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In this paper, we analyse the spatial distribution of plant diversity in the Pyrenean area of Catalonia and Andorra, in pa-
rallel to the distribution of landscape descriptors that have been proven to be related to species distribution. We used a
wide range of synthetic parameters that refer to physiography (area, main outcrops), bioclimate (length of the growing se-
ason, rainfall, potential evapotranspiration), and landscape structure (habitats richness and diversity). Plant diversity was
mainly assessed through the data gathered in the Biodiversity Data Bank of Catalonia, which consists of over 300,000 re-
cords of 2,335 species of vascular plants. Spatial variation in all the aspects covered here was analysed separately for eight
sectors in the study area, and along the altitudinal gradient.

Among the abiotic factors, bioclimatic parameters stood out for their regular variation —increasing or decreasing— along
the altitudinal gradient. Noticeable differences were found between sectors, and were related to their physiographic parti-
cularities or location within the Pyrenees. Along the altitudinal gradient we found consistent shifts in the distribution of
functional, ecological and phytogeographic plant groups. As for species richness, all the Pyrenean sectors gave a roughly
similar pattern in the altitudinal gradient, with the maximum values found at low-medium altitudes and a regular decreasing
trend towards the summits, coinciding with a steep decrease in habitats richness. Differences between sectors in plant di-
versity mostly depended on the altitude span of each and of other mid-scale landscape singularities, and were more evident
between axial Pyrenean and pre-Pyrenean sectors. However, these regional differences also respond to historical biogeo-
graphy, which is the foundation for understanding the altitudinal distribution of plants through species migration, extinction,
and diversification over major Quaternary climatic variation.

Keywords: Bioclimate, biogeography, elevation gradient, endemism, habitats, life forms, species richness, vascular
flora.

Resumen: Ninot, J.M., Ferré, A., Grau, O., Font, X., Pérez-Haase, A. & Carrillo, E. Factores ambientales y diversidad
de especies de plantas vasculares en los Pirineos catalanes y andorranos. Lazaroa 34: 89-105 (2013).

En este trabajo se analiza la distribucion espacial de la diversidad vegetal en la zona pirenaica de Catalufia y Andorra.
Ademds, y en paralelo se ha estudiado la distribucion de los descriptores de paisaje que estdn relacionados con la distribu-
cion de las especies. Hemos utilizado un amplio nimero de parametros de sintesis que se refieren a la fisiografia (area,
principales afloramientos), bioclima (longitud del perfodo de crecimiento, precipitaciones, evapotranspiracion potencial),
y estructura del paisaje (riqueza y diversidad de hébitats). La diversidad de especies se evalud principalmente a través de
los datos recogidos en el Banco de Datos de Biodiversidad de Catalufia, que consta de mds de 300.000 registros de 2.335
especies de plantas vasculares. La variacion espacial en todos los aspectos tratados aqui se analizé por separado para ocho
sectores en el drea de estudio, a lo largo del gradiente altitudinal.

Entre los factores abidticos, los pardmetros bioclimaticos se destacaron por su constante variacion creciente o decre-
ciente, a lo largo del gradiente altitudinal. No se encontraron diferencias notables entre los sectores, y se relacionan con
sus particularidades fisiograficas o la ubicacion en el macizo pirenaico. A lo largo del gradiente altitudinal encontramos
cambios consistentes en la distribucion de los grupos funcionales, ecolégicos y fitogeograficos de especies. En cuanto a la
riqueza todos los sectores pirenaicos mostraron un patréon mas o menos similar en el gradiente altitudinal, con valores ma-
ximos en altitudes media-baja y una tendencia decreciente constante hacia las cumbres, coincidiendo con una fuerte dis-
minucién de la riqueza de habitats. Las diferencias entre los sectores dependen en su mayoria de los limites en altitud de
cada uno y de otras singularidades del paisaje a media escala, y fueron mds evidentes entre el drea axial pirenaica y los
sectores pre-pirenaicos. Sin embargo, estas diferencias regionales también responden a la biogeografia histdrica, que es la
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base para la comprension de la distribucion altitudinal de los vegetales a través de la migracion de las especies, la extincion
y la diversificacion entre las principales variaciones climdticas del Cuaternario.

