of the species, we choose six 

weakly correlated plant functional traits related to vegetative and reproductive processes 

(specific leaf area, leaf carbon:nitrogen ratio, maximum height, flower size, seed size 

and blooming time) in order to maximize the number of dimensions of the functional 

space (Laughlin, 2014). First, we measured the average specific leaf area (SLA) and the 

leaf carbon:nitrogen ratio (leaf C:N ratio) of each population within transects. To do so, 

we took two healthy leaves per individual (n = 5 individuals per population) and placed 

them in an oven at 60ºC (in some cases where we found less than five individuals 

within a population we used as many individuals as we could find). After 72 hours, we 

weighed each leaf independently and measured the adaxial surface (including petiole 

when present) by scanning the leaves and using image-analysis software. We 

determined the adaxial surface of revolute leaves on the basis of the actual one-sided 

leaf area rather than the projected area. The average SLA for each individual plant was 

considered as one statistical observation. In cases where the weight of a single leaf from 

an individual was less than 1 mg, we pooled as many leaves as necessary from the same 

individual to reach at least 1 mg for weighing and scanning. For leafless plants (e.g. 

Ulex parviflorus subsp. parviflorus) we took the top 2 cm of a young tip (functional 
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analogue of a leaf) and treated it as above (Cornelissen et al., 2003). Although SLA 

estimates should ideally be based on the one-sided area of fresh leaves, we used oven-

dried leaves because of the technical difficulties involved in keeping leaves fresh during 

the long sampling season. Nevertheless, we do not believe that the interspecific and 

intraspecific variance in leaf water content among the species in the dataset is large 

enough to bias our SLA estimations.  

In order to measure the leaf C:N ratio, we pooled all leaves used for the SLA 

estimations of each population into a single bulk sample per population. Each sample 

was analyzed three times (1 mg per essay) by combustion in pure oxygen at 100-1000 

°C for carbon and with an infrared cell and a thermal conductivity cell for nitrogen. We 

took the arithmetic mean of the three essays as the estimate of the leaf C:N ratio per 

population. 

 Information about maximum height, flower size (greatest diameter), seed size 

(greatest diameter) and blooming time was obtained from Blanca et al. (2009). In a few 

cases where this information was unavailable we used Castroviejo (1986-2012) and 

direct measurements taken from our collected specimens. Although intraspecific trait 

variability was not available for these traits, we do not expect intraspecific variance for 

these traits to be greater than interspecific variance (Kazakou et al., 2014). 

 

Phylogenetic tree 

We used the genus-level time-calibrated phylogeny as described in Molina-Venegas & 

Roquet (2014). The phylogeny includes all the genera in the dataset (n = 47). Species 

and subspecies were inserted as polytomies at the midpoint of the corresponding genus 

and species terminal branches, respectively.  
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Diversity components 

We used the framework developed by de Bello et al. (2010) that partitions species 

diversity into independent !-, "- and #-components using Rao’s quadratic entropy index 

(Rao, 1982). Because it is distance-based, it provides a very flexible framework that can 

be used to quantify different facets of diversity such as taxonomic, phylogenetic and the 

functional diversity of communities (de Bello et al., 2010). The Rao index can also 

incorporate species’ relative abundances and is thus highly suitable for detecting 

changes in the taxonomic, phylogenetic and functional composition of communities 

across environmental gradients. We used multiplicative partitioning to separate 

diversity components of pairwise transects (#pair) into within-transect (!) and among-

transect (") components. Here, #-diversity (#pair) was defined as 

! 

"pair = dijPiPj

j=1

S

#
i=1

S

#              (Eq. 1)     

where S is the total number of species in the two transects, Pi and Pj are the relative 

abundances of species i and j in the two transects, and dij is the dissimilarity (taxonomic, 

phylogenetic or functional) between the two species i and j. For taxonomic diversity, dij 

is equal to 0 when i = j (same species) and equal to 1 when i ! j (different species), 

whereas for phylogenetic and functional diversity dij is a continuous variable expressing 

the distance between i and j rather than a binary variable. When considering species 

incidence rather than abundances, Pi and Pj are equal to 1 if species i and j are present in 

the transects, otherwise they are equal to 0. Likewise, "-diversity was defined as 

! 

" = dijPiPj

j=1

S

#
i=1

S

#    (Eq. 2)   
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where S is the total number of species within a given community, Pi and Pj are the 

relative abundances of species i and j, and dij is the dissimilarity (taxonomic, 

phylogenetic or functional) between each pair of coexisting species i and j. Finally, #-

diversity was multiplicatively partitioned as 

! 

" =
#pair $%mean

#pair
*100    (Eq. 3) 

where !mean is the mean local diversity of the pair of species.  

We used the corrected computation of the Rao quadratic entropy index proposed 

in de Bello (2010), along with an additional correction based on equivalent numbers 

proposed by Jost (2007), in order to avoid negative beta diversity values, which are 

biologically counterintuitive. We used a phylogenetic distance matrix of the recorded 

species based on the cophenetic distances of a hierarchical clustering and a Euclidean 

distance matrix of the species for each functional trait separately. 

 

Null model testing 

We used effect size values of the various phylogenetic and functional alpha and beta 

estimates to assess whether the observed diversity values differed from those expected 

under a specific null model. Null models are widely used in community ecology to 

assess the ‘non-random’ structuring of plant assemblages (Gotelli & Rohde, 2002; 

Hardy, 2008). However, null model algorithms have to be appropriate if the specific 

null hypothesis is to be rejected. Thus, the observed functional structure of communities 

(i.e. range of trait values, community trait distributions) can be compared with the null 

distributions of the metrics generated by randomly shuffling trait values across local 

species abundances in the whole dataset (Null Model 1, NM1). Similarly, the observed 

phylogenetic structure of communities (i.e. phylogenetic distances) can be compared 
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with a null distribution of phylogenetic distances generated by randomly shuffling taxa 

labels across the tips of the regional phylogeny (NM1). The null hypothesis under this 

randomization scheme is that the observed alpha and beta diversity values do not differ 

from those expected given the extant phylogenetic and functional dissimilarities among 

all species (or populations) in the dataset. This null model assumes that dispersal 

limitation is not a determinant of species absence from local communities and that all 

species are equally likely to be found in all communities. Once the observed local 

diversity structure of communities has been compared to that of the regional species 

pool, a second step in the analysis of the community assembly processes may be to test 

for deviances in local species abundances towards common trait optima values or 

divergent trait distributions (and, analogously, deviances towards phylogenetic 

clustering or overdispersion) (Fig. 2). This can be achieved by comparing the observed 

community trait distributions to those generated by randomly shuffling trait values (or 

taxa labels in the phylogeny) among species abundances within communities (Null 

Model 2, NM2). This randomization scheme breaks any relationship between trait 

values and abundances within communities, which effectively converts the observed 

alpha diversity into a pure estimate of functional divergence (Mason et al., 2008; Mason 

et al., 2012; Bernard-Verdier et al., 2012).  

Effect size values were calculated on the basis of the one-side probability that 

the observed value is lower than expected by comparing with a null distribution of 

values (9999 runs) 

 

! 

P =
number(null < obs) +

number(null = obs)
2

10000
  (Eq. 4)  
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This one-side probability was used to calculate effect size values by subtracting 0.5 to P 

and multiplying by 2 (Kelt et al., 1995; Chase et al., 2011; Bernard-Verdier et al., 

2012). This non-parametric calculation of effect sizes was preferred to the widely used 

standardized effect size (SES; e.g. Kembel, 2009; Verdú et al., 2009) due to the 

asymmetry and lack of normality of most of the null distributions in the study (data not 

shown). Effect size values vary between -1 and 1, with values close to -1 and 1 

indicating that the observed values are lower and higher, respectively, than expected 

based on the null distributions. 

 

 

Figure 2. Two contrasting hypothetical scenarios of deviances in the observed local species 

abundances. (a) Deviance towards a common trait optima value (large leaves) and phylogenetic 

clustering. (b) Deviance towards a divergent trait distribution and phylogenetic overdispersion.  