Palabras clave: Bioclima, biogeografia, gradiente altitudinal, endemismo, hdbitat, formas vitales, riqueza de especies,

flora vascular.

INTRODUCTION

Our understanding of the spatial distribution
of species diversity as related to ecological and
historical factors is an important milestone in bio-
geography. It provides a conceptual framework
to uncover causal factors for biodiversity, and a
basis for improving conservation tools and poli-
cies. In the case of vascular plants’ geography,
much insight has been gained through traditional
floristic approaches and phytosociological des-
criptions at small geographical scale (MUCINA,
2010; AGULLO & al., 2010; RODRIGUEZ-GUITIAN,
2010; GAVILAN & al., 2011; FERNANDEZ & Mo-
LERO, 2011; SARIKA, 2012; RODRIGUEZ-ROJO &
al.,2012). The Pyrenees, together with other Ibe-
rian mountain landscapes, is a well-known area
within southwestern Europe in terms of phytoge-
ography. This has led to general assessments of
flora, vegetation, and cartography (e.g. BoLOS &
ViGo, 1984-2001, VILLAR & al., 1997-2001, Ca-
RRERAS & VENDRELL, 2012; FONT & al., 2013;
GOMEZ & al.,2013), and specific analyses focus-
sed on particular issues of plant diversity.

Plant species richness has been analysed at a
medium spatial scale by considering the Pyrenean
area split into regular cells according to the UTM
grid (LoBo & al., 2001; LopEz & Font, 2006;
PEREZ & FONT, 2012) and by taking altitudinal gra-
dient as the main variation factor (GRAU & al.,
2011, 2012). In this way, higher species richness
has been related to general spatial descriptors, such
as altitude span, maximum altitude, physiographic
heterogeneity, and location within the Pyrenean
range. Altitudinal gradient underlies some abiotic
factors that may play a key role in plant diversity,
such as bioclimatic constraints (including the ther-
mal regime and the balance between precipitation
and water demand). Other abiotic factors indepen-
dent of altitude may influence diversity patterns,
such as the substrate characteristics (limestone
outcrops or soil development).
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However, biodiversity patterns are dependent
on the scale used for the analysis. Therefore, to
correctly understand biogeographic patterns it is
important to analyse patterns at varying scales, fo-
cuses, and methods (CRAWLEY & HARRAL, 2001).
For instance, important components of plant di-
versity respond to small-scale phenomena (spon-
taneous vegetation dynamics after small-scale
disturbance events), others respond to larger-sca-
led conditions (such as regional continentality or
altitude-based thermal regimes). Further, we must
emphasize the role of historical biogeography in
analysing the spatial distribution of biodiversity.
At plant species level, most of the present floristic
structure can be explained by considering the most
recent Pleistocene thermal oscillations and the Ho-
locene climate, which forced massive species mi-
gration, extinction, and diversification (COMES &
KADEREIT, 1998; THOMPSON, 2005; BIRKS, 2008;
PEREZ & al., 2013; LOPEZ SAEZ & al., 2013). The
distribution and characteristics of the Pyrenean
endemics illustrate some of these floristic chan-
ges (NINOT & al., in review). More recently, the
man-induced expansion of vegetation units rela-
ted to grazing and farming, and the on-going ad-
dition of alien species to the Pyrenean flora, give
a new dimension to these changes.

Our main objective is to explore the spatial dis-
tribution of plant diversity in the Pyrenean area
of Catalonia and Andorra, in parallel to the dis-
tribution of landscape descriptors that have been
proven to be related to species richness and sin-
gularity. In doing so, we establish and use a wide
group of synthetic descriptors that refer to physio-
graphy, bioclimatology, landscape structure, and
plant diversity in the area considered, and are
compiled from ample regional data sources and
local monographs, which aid understanding of
Pyrenean biodiversity. We use a rich data bank on
species occurrence in the area and GIS carto-
graphy built on physiographic descriptors, clima-
tic variables and land cover units to explore
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relationships between causal factors (climatic,
physiographic, and land use) and variations in
vascular plant species richness, endemics rich-
ness, and distribution of the flora into functional,
ecological and phytogeographic groups. The
analysis is based on two spatial variation factors:
the altitudinal gradient, and the distinction of
eight sectors or two main ranges within the study
area.