  

 

Phylogenetic signal 

We used two different indices, the K statistic (Blomberg et al., 2003) and Pagel´s $ 

(Pagel, 1999), to test whether species and subspecies that are more closely related tend 

to be more similar to one another in terms of their trait values. These indices measure 

different aspects of the phylogenetic signal and have been shown to respond differently 
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to low sample sizes (Münkemüller et al., 2012). The K statistic compares the observed 

and expected variance for calculated independent contrasts (Blomberg et al., 2003), 

whilst Pagel´s lambda determines whether a phylogeny with a complete lack of 

structure ($ = 0; star phylogeny) fits the untransformed topology and branch lengths of 

the original tree ($ = 1) (Pagel, 1999). K values of 1 correspond to a Brownian motion 

process, which implies some degree of phylogenetic signal. K values closer to zero 

correspond to a non-correlated pattern of evolution, while K values greater than 1 

indicate a strong phylogenetic signal. In contrast, $ has a natural scale between zero (no 

correlation between species) and 1 (correlation between species equal to the Brownian 

expectation). The statistical significance of K was evaluated by comparing the observed 

variance to that expected from 1000 simulations in which taxa labels were randomly 

shuffled across the tips of the phylogeny. The statistical significance of $ was evaluated 

using a likelihood ratio test.  

Phylogenetic trees containing many terminal polytomies can dramatically inflate 

the estimates of the phylogenetic signal (Davies et al., 2012). Thus, we conducted a 

rarefaction procedure on more accurate estimates of the phylogenetic trait signals. We 

randomly removed all but one taxon per terminal polytomy in the phylogeny and then 

estimated K and $ on the smaller, ‘thinned-out’ tree; this procedure was repeated 999 

times (Davies et al., 2012). The ‘true’ estimate of the phylogenetic signal is represented 

by the mean of the generated distributions of K and $ values. The phylogenetic signal 

for SLA and leaf C:N ratio was estimated from the average values for each species and 

subspecies in the dataset. 
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Statistical analysis 

Alpha diversity 

We investigated the effects of soil parameters (PCA1 and PCA2) and elevation on 

taxonomic, phylogenetic and functional alpha diversity components using both 

incidence-based (species traits) and abundance data (community-weighted traits). We 

fitted multiple linear regressions with PCA1, PCA2 and elevation as predictors. In order 

to account for spatial trends in the data, we also included the longitudinal geographical 

coordinates of transects (x coordinates) as a predictor. The derived global model is as 

follows: 

 

"-diversity component ~ PCA1 + PCA2 + elevation + longitude   (Eq. 5) 

 

For each of the global models, we created a model set based on the global model 

(Eq. 5) up to a model including only the intercept, and compared models within each set 

using Akaike’s information criterion (AIC). We retained the model with the lowest AIC 

score as the most likely combination of predictors. All models were fitted using 

Maximum Likelihood (ML) to allow for comparisons with AIC (Grueber et al., 2011). 

To assess differences in taxonomic and phylogenetic alpha diversity between 

adults and juveniles within transects we fitted repeated measures ANOVAs with 

transects as random factor. For each of the four models (two for taxonomic alpha 

diversity and two for phylogenetic alpha diversity), we first selected the optimal 

structure of the random effect using AIC by comparing (1) a model with no random 

effect, (2) a model including the random variance of the constant and (3) a model 

including both the random variance of the constant and the random variance of the fixed 

factor (n = 2 factor levels). All these models were fitted using Restricted Maximum 
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Likelihood (REML). Once the structure of the random factor had been chosen, we 

selected the optimal structure of the fixed factor by comparing (1) a model including 

only the effect of the constant (with no fixed factor) and (2) a model including the fixed 

factor. All models were fitted using Maximum Likelihood (ML). 

 

Beta diversity 

To investigate changes in taxonomic, phylogenetic and functional beta diversity with 

changes in soil properties (PCA1 and PCA2) and elevation among the study transects we 

conducted Partial Mantel tests controlling for the geographical distance between 

transects (Legendre & Legendre, 1998). The geographical coordinates of transects (x 

and y coordinates) were Z-transformed and the distance between transects was 

estimated as the Euclidean distance between each pair of coordinates. We tested the 

significance of the Partial Mantel tests by permuting rows and columns of the response 

matrix (beta diversity) 10 000 times. 

 All analyses were carried out in R 2.15.1 (R Development Core Team, 2012) 

with the software packages NLME (Pinheiro et al., 2012), NCF (Bjornstad, 2013), 

PHYTOOLS (Revell, 2012) and the R code implemented in de Bello et al. (2010) and in 

Davies et al. (2012). 

 

 

Results 

Our dataset consisted of 13 836 individual plants belonging to 77 woody species, of 

which 11 316 were adult plants and 2520 juveniles. The species richness per transect 

(mean ± SD) was 15.6 ± 4.1 for adults and 12.0 ± 3.5 for juveniles.  
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Phylogenetic signal 

We detected a strong phylogenetic signal for seed size but a less intense signal for 

flower size; the remaining traits showed only a weak or non-correlated pattern of 

evolution (Table 1). 

 

Alpha diversity 

Species richness (taxonomic alpha diversity based on species incidences) was 

significantly higher with greater soil pH (PCA2; R2 = 0.48, P < 0.05), whereas the 

community-weighted phylogenetic distance within communities tended to increase with 

elevation given the extant phylogenetic distances among all species in the dataset (NM1, 

R2 = 0.28, P < 0.05) (Table 2). Elevation was the main factor predicting functional 

alpha diversity in the maximum height and blooming time of species given the extant 

functional dissimilarities among all species in the dataset (NM1), with both community-

weighted and species trait values tending to cluster towards lower heights and shorter 

blooming times at greater elevations (Table 2, Appendix 2). By contrast, seed-size 

distributions based on both incidence and abundance data tended to cluster with greater 

soil pH. We also detected significant deviances in local species abundances towards a 

common seed size value and phylogenetic clustering in low-elevation communities but 

more divergent seed-size distributions and phylogenetic overdispersion at greater 

elevations (NM2, R2 = 0.19, P < 0.05 for phylogenetic distance; R2 = 0.35, P < 0.01 for 

seed size). 

Finally, we found no differences in taxonomic or phylogenetic alpha diversity 

between adults and juveniles within transects except in species richness (adults 

outnumbered juveniles; see Figure S1 in Appendix 2). The most parsimonious model 
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explaining differences in taxonomic alpha diversity among life stages based on species 

incidences included the random variance of the constant. 

 

 

Table 1. Averaged values of K and $ and their respective average P-values (n = 999) for the 

functional traits considered in the study. In bold, averaged P-values < 0.05  

 

Trait K $ P-value (K) P-value ($) Life-cycle stage 

SLA 0.26 0.17 0.25 0.39 Vegetative 

Leaf C:N 0.33 0.39 0.05 0.05 Vegetative 

Max. height 0.30 0.61 0.21 0.01 Vegetative  

Flower size 0.46 0.65 0.002 0.01 Regenerative 

Seed size 0.92 0.93 0.01 < 0.001 Regenerative 

Blooming time 0.27 0.33 0.17 0.002 Regenerative 

 

 

Table 2. Effects of soil parameters (PCA1 and PCA2), elevation and longitude on taxonomic 

(TD), phylogenetic (PD) and functional (FD) alpha diversity of plant communities (adults). 

Estimators from the model with the lowest AIC score and the coefficient of determination (R2) 

for each model are given. Only alpha diversity components with significant relationships with 

the explanatory variables are shown. Effect-size values were calculated under the Null Model 1 

(see text).  
 

"-diversity component Dataset PCA1 PCA2 Elevation Longitude R2 

TD Incidences  -0.530   1.016 *  -0.005 - 0.48 

PD Abundances - -   0.001 * -0.120 0.28 

Abundances -   0.057  -0.001 ** - 0.47 
FD – Plant height 

Incidences -   0.087  -0.002 *** - 0.65 

Abundances  0.035  -0.122 **   0.001 - 0.52 
FD – Seed size 

Incidences -  -0.122 *  -0.001 - 0.26 

Abundances - -  -0.001 * - 0.28 
FD – Blooming time 

Incidences - -  -0.001 ** - 0.40 

 
*** P < 0.001; ** P < 0.01; * P < 0.05 
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Beta diversity  

Taxonomic turnover based on species abundances was positively correlated with soil 

parameters (PCA1 and PCA2) and elevation (Table 3); in a similar fashion, species 

richness was positively correlated for PCA2 and elevation. Phylogenetic and seed size 

turnover based on species incidences had a weak and negative correlation with 

elevation.   