MATERIAL AND METHODS

The paper deals with the Catalan and Andorran
Pyrenees, on which a large amount of data on
flora, plant communities, and habitats is stored
and easily available in data banks. This part of the
Pyrenees was limited to the south by the contour
line of 400 m asl, and to the north and west by the
French and Aragon boundaries, respectively. The
range includes: i) south-facing valleys extending
from the northern main axis to inner depressions
and valley bottoms (the axial Iberian Pyrenees);
ii) southern secondary ranges parallel to the main
chain, progressively reaching lower altitudes to
the south and interspersed by lower lands (the
pre-Pyrenees); and iii) the Aran valley, oriented
northwards to the Aquitanic plain and to Atlantic
influence.

In this Pyrenean area up to six vegetation belts
can be distinguished (according to NINOT & al.,
2007): basal (up to 600-800 m asl), submontane
(to 1,100-1,300 m asl), montane (to 1,600-1,800
m asl), subalpine (to 2,200-2,400 m asl), alpine
(almost to the summits) and subnival (uppermost
areas of peaks and crests of the axial Pyrenees).
In the area considered here, the basal belt is only
well represented in the southern ranges, or pre-
Pyrenees, and is mainly covered by Mediterra-
nean vegetation units. The submontane and
montane vegetation belts are clearly medio-Eu-
ropean in the parts of the axial Pyrenees more in-
fluenced by the Atlantic climate. However, the
submontane belt has a more Mediterranean cha-
racter in other axial areas, and above all in the
pre-Pyrenean ranges, where sub-Mediterranean
flora and vegetation are very noticeable. The
three higher belts (subalpine, alpine and subnival)
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are the high mountain zone, where the dominant
flora and vegetation are of Alpine character.
There, the subalpine belt is characterized by wi-
despread conifer forests and related scrubs and
grasslands, and gives way upwards to the alpine
belt through the treeline ecotone.

In order to assess the internal diversity of this
complex mountainous area at a smaller scale (i.e.
around 500-2,000 km?), we split it into eight sec-
tors according to its physiographic and geobota-
nic heterogeneity, and partly following previous
proposals (BoLOS & ViGo, 1984; R1vAS-MARTI-
NEZ & al., 1991). Since most of the floristic data
available are georeferenced to 10 km UTM squa-
res, we used these squares as mid-detail cells, and
adapted the borders of the eight sectors conside-
red to the UTM grid, in the most approximate
way (Figure 1, Table 1). To study variations along
the altitudinal gradient in physiography, biocli-
mate, and plant diversity, we analysed the sectors
(and the entire area) by splitting them into narrow
belts of 100 m altitude, from 400 m asl upwards.
Thus, the finest spatial scale used corresponds to
each small 100 m altitude belt within each UTM
square.

There are two well-defined groups of sectors
(2,3 and 4 vs. 5,6 and 7), and two peripheral sin-
gle sectors (1 and 8). The first group (2, 3 and 4)
corresponds to the main axis and valleys of the
Iberian Pyrenees, and thus it includes well-deve-
loped high mountain landscapes and is south slo-
ping. The second group (5, 6 and 7) corresponds
to the proper pre-Pyrenees, which is mostly sub-
montane and montane (with fewer high mountain
landscapes), and more influenced by Mediterra-
nean dry summers. In both groups, the eastern
sectors are influenced by the Mediterranean Sea,
the central-eastern area is rather continental, and
the central area is sub-continental. Sector 8 is for-
med by the southernmost, lower ranges and su-
rrounding depressions, and is Mediterranean to
sub-Mediterranean with a rather continental in-
fluence. Sector 1 is mostly Atlantic, and includes
submontane to high mountain landscapes.