 Functional turnover in SLA and leaf C:N based on species incidences displayed a 

positive correlation with changes in pH and micronutrient concentrations (PCA2). 

Turnover in maximum height and blooming time based on both incidence and 

abundance data were positively and negatively correlated with elevation and PCA2, 

respectively. Community-weighted turnover in seed size and blooming time were also 

negatively correlated with differences in the degree of carbonates and silt fraction 

(PCA1). 
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Table 3. Correlation coefficients from Partial Mantel test investigating the effects of 

physicochemical soil parameters (PCA1 and PCA2), elevation and longitude on taxonomic (TD), 

phylogenetic (PD) and functional (FD) beta diversity among plant communities (adults). 

Correlations were controlled by the geographical distance between transects. Only beta diversity 

components with significant relationships with the explanatory variables are shown. Effect size 

values were calculated under the Null Model 1 (see text). 

#-diversity component Dataset PCA1 PCA2 Elevation 

Abundances  0.29 **  0.30 **  0.21 * 
TD 

Incidences  ns  0.29 **  0.33 ** 

PD Incidences  ns  ns -0.17 * 

FD – SLA Incidences  ns  0.30 **  ns 

FD – Leaf C:N Incidences  ns  0.23 *  ns 

Abundances  ns -0.29 ***  0.32 ** 
FD – Plant height 

Incidences  ns -0.19 *  0.30 ** 

Abundances -0.17 *  ns  ns 
FD – Seed size 

Incidences  ns  ns -0.21 * 

Abundances -0.20 * -0.22 *  0.29 ** 
FD – Blooming time 

Incidences  ns -0.17 *  0.49 ** 

 
*** P < 0.001; ** P < 0.01; * P < 0.05; ns = non-significant 
 

 

Discussion 

The extraordinary spatial and temporal heterogeneity of Mediterranean landscapes is a 

key factor in understanding the high levels of plant diversity and spatial turnover that 

these ecosystems possess. Although the role of elevation gradients has been 

traditionally claimed as a decisive factor in shaping diversity patterns (Lomolino et al., 

2001), less attention has been paid to the effects that soil properties have on the 

structuring of functional and phylogenetic diversity in Mediterranean plant 

communities. In this chapter, we show how elevation and soil properties have 
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contrasting effects on the structuring of taxonomic, phylogenetic and functional 

diversity in plant communities in a Mediterranean biodiversity hotspot, and also provide 

a first assessment of the regeneration status of the studied communities. 

Communities on acidic soils corresponding to the siliceous central core of the 

Sierra Nevada had poorer species richness than communities on more basic soils. This 

is consistent with previous accounts of diversity in this region, in which both the total 

species richness and the Baetic regional endemic species richness per unit area in the 

siliceous core are lower than in other adjacent calcareous areas, both at ecoregion and 

Sierra Nevada scales (Molina-Venegas et al., 2013, 2014). By contrast, the siliceous 

core of the sierra harbours the greatest number of exclusive endemic species per unit 

area of any the high mountain areas in the southern Iberian Peninsula (Mota et al., 

2002). The orographic isolation and the more recent emergence of the siliceous core 

compared to the lower elevation calcareous slopes may responsible for the high number 

of exclusive endemic species in the former given the importance of the complex 

geological history of the Mediterranean in the evolution of endemisms (Thompson, 

2005; Molina-Venegas et al., 2014). Further comparative analyses of soil and climatic 

niche shifts conducted on sister congeners will help elucidate the environmental drivers 

of speciation at work in the endemic flora of the Sierra Nevada.     

Elevation was the main factor predicting the phylogenetic and functional alpha 

diversity of plant communities – albeit only for maximum height and blooming time – 

for both incidence-based and abundance data given the extant phylogenetic and 

functional dissimilarities among all species in the dataset (NM1). Community-weighted 

phylogenetic and functional alpha diversity, however, showed opposite trends and 

respectively, increased and decreased towards high elevations. In other words, the 

dominant species in high-elevation communities are phylogenetically distant but 
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functionally similar, being relatively low in height and having relatively short blooming 

times (see Appendix 2). These results suggest environmental filtering is driving the 

assemblages in high-elevation communities in these mountains through 

phylogenetically convergent traits (Diamond, 1975; Webb et al., 2002). Small-size 

individuals necessarily keep buds and apical shoots – which have to survive the 

unfavourable period of the year – near ground level (Raunkiær, 1934) to protect them 

from desiccation and frost. On other hand, the blooming times of high mountain 

populations are usually constrained and overlap due to both abiotic (short growing 

seasons) and biotic factors (short pollinators activity periods) (Primack, 1985). 

Furthermore, we found a significant shift in deviances in local species abundances 

towards optimal values for seed size (larger seeds, see Appendix 2) and phylogenetic 

clustering at low elevation but divergent distributions of seed sizes and phylogenetic 

overdispersion at greater elevations (NM2). Thus, the community-weighted 

phylogenetic structure of communities varies from clustering to overdispersion along 

the elevation gradient in these mountains for the given the phylogenetic structure of the 

regional pool. As well, the most abundant species in low-elevation and phylogenetically 

clustered communities tend to be closely related and functionally similar species in 

terms of seed size for the given species abundances within communities, whereas the 

more abundant species in the high-elevation phylogenetically overdispersed 

communities are generally distantly related species (Fig. 2). These results suggest that 

local species abundances in low-elevation communities could be determined by 

environment-dependent optimal values in seed size (larger seeds, see Appendix 2) and 

by other non-considered functional traits since close relatives in many plant groups tend 

to share similar phenotypic traits (Kraft & Ackerly, 2014). Baker (1972) found a clear 

trend in nearly 2500 taxa for decreasing seed weight with increasing elevation in the 
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Mediterranean-type California Floristic Province. He posited that smaller seeds were the 

result of a reduction in the availability of photosynthates due to the decreasing length of 

the growing season at greater elevations in the Californian mountains. On the other 

hand, the overdispersed community-weighted phylogenetic structure of high-elevation 

communities provides support for the existence of niche differentiation, even if 

phylogenetically convergent traits are also driving the assemblage of communities (i.e. 

maximum height and blooming time). These results highlight the multidimensionality 

of species’ functional niche, as reflected by the opposing trends in the variation in the 

distributions of functional traits of local communities along the elevational gradient, 

which in turn may be the result of different trait-mediated mechanisms simultaneously 

shaping the assemblage of local plant communities (Cornwell & Ackerly, 2009). 

Nevertheless, the specific mechanisms of species interactions (i.e. competitive 

exclusion, facilitation) cannot be inferred from these analyses.  

As expected, we found strong and significant relationships between beta 

diversity and the environmental gradients of the sierra. Taxonomic turnover was 

particularly notable along the elevation and soil property gradients for both incidence-

based and abundance data, which reflects the general mosaic-like aspect of these 

Mediterranean landscapes (Dufour-Dror, 2002). Elevation was also a key factor 

explaining functional turnover in maximum plant height and blooming time, which also 

helps explain the negative relationships between turnover in both functional traits and 

the PCA2 since communities were sampled at similar elevations under contrasting 

edaphic conditions (i.e. soils derived from mica-schists, limestones or dolomites). 

However, both SLA and leaf C:N turnover based on species incidence were related to 

PCA2. Although the relationship between alpha diversity of SLA and leaf C:N, on the 

one hand, and PCA2, on the other, were non-significant, communities that lie on the 
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extremes of the PCA2 did have contrasting values for these two traits. Specifically, 

communities that develop on high pH soils with low micronutrient concentrations (such 

as those derived from dolomites) were formed by populations of species with low SLA 

and high leaf C:N ratios and vice versa (see Appendix 2). Low SLA tends to reflect low 

growth rates and thus slow nutrient consumption in resource-poor habitats, while high 

SLA is generally associated with the opposing strategy (Westoby et al., 2002; Wright et 

al., 2002). In fact, the relationship between SLA and soil fertility has been shown to be 

particularly significant in other Mediterranean shrublands suffering from harsh climatic 

conditions (Anacker et al., 2011). On the other hand, high leaf C:N ratios indicate low 

nitrogen availability for plants. Plants allocate carbon preferentially to growing when 

nutrients are available. In low-nutrient conditions, plant growth is constrained but 

photosynthesis is less affected, leading to a build-up of carbon-based secondary 

metabolites and thus higher C:N ratios (Tuomi et al., 1984; Bryant et al., 1985). This 

carbon re-allocation due to resource-poor conditions may explain the high production of 

secondary metabolites in low-elevation communities dominated by closely related 

species in low-nutrient-stressed soils such as those derived from limestones and 

dolomites (e.g. Lamiaceae, Cistaceae; Boscaiu et al., 2010). Nevertheless, SLA and leaf 

C:N turnovers based on species abundances were non-significant, most likely because 

relatively abundant edaphically indifferent species (e.g. Ulex parviflorus subsp. 

parviflorus, Arenaria armerina subsp. armerina, Helianthemum apenninum subsp. 

suffruticosum and Bupleurum spinosum) contribute to the homogenization of the 

floristic composition of these communities. In this sense, studies focusing on how 

dominance and similarity affects the functional structure of communities may help 

improve knowledge of the drivers of community assembly in Mediterranean ecosystems 

(Chalmandrier et al., 2014).      



Chapter 6. Diversity patterns of Mediterranean shrub communities 

  296 

Future directions 

Focusing on community trait distributions may be a useful way of inferring both abiotic 

factors and biotic interactions responsible for the assemblage of communities (Webb et 

al., 2002). However, the same assemblage mechanism (e.g. competitive exclusion) may 

have opposite effects on the functional and/or phylogenetic structure of communities 

(Mayfield & Levine, 2010), which means that our understanding of community 

assembly mechanisms remains unclear and very limited (Cleland et al., 2011). In this 

sense, a combination of descriptive studies and experimental evidence and 

experimentally oriented observations (e.g. community dynamics after disturbance or 

invasions) at both community and neighbourhood scales (Verdú et al., 2009; Gross et 

al., 2013) represent progress in our understanding of the relative contributions of abiotic 

filters and biotic interactions to the structuring of natural communities, and future work 

should thus be aimed in this direction. 
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Supplementary Information  

Appendix 1. Principal components analysis coordinates (PCA1 and PCA2) of the soil 

parameters. In bold, scores higher than 0.30 in absolute value. 

Parameter PCA1 PCA2 

Cooper (Cu) -0.0001 -0.4218 

Iron (Fe) 0.1589 -0.3707 

Manganese (Mn) 0.1086 -0.3239 

Zinc (Zn) -0.1522 -0.2858 

Clay -0.2574 -0.1672 

Silt -0.3115 0.0691 

Sand 0.3358 0.0683 

Oxidizable organic matter -0.2897 -0.1412 

Nitrogen (N) -0.3136 -0.0829 

Phosphorus (P) -0.2373 -0.0132 

Electric conductivity -0.3013 0.2035 

pH -0.1512 0.3897 

Calcium (Ca) -0.3367 0.0257 

Magnesium (Mg) -0.0698 0.2964 

Potassium (K) -0.2422 -0.2529 

Sodium (Na) -0.1155 -0.2936 

Boron (Bo) 0.1733 -0.0414 

Carbonates  -0.3021 0.0078 
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Appendix 2. 

Figure S1. Box-and-whisker plot of the differences in taxonomic alpha diversity based on 

species incidences (species richness) among different life stages (adults and juveniles) in Sierra 

Nevada shrub communities (n = 17). 

 

 

 

Figure S2. Scatterplots of the relationship between community mean (incidence data) and 

community-weighted mean (abundance data) values of functional traits and environmental 

gradients (elevation, PCA1 and PCA2) in the study area. Only functional traits that showed 

significant relationships with the explanatory variables (alpha diversity) are shown, along with 

the community mean of SLA, leaf C:N ratio and community-weighted mean of seed size.  
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The general aim of this PhD Thesis was to elucidate plant diversity patterns in 

the Baetic-Rifan biodiversity hotspot over different spatial scales, i.e. from regional to 

community scale, paying special attention to elevation and substrate as the key factors 

explaining such patterns. The Baetic-Rifan complex constitutes one of the two main 

centres of biodiversity in the Mediterranean Basin (Médail & Quézel, 1999). During the 

Tortonian around 10 Ma, the Alboran microplate that contained most of the geological 

materials of the Baetic-Rifan mountain belts accreted at the southeastern tip of the 

Iberian Peninsula and northwestern tip of Africa (Rosenbaum et al., 2002). This was 

followed by the beginning of the rapid uplift of the Baetic and Rifan mountains around 

8 Ma (Braga et al., 2003), roughly coincident with the oldest records of Mediterranean 

climate from the region (Brachert et al., 2006). The Baetic-Rifan region can thus be 

thought of as a geographical and historical island that has presumably experienced both 

high and recent in situ diversification of certain lineages, probably due to the onset of 

Mediterranean climatic conditions (Guzmán et al., 2009; Fernández-Mazuecos & 

Vargas, 2010; Verdú & Pausas, 2013) and low immigration rates. Two important 

exceptions to this model are the (1) Quaternary glacial periods (Ice Ages), which 

obliged a number of Arctic and alpine plant lineages to migrate – thereby leading to 

differentiation (local speciation) – into the southern Iberian Peninsula and northwestern 

Africa glacial refugia (Médail & Diadema, 2009), and (2) some putative older 

migrations of lineages from the Irano-Turanian region during the Messinian (Bocquet et 

al., 1978). The presumably high recent in situ evolutionary diversification of certain 

lineages (Guzmán et al., 2009; Balao et al., 2010; Verdú & Pausas, 2013), together with 

some other historical effects and sorting processes (Herrera, 1992), have resulted in a 

regional pool of distinct lineages that include many narrow neo-endemics (Médail & 

Quézel, 1999), as well as the extant representatives of the flora that existed under pre-
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Pliocene climatic conditions (Herrera, 1992; Postigo Mijarra et al., 2009). Nevertheless, 

the debate continues as to whether diversification rates in lineages in Mediterranean-

type regions were affected by this trend towards aridity in the Late Miocene-Pleistocene 

transition (Fiz-Palacios & Varcárcel, 2013; Lancaster & Kay, 2013), and the 

environmental-linked diversification hypothesis thus needs to be explicitly tested in the 

Baetic-Rifan biodiversity hotspot with its particular historical and environmental 

settings.  

The extraordinarily diverse regional pool of species present in the Baetic-Rifan 

range is distributed across a heterogeneous mosaic-like landscape characterized by great 

geomorphological and lithological complexity. Environmental filters determine the 

coexistence of species at landscape and habitat scales, mediated by dispersal, that 

finally give way to density-dependent interactions at community and neighbourhood 

scales (Cavender-Bares et al., 2009). The Baetic-Rifan biodiversity hotspot can thus be 

thought of as an excellent natural laboratory for improving our knowledge of the 

interaction between the evolutionary and ecological processes that shape taxonomic, 

phylogenetic and functional diversity patterns in plant assemblages at different 

geographical scales. 

 

 

The integrity of the Baetic-Rifan range as a biodiversity hotspot 

within the Mediterranean biodiversity hotspot  
 

A floristic analysis of the Andalusian and North Morocco ecoregions confirms the 

integrity of the Baetic-Rifan range as a biodiversity hotspot given that West Rifan plant 

assemblages resemble Andalusian ecoregions more than nearby northern Morocco 

ecoregions (Molina-Venegas et al., 2013). These findings give further support to the 
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hypothesis that the Strait of Gibraltar has acted in the past as a migration route (or, at 

least, has not promoted any differentiation) for plants from both sides of the Strait 

(Lavergne et al., 2013) via the historically intermittent connections that have existed 

between Europe and Africa (the so-called land bridges; Simpson, 1940; Elias et al., 

1996; Elias & Crocker, 2008). However, we accept that our analyses are to some extent 

incomplete because the Baetic mountains expand beyond the boundaries of Andalusia 

into certain adjacent mountainous areas in the southeastern Iberian Peninsula; thus a 

complete floristic review of this hotspot would have to include the Baetic sierras of 

Alicante, Murcia and Albacete (SE Iberian Peninsula) and even the Balearic Islands 

since these ranges form part of the same geological unit (the Alboran microplate) (Vera, 

2004).  