We have reduced the geologic complexity of
the area (mapped by ICC, 1989) into five main
categories that are known to drive vegetation va-
riation: acidic rocks (Paleozoic schist, granodio-
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Figure 1. — Map of the study area (the Catalan and Andorran Pyrenees), divided into eight sectors according to the
10 km UTM grid: 1, Central axial Atlantic Pyrenees; 2, Central axial Iberic Pyrenees; 3, Central-Eastern axial Iberic
Pyrenees; 4, Eastern axial Iberic Pyrenees; 5, Central Iberic pre-Pyrenees; 6, Central-Eastern Iberic pre-Pyrenees;
7, Eastern Iberic pre-Pyrenees; 8, Southern Iberic pre-Pyrenees (see Table 1 for a short characterization).

rite, sandstone, etc.), calcium-rich rocks (limes-
tone, dolomite, etc.), sulphate-rich rocks, Quater-
nary formations, and water. To cope with the
physiographic complexity, we built a digital ele-
vation model (resolution, 20 m) from topographic
maps of Catalonia and Andorra (ICC, 1992 and
ARES DE CARTOGRAFIA, 1999). We then used the
model to calculate the projection area of the sec-
tors and belts.

The climatic approach was based on digital cli-
matic atlases of Catalonia (NINYEROLA & al., 2004)
and Andorra (BATALLA & al.,2011). In these high-
resolution digital facilities, climate variables (for
instance, monthly rainfall or temperatures) are
given as interpolation values among the extant me-
asures. Then, for a given variable, we characterized
each 100 m altitude belt in each Pyrenean sector
using the mean value of the variable in the pixels

Table 1
Main physiographic features of the eight Pyrenean sectors considered
Sector Area Altitude
(km?) range Main outcrops
(masl)

1, Central axial Atlantic Pyrenees 544 575-3010  Acidic (slate, granodiorite: 48%) and limestone (36%)
2, Central axial Iberic Pyrenees 827 875-3,029  Acidic (granodiorite, slate: 49) and limestone (26%)
3, Central-eastern axial Iberic 1,656 720-3,143  Acidic (slate, granodiorite: 62%) and limestone (17%)

Pyrenees
4, Eastern axial Iberic Pyrenees 525 800-2,910  Acidic (slate, granodiorite: 72%) and limestone (19%)
5, Central Iberic pre-Pyrenees 1,406 418-2,480  Limestone (81%) and acidic (12%)
6, Central-eastern Iberic pre- 2,299 437-2,649  Limestone (79%) and acidic (16%)

Pyrenees
7, Eastern Iberic pre-Pyrenees 984 400-1,851  Limestone (86%)
8, Southern Iberic pre-Pyrenees 1,441 400-1,676  Limestone (94%)

LAZAROA 34: 89-105. 2013

92



Josep M. Ninot & al.

that were included. Considering the bioclimatic
response to altitudinal gradient, we finally selected
four bioclimatic parameters as most significant to
vegetation: length of the growing period, potential
evapotranspiration, mediterraneity index, and an-
nual thermal amplitude. Length of the growing pe-
riod corresponds to the part of the year in which
vegetation is not thermally limited, and was defi-
ned as the number of months with a mean tempe-
rature equal to or higher than 5°C (following FRICH
& al., 2002). Potential evapotranspiration (PET)
expresses the potential for plant growth on the
basis of monthly mean temperatures, and was cal-
culated by means of the Thornthwaite equation
(THORNTHWAITE, 1948). Both PET and the length
of the growing period are independent of hydric
conditions, and thus of possible growth limitation
due to climatic water stress. This driving force,
which is so relevant in Mediterranean and sub-Me-
diterranean ecosystems, was evaluated by the me-
diterraneity index (R1vAs-MARTINEZ, 2008), which
measures the quotient between summer potential
evapotranspiration and summer rainfall (Imed =
PET/P, for June, July and August). Finally, we used
the annual thermal amplitude (i.e., mean tempera-
ture of the warmest month minus the mean tempe-
rature of the coldest month) as a surrogate of
continentality. We assumed that at a given mean
annual temperature, vegetation phenology would
be strongly coupled to seasonality at higher values
in thermal amplitude (RIVAS-MARTINEZ, 2008).
Landscape diversity was evaluated from the car-
tography of European CORINE habitats carried
out for Catalonia and Andorra (CARRERAS & al.,
2001, 2012). These maps were drawn up between
1998 and 2003 from fieldwork and the observation
of a minimum mapped area of approximately two
hectares. We evaluated habitat richness (hereafter
HR) as the number of basic CORINE habitats
mapped. To assess the landscape structure, we used
the nine highest-level categories in which these ha-
bitats are classified, i.e.: halophytic communities;
non-marine waters; scrub; grassland; forests; bogs
and marshes; inland rocks, screes and sands; agri-
cultural land and artificial landscapes; and burned
or clear-cut woodland. We used the surface occu-
pied by each category to calculate cover percenta-
ges and habitat diversity (hereafter HD, i.e. the
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Shannon index built upon the number of categories
and their cover percentage).

As for plant species richness, we compiled
plant catalogues for each sector. We assumed that
each species occurred in the whole range encom-
passed by the minimum and maximum altitude at
which it had been found in the sector (interpola-
tion method; see MCCAIN & GRYTNES, 2010). The
data were retrieved from the Biodiversity Data
Bank of Catalonia (BDBC; Font, 2013), with a
few additions from other sources. The final number
of plant citations used was over 300,000. These
data correspond to plant observations from a wide
range of papers (local flora, flora notes, or phyto-
sociological studies), from various personal con-
tributions, and from herbarium records. They are
referenced through the corresponding altitude and
10 x 10 km UTM coordinates, which place each
observation into squares across the whole region.
Given the diverse origin of these floristic data, we
considered broad species following BoLOS & al.
(2005), thus we merged subspecies and microspe-
cies where appropriate. In addition to native spe-
cies, we took into account the introduced species
that have become naturalized or nearly naturali-
zed. In addition, we modelled the distribution of
Pyrenean endemics (strict endemics and suben-
demics, according to BoLOS & al., 2005) along
the altitudinal gradient.

From the distribution of the entire flora, we
calculated the altitudinal variation in spectra of
life forms and chorotypes, which were attributed
to each species following the proposals stated in
BoLo0s & al. (2005) after some simplification. In
the case of chorotypes, we considered the follo-
wing: Mediterranean (endemic to the region, but
not particularly related to mountain areas), oro-
Mediterranean (or Mediterranean orophytes),
sub-Mediterranean (typical of transitional lands-
capes from medio-European to Mediterranean),
Atlantic, medio-European, Alpine (found in the
Alps and similar mountains), Boreo-Alpine (dis-
junct, in boreal latitudes and in Alpine moun-
tains), Pyrenean (endemics and sub-endemics),
pluriregional, and introduced.

In a similar way, we calculated the altitudinal
variation in ecological preferences of Pyrenean
flora. Following previous papers (NINOT &

LAZAROA 34: 89-105. 2013
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FERRE, 2008; NINOT & al., 2010), we attributed
each species to one of six broad categories, by
simplifying the ecological and phytosociological
information given in general floristic and vegeta-
tion papers (BoLOS & al., 2005; VILLAR & al.,
1999-2001, etc.):

Forests: taxa that clearly prefer forest ecos-
ystems, though sometimes also occur in serial
communities.

Scrubs and clearings: plants with ecological
optimum in shrubby communities or in the vege-
tation of forest clearings and hedges, though they
sometimes also occur in forests or pastures.

Grasslands: plants showing a clear preference for
these herbaceous units, excluding those with ruderal
tendency. From lowlands to the subalpine belt, they
form secondary vegetation related to deforestation,
or permanent units on rocky slopes, whereas in the
alpine belt they mainly inhabit the most balanced
habitats (flat areas and gentle slopes).

Ruderal habitats: taxa that mainly occur in
fields, fallows, roadsides and other places subject
to disturbance.

Water-related habitats: plants restricted to stre-
amsides, springs or other habitats that are more
humid than the zonal areas (such as certain north-
facing toeslopes or cliffs). We included here
hygrophilous forests, associated bramble units,
rush formations, and fens.

Rocky habitats: taxa occurring on rocks (cre-
vices, rocky shelves), scree and other rocky pla-
ces; as well as halophilous and gypsophilous taxa.

Finally, we assessed the relationships among the
eight sectors according to the descriptors of their
particular plant diversity, namely the number of ha-
bitats, plant species and endemics, and the species
percentages of life-forms, habitat preferences and
chorotypes. This was done by means of a Principal
Component Analysis (PCA) performed from the
Ginkgo package (DE CACERES, 2012).