Thanks to the well-studied flora of the region (Valdés et al., 1987; Valdés et al., 

2002; Blanca et al., 2009) and the increasing availability of phylogenetic data and 

computing power (Cavender-Bares et al., 2009), we have been able to expand our study 

of the evolutionary dimension of diversity (phylogenetic diversity) within and among 

the ecoregions of this hotspot (Graham & Fine, 2008). Our findings strongly back the 

idea that the Alboran Sea (the westernmost portion of the Mediterranean Sea) currently 

separates many terminal sister angiosperm lineages in the European and African parts of 

this hotspot. Our results further confirm the integrity of the Baetic-Rifan range as a 

biodiversity hotspot in both dimensions of biodiversity (time and space) and illustrate 

how the temporary joining of both continents could have contributed to the emergence 

of the hotspot (Xiang & Soltis, 2001; Milne, 2006; Lavergne et al., 2013). Specifically, 

we suggest a common scenario of allopatric speciation in recently coexisting ancestors 

of extant taxa due to repeated splits between the two landmasses (Fig. 1). The 

fragmentation of the range of a widespread ancestral taxon into different parts of its 
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original distribution is a well-documented and common speciation mechanism in the 

Mediterranean Basin (Contandriopoulos & Cardona, 1984; Debussche & Thompson, 

2002; Quézel & Médail, 2003; Mansion et al., 2008; Yesson et al., 2009; Salvo et al., 

2010) that has produced many endemic species (known as schizo-endemics) (Stebbins 

& Major, 1965). Furthermore, somewhere close to 75% of the endemic species in the 

Mediterranean are neo-endemics, which illustrates the dynamic nature of speciation in 

this region (Thompson, 2005). Other land bridges in the Mediterranean such as the 

Sicilian-Tunisian bridge may have acted in a similar way (Quézel, 1978). Our findings 

open up an exciting avenue for further assessing the adjustment of current biodiversity 

hotspots within the Mediterranean Basin (Médail & Quézel, 1999). 

 

 

 
 

Figure 1. Summary of taxonomic and phylogenetic plant diversity patterns at regional scale in 

the Baetic-Rifan biodiversity hotspot in the western Mediterranean (see inset, modified from 

Médail & Quézel, 1999). The colours on the map represent the three floristic clusters found for 

the flora of the Baetic-Rifan range (see chapter 2); the flora of the Baetic sierras in eastern 

Andalusia (dark green), the flora of the Baetic sierras in western Andalusia and the western 

Rifan mountains (light green), and the flora of the eastern Rifan range (orange). The horizontal 
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phylogeny shows the spatial sorting of the three basal angiosperm lineages (i.e. Magnoliids, 

Monocots and Eudicots) along the longitudinal axis of the hotspot (the most basal lineage of 

angiosperms, the so-called ANITA clade, has no representatives in the study area). The vertical 

phylogeny shows the proposed pattern of repeated splits between the two landmasses in recently 

coexisting ancestors of extant taxa from disparate angiosperm clades (see chapter 3). 

 
We also found that turnover in deep lineages tends to occur among ecoregions 

within landmasses, following the general increasing east to west precipitation gradient 

of the region (Valdés, 1991; Rivas-Martínez et al., 1997). As well, plant assemblages in 

the more westerly ecoregions tend to be phylogenetically overdispersed but are 

phylogenetically clustered on the eastern margins of the region. This pattern could be 

explained by certain niche similarity within deep lineages (Prinzing et al., 2001), 

coupled with strong habitat filtering and local diversification within eastern ecoregions 

in certain lineages (Cardillo et al., 2011). Verdú & Pausas (2013) compared local 

diversification and extinction rates in shrublands in the eastern Iberian Peninsula in two 

contrasting groups of woody plants differing in morphological, life history and 

reproductive traits (sclerophyllous and non-sclerophyllous syndromes, see Herrera 

1992). They found that the onset of more xeric Mediterranean climatic conditions 

triggered syndrome-driven local diversification, with greater speciation associated with 

the non-sclerophyllous syndrome. These results support the hypothesis that 

phylogenetic clustering on the eastern margins of the hotspot is to a large extent due to 

local diversification in xeric-adapted lineages characterized by the non-sclerophyllous 

syndrome (‘true Mediterranean’ Quaternary taxa). The syndromes described in Herrera 

(1992) also fit the woody plants from other Mediterranean floras (i.e. central Chile, 

California Floristic Province), although the structural and functional similarities found 

across Mediterranean-type biomes seem to be due to the long-term survival of old 

lineages that evolved under Tertiary climatic conditions (sclerophyllous syndrome) 
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rather than to the ‘true Mediterranean’ Quaternary taxa (Verdú et al., 2003). Thus, the 

drivers of the diversification of the non-sclerophyllous syndrome across Mediterranean-

type ecosystems may be different for each region, and do not seem to be the result of 

convergent evolution. The high incidence of fires that accompanied the appearance of 

the Mediterranean climate (Keeley et al., 2012) has been proposed as a possible 

explanation for the high diversification rates in Mediterranean lineages, at least in the 

Cape and SW Australian Floristic regions; in other Mediterranean-type biomes, 

however, other explanations such as herbivory pressure and the Quaternary Ice Ages 

also come into play. The impact of fire regimes in driving evolutionary diversification 

may also be determined by the differential rainfall reliability across Mediterranean-type 

regions (Cowling et al., 2005). The non-sclerophyllous syndrome is more associated 

with species considered to be post-fire seeders (Verdú, 2000) and with those that mature 

earlier than species in the sclerophyllous syndrome (Pausas & Verdú, 2005). These 

traits may reduce both generation time and the overlap between generations under a 

scenario of recurrent fires, thereby maintaining genetic variation (Ellner & Hairston, 

1994) and providing more opportunities for evolutionary diversification (Ojeda, 1998; 

Verdú, 2002). However, there is also evidence that fire does not necessarily act as a 

throttle for diversification in certain fire-prone Mediterranean-type ecosystems (e.g. the 

Cape and SW Australian Floristic regions) (Verdú et al., 2007). Thus, the potential 

drivers of the syndrome-driven diversification across Mediterranean-type ecosystems 

still remain unclear (but see below). 
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The role of elevation and substrate in shaping diversity patterns: 

from regional to community scale 
 

Mediterranean landscapes are characterized by the mosaic-like aspect of their 

constituent vegetation (Dufour-Dror, 2002). Traditionally, the geomorphological 

complexity of the Mediterranean and the great heterogeneity of soil conditions found 

there have been considered as key factors in shaping this pattern (Quézel & Médail, 

2003; Thompson, 2005). The Baetic ranges consist of a set of disjoint mountain ranges 

containing many peaks over 2000 m a.s.l. with contrasting soil types derived from 

outcrops of differing lithology (Mota et al., 2002). They thus constitute an ideal 

scenario for assessing traditional claims concerning the structuring of Mediterranean 

vegetation. 

 We have shown that diversity patterns amongst endemics do not necessarily 

mirror the diversity patterns of the regional pool in which these endemic taxa are 

integrated (Whittaker et al., 2001; Vetaas & Grytnes, 2002). Specifically, the taxonomic 

turnover of endemics across the Baetic ranges seems to be more related to lithological 

conditions and geographical distance (Molina-Venegas et al., 2013; Molina-Venegas et 

al., 2014). The lack of any noteworthy adaptive feature regarding wide dispersal and 

colonising capabilities in Mediterranean endemics has been previously reported for 

Mediterranean-type ecosystems (Cowling, et al., 1994; Hopper & Gioia, 2004; 

Lavergne et al., 2004) and the Baetic ranges (Melendo et al., 2003), thereby implying 

the predominance of selective pressures promoting local persistence rather than any 

active colonisation by Mediterranean endemics. The predominance of the former 

strategy among endemics supports the hypothesis that substrates are a key factor in the 

structuring of plant diversity in the Mediterranean. Interestingly, we found no 

phylogenetic structure in endemics across different lithologies, which suggests that 
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edaphic specialist endemics have evolved from multiple lineages and underlines the role 

played by the substrate in promoting differentiation in the Baetic ranges (Mota et al., 

2002) and in Mediterranean climate regions in general (Anacker et al., 2011; Anacker & 