RESULTS
ABIOTIC FACTORS AND LANDSCAPE STRUCTURE

The distribution of the projected area along the
altitudinal gradient was rather heterogeneous
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among sectors (Figure 2, up). In the axial Pyrenees,
the western sectors (1 and 2) were mostly subal-
pine and alpine, and included smaller areas of
lower altitudinal belts. The eastern sector showed
an opposite trend, whereas the area in the central-
eastern sector was evenly distributed from the sub-
montane to the alpine belts. In the pre-Pyrenees,
sectors 5 and 6 included similarly large areas of
basal, submontane and montane belts, whereas
sectors 7 and 8 showed a less regular pattern, with
greater development of the submontane and basal
belts, respectively. In all cases, the very small areas
included in most of the upper and lower ends of
the gradients reduced the significance of the ends
of the altitudinal patterns further analyzed, in terms
of causal factors and plant diversity.

Regarding substrata diversity, the Shannon
index is higher in the axial Pyrenees than in the
pre-Pyrenees, both in mean figures (1.42 vs. 0.85
respectively) and in specific values for most of
the altitudinal gradient of the distinct sectors (Fi-
gure 2 down). The higher values in the axial Pyre-
nees are due to a more even distribution of the
extant substrata, since the pre-Pyrenees include a
higher number of substrata types. For instance,
gypsum outcrops are exclusive to three of the four
pre-Pyrenean sectors, where they promote parti-
cular (though species-poor) vegetation units. Cal-
cium-rich substrata were dominant in the entire
study area (61.4% of the outcrops compared to
27.4% of acidic outcrops). They were particularly
predominant in the pre-Pyrenees (85.0%), where
calcareous rocks were the only category at the
highest elevations of most sectors (6,7 and 8). In
contrast, acidic rocks occupied large areas in the
axial Pyrenean sectors (57.9%) and were the only
outcrop category near to the summits (in combi-
nation with glacial Quaternary deposits derived
from these same acidic rocks; Table 1).

Most bioclimatic parameters had regular mono-
tonic patterns that linearly decreased or increased
with altitude, and roughly followed the general
thermal altitudinal gradient, in which temperatures
have been found to decrease 0.58°C for each 100
m of increasing altitude (NINOT, 1998). For ins-
tance, the growing period lasted 9.5-10 months at
pre-Pyrenean lower altitudes (but 12 months in the
lowlands of the eastern, maritime sector), and de-



Josep M. Ninot & al.

Environmental drivers and plant species diversity in the Catalan and Andorran Pyrenees

Range area (%)

Substrata diversity (Shannon index)

Altitude (m a.s.l.)

'@«@,@\@\@ S
ﬁ“@“@»s@'@@\v@%@@@ s
Altitude (m a.s.l.)

Figure 2. — Altitudinal variation of physiographic aspects (range area and substrate diversity) in the study area. The
left graphs correspond to the axial Pyrenean sectors (1-4) and the right graphs to the pre-Pyrenean sectors (5- 8).
See Table 1 and Figure 1 for the characterization and location of these sectors. Vertical dotted lines indicate the
mean altitude for shifts between vegetation belts (i.e., basal, submontane, montane, subalpine, alpine, subnival).

creased regularly through the different sectors to
only 3 months at 3,000 m asl in the higher axial
Pyrenees (Figure 3 up). Thus, the growing period
equalled the cold resting period at the transition bet-
ween the montane and subalpine belts (1,600-1,800
m asl), and amounted to 4-5 months at the potential
treeline (i.e., at about 2,300-2,400 m asl, depending
on sectors). Sector 7, which is the easternmost pre-
Pyrenean sector, stands out among all the sectors
for its milder thermal conditions at low altitudes
throughout the cold period. As a result, it has a lon-
ger (1 to 1.5 months) growing period in the sub-
montane and montane belts (up to some 1,400 m
asl) compared with most sectors. In contrast, sector
1 had a slightly shorter growing period than the
other axial Pyrenean sectors from the mid-montane
to the mid-subalpine belts (1,300-1,900 m asl).
Potential annual evapotranspiration (PET) was
evaluated as 720-740 mm at the pre-Pyrenean
lower altitudes (data not shown), and progressi-
vely decreased upslope, while annual rainfall in-
creased. As a general trend through the sectors,
PET decreased lineally to 590-630 mm at 1000 m
asl and down to 355-360 mm at 3000 m asl. Since
annual rainfall accounted for 500-700 mm in most