Harrison, 2012; Anacker & Strauss, 2014). Our results also indicate that a generalized 

process of elevational phylogenetic niche conservatism is at work in the eudicot flora of 

the Baetic ranges, with chamaephytes and hemicryptophytes, the predominant life forms 

among the endemic flora in the south of the Iberian Peninsula, increasingly dominant at 

higher elevations (Melendo et al., 2003; Giménez Luque et al., 2004). This pattern, 

together with the ecological characteristics of the endemic species (i.e. substrate-linked 

ecology, see Mota et al., 2008), supports the idea that substrates and topographical 

isolation are drivers of diversification across the mountains of the range. Furthermore, 

there is some evidence to suggest that topographic complexity has probably powered 

the radiation of mountain lineages across other Mediterranean-type regions (Britton et 

al., 2014). In a recent work, Anacker & Strauss (2014) provide support for sympatric 

speciation as the predominant mechanism of plant speciation in the Mediterranean 

California Floristic Province and underline the importance of soil heterogeneity in 

generating plant diversity in this particular Mediterranean hotspot. However, van der 

Niet & Johnson (2009) found little soil shift between sister pairs in the Cape Floristic 

Region, a conclusion that seems to indicate that soil heterogeneity is not such an 

important factor in promoting diversification in the Mediterranean Cape region as was 

previously thought (Goldblatt & Manning, 2002). Thus, further phylogenetic, 

biogeographical and ecological genetic analyses focusing on disparate sister pairs found 

across the Baetic ranges will help to assess whether soil heterogeneity promotes 

evolutionary diversification and to judge the incidence of this predominant speciation 

mechanism across Mediterranean biodiversity hotspots. In this sense, a comparative 
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analysis between the Baetic and Rifan ranges will help gauge explicitly the role of 

topographical isolation as a driver of diversification in the Baetic range given that the 

Rifan mountains are individually much less isolated from one another than the Baetic 

sierras (see Fig. 2 in the General Introduction), and that both parts of this hotspot share 

plant lineages that have presumably undergone in situ diversification (e.g. 

Helianthemum, Teucrium, Sideritis and Arenaria).      

 Throughout our work we have reported great taxonomic turnover across disjoint 

mountain ranges. Nevertheless, phylogenetic and functional turnover was significantly 

higher than expected between elevational belts within mountain ranges, but was weak 

and non-significant in most of the comparisons we performed between ranges within the 

same elevational belts (Molina-Venegas et al., 2014). These results suggest that plant 

assemblages are not randomly structured along the elevational gradients of the sierras 

that we studied. Indeed, we found strong structuring in lineages with elevation. 

Specifically, we show that plant lineages with the sclerophyllous syndrome are mainly 

found in low-elevation belts, whereas non-sclerophyllous lineages occur across higher 

elevation ranges (Molina-Venegas et al., 2014). The strong phylogenetic signal reported 

for the syndromes, combined with the non-random phylogenetic turnover among 

elevational belts within sierras, provides evidence for the combined role of phylogenetic 

niche conservatism and habitat filtering in shaping plant assemblages across the Baetic 

range. Although many sclerophyllous taxa are endozoochorous (a putatively efficient 

dispersal mechanism) and are generally widespread throughout the Northern 

Hemisphere (Herrera, 1992), they are mainly found in low-elevation woodland habitats 

of mild climate, thereby suggesting that sclerophyllous lineages are ecologically 

restricted due to their sensitivity to cold temperatures. In fact, many of these species are 

the extant representatives of the past flora that existed under tropical-like Tertiary 
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climatic conditions (Herrera, 1992; Postigo Mijarra et al., 2009), which found a climatic 

refugium on the southern edge of the Iberian Peninsula (and probably in NW Africa as 

well) in which to withstand the dramatic temperature oscillations that occurred from the 

late Miocene onwards (Postigo Mijarra et al., 2009; Rodríguez-Sánchez & Arroyo, 

2011). By contrast, non-sclerophyllous lineages occur across higher-elevation ranges 

under colder climatic conditions. The dramatic climatic oscillations occurring over the 

past 3 Ma led to a generalized loss of alleles and increasing homozygosity due to 

differential recolonization capabilities among populations (Hewitt, 1993). However, this 

process also allowed diverged and eroded genomes to come into contact as they 

expanded their ranges from separate glacial refugia (Hewitt, 1989), which could have 

promoted the formation of new species of hybrid origin throughout the Pleistocene 

(Stebbins, 1985; Hewitt, 2000). Mountain regions in the southern Iberian Peninsula 

remained somewhat buffered from such climatic oscillations owing to the influence of 

the Atlantic Ocean (Rodríguez-Sánchez et al., 2008) and this would have provided more 

opportunities for newly formed species to survive (Médail & Diadema, 2009). In 

conclusion, the diversification of the Quaternary lineages in the western Mediterranean 

may be in large part due to the climatic oscillations imposed by the Pleistocene Ice 

Ages; the Baetic-Rifan range probably played an important role by allowing newly 

formed species with the non-sclerophyllous syndrome to persist at high elevations in its 

mountain ranges, whilst the sclerophyllous lineages took refuge in the climatically 

milder lowlands (Fig. 2).  

 The concentration of large numbers of species in few lineages, many of which 

have undergone recent and local diversification (i.e. ‘true Mediterranean’ Quaternary 

taxa, see Balao et al., 2010; Guzmán et al., 2009), means that closely related species 

often co-occur at community scale (Slingsby & Verboom, 2006). Thus, understanding 
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the maintenance of the floristic richness of the Baetic-Rifan biodiversity hotspot will 

depend partly on an appreciation of the processes that govern co-occurrence at 

community scale among closely related species. In the last core chapter of this PhD 

Thesis (chapter 6), I conduct a preliminarily assessment of the role of soil properties and 

elevation in shaping shrub communities in the Sierra Nevada, one of the most 

outstanding mountain areas in the Baetic range, by focusing on species incidence and 

abundance data, multiple traits and phylogenetic information. The Sierra Nevada is a 

clearly delimited mountain range with many peaks over 2000 m a.s.l., and boasts a wide 

array of substrates that include mica-schists, crystalline dolomites and limestones, as 

well as other less abundant substrates (Martín et al., 2008).  

 

 
 

Figure 2. Schematic representation of phylogenetic and functional turnover along the 

elevational gradients of two Baetic sierras of contrasting lithologies (grey and greenish). The 

colours of the tree branches represent deep lineages of eudicots, and the circles on the tips of the 

phylogenies represent the species that are present within each sierra. The red diamonds on the 

tree nodes show splits in recent ancestors between the two sierras and the resulting substrate-

linked endemic species across disparate lineages. Note also the strong turnover of deeper 

lineages along the elevational gradients of the sierras. The photographs in the left-hand figure 

represent the turnover in character syndromes along elevational gradients, with the 
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sclerophyllous lineages (e.g. Pistacia lentiscus L., Anacardiaceae) restricted to low elevations 

and the non-sclerophyllous lineages (e.g. Teucrium aureum subsp. angustifolium (Willk.) 

Valdés Berm. & Sánchez Crespo, Lamiaceae) occurring across higher elevation ranges. The 

photographs in the right-hand figure represent the turnover in life forms along elevational 

gradients, with therophytes (e.g. Melilotus segetalis (Brot.) Ser., Fabaceae-Trifolieae) being 

abundant at low elevations and chamaephytes (e.g. Thymus serpylloides subsp. serpylloides 

Bory, Lamiaceae) becoming increasingly dominant at higher elevations (see chapter 5). 

 

 

Overall, elevation was the main factor explaining phylogenetic and functional 

diversity in plant communities. However, community-weighted phylogenetic and 

functional alpha diversity showed opposite trends, increasing and decreasing, 

respectively, with greater elevations. These results suggest that habitat filtering may 

drive the assembly of high-elevation communities in these sierras via phylogenetically 

convergent traits (Diamond, 1975; Webb et al., 2002). We also detected a shift in 

deviances of local species abundances towards phylogenetic clustering at low elevations 

and phylogenetic overdispersion at greater elevations. A clear relationship between 

functional traits and species abundance provides evidence for the mechanisms that 

shape plant community assemblages (Mouillot et al., 2007; Cornwell & Ackerly, 2010). 

Given that close relatives tend to share similar phenotypic traits in many plant groups 

(Kraft & Ackerly, 2014), local species abundances in low-elevation communities could 

be determined via environment-dependent optima values in other non-considered 

functional traits. On the other hand, the overdispersed community-weighted 

phylogenetic structure of high-elevation communities provides support for the existence 

of niche differentiation, even if phylogenetically convergent traits are also driving 

community assembly. Finally, turnover in incidence-based specific leaf area (SLA) and 

leaf carbon:nitrogen ratio (leaf C:N ration) values were related to a pH and 

micronutrient gradient. These results highlight the multidimensional nature of the 
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functional niche of species and suggest that different trait-mediated mechanisms 

simultaneously shape the assembly of local plant communities (Fig. 3).  

As a corollary to this study, non-random phylogenetic structure should be seen 

as a first step towards the determination of a trait-environment relationship affecting 

community assembly rather than a ‘silver bullet’ approach for niche-based community 

ecology research (Winter et al., 2013). Furthermore, the lack of any phylogenetic signal 

in most of the functional traits considered in this study supports the idea that direct trait 

measurement combined with phylogenetic information is more desirable as an approach 

than the use of just phylogenetic information because these two concepts may represent 

complementary information (Cadotte et al., 2013).  

 

 
 

Figure 3. Phylogenetic and functional alpha and beta diversity patterns in Mediterranean shrub 

communities based on both incidence and abundance data along elevational and soil gradients 

in the Sierra Nevada in the Baetic range (see chapter 6). Functional alpha diversity decreases 

towards high elevations (i.e. maximum height and blooming time) as phylogenetic diversity 

increases. In other words, the most abundant species at higher elevations are functionally 

similar but phylogenetically overdispersed (the length of the rectangles at the tips of the 

phylogenies represent local species abundance). In the Sierra Nevada phylogenetic clustering 

and the overdispersion of communities at low and high elevations, respectively, occur when 

comparing the observed values to (1) those expected given the extant phylogenetic and 

functional dissimilarities among all species in the regional species pool (Null Model 1) and to 
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(2) those expected given local species abundances (i.e. the deviances in local species 

abundances from common trait optima values and divergent trait distributions, respectively; 

Null Model 2). Finally, the leaves in the figure represent the turnover in incidence-based 

specific leaf area (SLA) values along the soil gradient of the sierra (pH and micronutrients). 

Low-SLA species (e.g. Cistus clusii subsp. clusii Dunal, Cistaceae) tend to occur in low-nutrient 

soils with high pH values (i.e. dolomites and limestones, in grey), whereas high-SLA species 

(e.g. Teucrium compactum Lag., Lamiaceae) are more prone to appear in richer soils with lower 

pH values (i.e. mica-schists, in greenish). 

 

 

Furthermore, using both real and simulated data, it has been shown that, 

although closely relative species tend to share more features than distant relatives, 

beyond a certain threshold more distant relatives are not increasingly more divergent in 

phenotype (Kelly et al., 2014). Thus, incorporating phylogenetic information into 

community assembly studies conducted in Mediterranean biodiversity hotspots is of 

particular interest for elucidating trait-environment relationships since many closely 

related species are expected to co-occur at community scale due to local and recent 

evolutionary diversification (Verdú & Pausas, 2013). 

Examining trait convergence and divergence patterns at community scale 

constitutes an important first step in the study of community assemblages (Pillar & 

Duarte, 2010). However, different processes may lead to similar community trait 

distributions and thus do not suffice for inferring underlying mechanisms (Gross et al., 

2009). In a seminal paper, Webb et al. (2002) initially proposed competition and habitat 

filtering as the two mechanisms that explain phylogenetic and/or phenotypic divergence 

and convergence patterns, respectively (see also the ‘limiting similarity theory’, 

MacArthur & Levins, 1967). Subsequently, Mayfield & Levin (2010) showed that 

under some scenarios, competition can exclude more different and less closely related 

taxa from communities, thereby giving rise to phylogenetic and/or phenotypic 
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convergence driven by differential competitive abilities in co-existing taxa. On the other 

hand, facilitation has been shown to increase phylogenetic and/or phenotypic 

divergence by promoting the coexistence of functionally contrasted species (Valiente-

Banuet et al., 2006; Oviedo et al., 2013; Valiente-Banuet & Verdú, 2013). Thus, to 

understand the combined effects of biotic interactions and abiotic factors on community 

structure, we must do more than just focus on community trait distributions and/or 

phylogenetic structure. Nevertheless, studies that scale down from community to 

neighbourhood scales have shed some light on the different mechanisms that ultimately 

shape community trait distributions in semi-arid ecosystems (Verdú et al., 2009; Gross 

et al., 2013). Future research should be orientated in this direction and, for example, 

experimentally test predictions of the sign of interactions via manipulative and 

demographic studies of selected taxa. The expanding of the temporal dimension of 

community assembly studies by focusing on natural and experimental annual plant 

communities is a less explored but still promising approach that may help to further 

understanding of the mechanisms that drive plant community assemblages (see 

Luzuriaga et al., 2012). 

In conclusion, the study of taxonomic, phylogenetic and functional diversity 

patterns in plant assemblages at different geographical scales in the Baetic-Rifan range 

allows us to infer some of the evolutionary and ecological processes that are responsible 

for the emergence and maintenance of biodiversity in this region. Specifically, the 

particular geological and historical settings of the region have constituted an important 

stimulus for the evolutionary diversification of certain lineages and thus the 

construction and emergence of the hotspot. The geomorphological complexity of the 

Baetic-Rifan range also seems to have played a key role in shaping diversity via the 

structuring of deep lineages (phylogenetic diversity) and in the functional diversity of 
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the flora (eudicots) along the elevational gradients of the sierras, as well as in the 

phylogenetic and functional structure of plant communities. By contrast, lithological 

and edaphic conditions seem to have acted at the tips of the phylogeny, and to have 

driven the differentiation of the endemic flora of the hotspot by repeated specialization 

to contrasting lithologies and by selecting functionally similar species from a regional 

species pool according to certain functional traits. 

 

 

Directional biases in phylogenetic structure quantification 

Many of the conclusions drawn by this PhD Thesis rely on the genus-level time-

calibrated phylogeny described in Molina-Venegas & Roquet (2014). Overall, our 

results support previous evidence to the effect that well-resolved molecular phylogenies 

are needed to identify the underlying phylogenetic structure of communities, which, if 

lacking, may be biased towards type II errors (see Kress et al., 2009; Pei et al., 2011). 

Furthermore, although phylogenetic resolution has been shown to be a source of 

directional biases in the quantification of phylogenetic structures (Swenson, 2009), the 

accuracy of branch-length information may in fact be even more important than 

phylogenetic resolution when quantifying phylogenetic structure (Molina-Venegas & 

Roquet, 2014). In this sense, the widespread use of partially resolved supertrees such as 

those assembled with the Phylomatic software (Webb & Donoghue, 2005) and dated 

with the set of node ages derived from Wikström et al. (2001) and the BLADJ algorithm 

(Webb et al., 2008) has turned out to be a relatively positive strategy in community 

phylogenetic research since any conservative dating strategy in the literature should 

minimize directional biases caused by different dating approaches. However, we have 

detected that tree shape (‘steminess’) strongly affects the loss of accuracy in 
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phylogenetic structure quantification originating from a lack of phylogenetic resolution. 

Our findings reveal a new ‘random factor’ that should be taken into account when 

quantifying phylogenetic structures with poorly resolved phylogenies since tree shape 

(‘steminess’) is determined by the pool of species considered in each particular case 

study. Specifically, we found trees with the longest internodal distances at the tips 

(‘tippy’) produced estimates that were more biased than the trees with the longest 

internodal distances towards the roots (‘stemmy’). This bias is expected to be smaller 

when quantifying phylogenetic structures of plant communities in Mediterranean-type 

ecosystems where most species are concentrated in just a few lineages that seem to have 

undergone recent evolutionary diversification (Cowling et al., 1998; Verdú & Pausas, 

2013), thereby generating more ‘stemmy’ phylogenies (Molina-Venegas & Roquet, 

2014). Nevertheless, comparisons of estimates of phylogenetic structures based on 

poorly resolved phylogenies in biogeographical regions with marked differences in the 

‘steminess’ of the regional phylogenies should be carried out with caution. 

 

 

Final considerations 

 

Below- and above-ground processes 

 

Most community ecology research has traditionally been conducted within a particular 

trophic level (Vamosi et al., 2009). However, there is increasing evidence to suggest 

that arbuscular mycorrhizal fungi diversity may affect the outcome of plant-plant 

interactions, a finding that highlights the role of below-ground trophic interactions in 

shaping plant community assemblages in semi-arid ecosystems (Montesinos-Navarro et 

al., 2012; Rodríguez-Echeverría et al., 2013; Navarro-Cano et al., 2014). As well, there 
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is a striking lack of representation of below-ground functional traits in community 

ecology research, despite their importance in driving plant functioning, especially under 

Mediterranean conditions (Paula & Pausas, 2011). Thus, the incorporation of multi-

trophic interactions and below-ground functional traits into analyses of community 

assembly is vital if we are to improve knowledge of the complex interactions between 

below-ground and above-ground biological communities (van der Putten et al., 2013), 

and to disentangle the relative contribution of above-and below-ground processes in 

shaping Mediterranean plant communities. 

 It is well known that the transition from seed to plant is a key process in 

determining plant population dynamics (Eriksson & Ehrlén, 1992). However, 

community ecologists have paid little attention to the putative relationship between seed 

banks and community assembly processes. Persistent seed banks should average out the 

effects of environmental stochasticity (Fenner & Thompson, 2005) and thus have an 

impact on determining co-existence patterns, above all in harsh environments. There is 

some evidence that under highly stressful conditions persistent seed banks and above-

ground vegetation in semi-arid ecosystems are closely related in terms of both species 

richness across space (Espinosa et al., 2013) and abundance, composition and spatial 

structure at small scales across time (Caballero et al., 2008). However, the relationship 

between community assembly mechanisms and seed banks in Mediterranean 

ecosystems is still poorly understood. In this sense, Verdú & Pausas (2007) found post-

fire recruitment from persistent seed banks is particularly important in the perpetuation 

of plant populations of many species occurring in high fire-frequency Mediterranean 

ecosystems in which fire drives the phylogenetic and phenotypic clustering of woody 

plant communities (fire excludes non-seeder species). There is a good body of evidence 

to suggest that seed persistence is primarily a feature of a particular species and not a 
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variable that varies with habitat (Thompson & Grime, 1979; Thompson et al., 1997). 

Thus, future community assembly studies conducted in Mediterranean ecosystems 

should also bear in mind the capacity of species to produce persistent seed banks as a 

functional trait that may determine co-existence patterns along environmental gradients.  

 

Hybrids, polyploids and true species trees; a true challenge for plant 

evolutionary ecologists 
 

Unlike most animals, hybridization and polyploidy are key elements in plant evolution 

(Stebbins, 1950; Rieseberg et al., 2003). Despite being an important force in generating 

angiosperm species diversity (several hybrid species have originated within the last 

hundred years or so), hybridization has not received much attention from evolutionary 

ecologists (Soltis & Soltis, 2009). Furthermore, the complex geological and climatic 

history of the Mediterranean Basin has given rise to faster evolution of species’ ranges 

(i.e. fragmentation, expansion and contraction) and thus hybridization-driven 

diversification is expected to be an important speciation mechanism in the 

Mediterranean (Thompson, 2005) and, above all, in the western Mediterranean 

(Morales, 2002).  

 Given that they rely on deep phylogenetic relationships, we do not expect to find 

any biases that might affect the main conclusions of this PhD dissertation. Nevertheless, 

it is worth mentioning that the impact of hybrid genomes on estimates of phylogenetic 

distances among plant species in studies focused on particular shallow lineages (e.g. 

below genus-level) represents an important challenge for plant evolutionary ecologists. 

True species and population trees can differ from true locus trees due to gene 

duplications, losses and hybridization events (Mallo et al., 2014), and thus phylogenetic 

distances based on discrete DNA markers do not necessarily mirror divergence times 
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among plant lineages. Thus, genome-wide species tree reconstruction is a promising 

approach for dealing with sources of gene tree/species tree incongruence (Martins et al., 

2014). 

 

Global perspectives 
 

Like other similar multiscale hotspot-focused studies, this PhD Thesis may become a 

reference for comparing the emergence and maintenance of biodiversity hotspots in an 

ecological and evolutionary framework. Specifically, this study has focused on plant 

lineage diversity. Although plants represent a critical part of the biological scenario as 

biodiversity evolves, a next possible step would be to examine any possible match 

between plant diversity patterns in the Baetic-Rifan range and other biological groups 

such as vertebrates and arthropods whose history of diversity and phylogenetic 

relationships are relatively easily accessible. On the other hand, most plant community 

assembly studies have focused on how environmental factors (e.g. soil properties, 

elevation) or plant-plant interactions (e.g. competition, facilitation) determine which 

species establish and persist and do not explicitly consider other biological interactions 

except those that are implicitly at work among plants (e.g. Sargent & Ackerly, 2008; 

Campbell et al., 2011). Nevertheless, given the ubiquity of trophic interactions in 

shaping plant community patterns, future work should focus on improving methods for 

considering multi-trophic interactions in community assembly studies (Kraft & Ackerly, 

2014) since biological interactions are increasingly being seen as a key factor in the 

generation and maintenance of biodiversity (Valiente-Banuet et al., 2014). 
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GENERAL CONCLUSIONS 

 
 

1.    The Baetic-Rifan range is a floristically well-defined biodiversity hotspot 

given that West Rifan plant assemblages have more similarities with 

Andalusian ecoregions than with nearby northern Morocco ecoregions. This 

thus highlights the role of the Strait of Gibraltar as a past migration route for 

plants from both sides of the Strait and in the structuring of plant assemblages 

in this Mediterranean biodiversity hotspot. 

 

2.    The intermittent joining of Europe and Africa across the Strait of Gibraltar has 

constituted an important stimulus for diversification and for the emergence of 

the Baetic-Rifan biodiversity hotspot due to the repeated splits between the 

two landmasses in recently coexisting ancestors of extant taxa.  

 

3.    Phylogenetic structure within the Baetic-Rifan ecoregions may be explained 

by niche similarity within deep lineages, strong habitat filtering and higher 

diversification rates in ‘true Mediterranean’ Quaternary lineages, which share 

a constellation of morphological, life history and reproductive traits. 

 

4.    Diversity patterns of endemic taxa in the Baetic-Rifan range do not mirror 

diversity patterns in the regional species pool in which they are included. 

Taxonomic but not phylogenetic turnover of endemics across the Baetic ranges 

seems to be related to lithological conditions and geographical distance, 

thereby highlighting the role of substrate and geographical isolation in 

promoting differentiation in the Baetic ranges. 
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5.    There is strong structuring in eudicot lineages along the elevational gradients 

of the Baetic ranges. Specifically, plant lineages with the sclerophyllous 

syndrome are mainly found in low-elevation belts, whereas non-sclerophyllous 

lineages tend to occur at higher elevation ranges. Lineages belonging to the 

sclerophyllous syndrome, many of which are the extant representatives of the 

past flora that existed under Tertiary tropical-like climatic conditions, seem to 

be ecologically restricted to the lowlands of mild climate due to their 

sensitivity to cold temperatures. The Baetic-Rifan range may play an 

important role by allowing newly formed species with the non-sclerophyllous 

syndrome to persist at high elevations in these mountains.  

 

6.    Elevation is a key factor in explaining both certain community trait 

distributions and the phylogenetic structure of plant communities in the Sierra 

Nevada, one of the most outstanding mountain areas in the whole Baetic 

range. By contrast, soil properties also seem to play a role in structuring the 

functional diversity of ecologically relevant traits such as specific leaf area and 

the leaf carbon:nitrogen ratio. These results highlight the multidimensional 

nature of the functional niches of species and suggest that different trait-

mediated mechanisms may simultaneously shape the assembly of local plant 

communities.  

 

7.   Well-resolved molecular phylogenies are needed to identify the underlying 

phylogenetic structure of communities, which, if lacking, may be biased 

towards type II errors. The accuracy of branch-length information may be even 

more important than phylogenetic resolution in quantifying phylogenetic 

structure. Tree ‘steminess’ is a new ‘random factor’ that must be taken into 
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account when quantifying phylogenetic structure using poorly resolved 

phylogenies since tree shape is determined by the pool of species considered in 

each particular case study. 
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