of sector 8 and for 600-700 mm in noticeable
areas of sectors 5 and 6, higher PET values reveal
clear Mediterranean conditions in these low alti-
tude areas. Annual PET values were slightly lower
in the submontane belt of the axial Pyrenean sec-
tors than in the pre-Pyrenean sectors, but differen-
ces among sectors were very small in the montane
belt and above. However, sector 1 showed slightly
lower values than the other axial Pyrenean sectors,
particularly at the submontane, montane and sub-
alpine belts (mean = 30 mm in annual PET).

The mediterraneity index (quotient between
PET and rainfall during summer) also decreased
with altitude, more or less in parallel in all sectors
(Figure 3, middle). However, this decrease was
not as regular as that of other bioclimatic descrip-
tors, and there were noticeable differences among
sectors. For instance, in the easternmost Pyrenean
sector the index remained below 1 (i.e., denoting
no water stress) even at lower altitudes. In the
other axial Pyrenean sectors (including Val d'A-
ran, with strong atlantic influence) it was above 1
until the transition from the montane to the subal-
pine belts (1,600-1,800 m asl), and showed some
altitudinal irregularities in the submontane and

LAZAROA 34: 89-105. 2013
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Figure 3. — Altitudinal variation in bioclimatic descriptors in the area studied. The left graphs correspond to the
axial Pyrenean sectors (1-4) and the right graphs to the pre-Pyrenean sectors (5- 8). Vertical dotted lines indicate

the mean altitude for shifts between vegetation belts.

montane belts. All the pre-Pyrenean sectors had a
water deficit at lower altitudes, where this climatic
parameter followed an exponential trend with de-
creasing altitude, and reached stress values. Na-
mely, in all the pre-Pyrenean sectors except the
eastern one, summer water shortage was very pro-
nounced at the lowest altitudes (400 m asl), where
PET amounted to 2.2-2.8 times the rainfall. Dif-
ferences among these sectors were greater than
among the axial Pyrenean ones. As extreme pre-
Pyrenean cases, water deficit occurred only until
900 m a.s.l. in the eastern sector, whereas in sector
8 (the southern pre-Pyrenees) it took place up to
the summits (1,600-1,700 m asl). In other aspects,
the eastern sectors (4 and 7) had lower mediterra-
neity indexes than the other sectors throughout the

LAZAROA 34: 89-105. 2013

altitudinal gradient (in spite of being closest to the
Mediterranean Sea). This must be related to more
orogenic rainfall events in summer near the Me-
diterranean coast than inland, and to slightly lower
temperatures.

Continentality, estimated as annual thermal am-
plitude, also decreased regularly with altitude in
all sectors (Figure 3, down). The Atlantic (1) and
the eastern (4) axial sectors were less continental
than the others. They showed a complementary
trend, since sector 1 was the most oceanic in the
submontane and montane belts, whereas sector 4
held this place in the high mountain. The Pre-
Pyrenees had slightly higher thermal amplitudes
in general. Only the eastern sector (7) had mode-
rate amplitudes across the altitudinal gradient,
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whereas in the other sectors the submontane belt
(and part of the montane belt) may be considered
semicontinental (i.e., with a thermal amplitude
higher than 17 °C; RIvAS-MARTINEZ, 2008).

Our analysis showed that most of the Pyrenean
landscape is covered by natural and seminatural ve-
getation, i.e. forests, scrubs and extensive pastures.
Woodland is the most extensive unit in most sec-
tors, particularly in sectors 6 and 7. Anthropic units
(fields, farms and villages) occupy small areas of
up to 9%, except in pre-Pyrenean sector 8, where
they account for 22.5% (Figure 4). Grassland areas
are relevant in general, though they decrease from
the axial Pyrenees to the pre-Pyrenees, and from
western to eastern sectors (Figure 4). Within each
sector, they occupy at least 5% of the area along the
altitudinal gradient (the ends of the gradient were
not considered), and become more dominant with
altitude (Figure 5, up). They reach values between
20% and 40% in the montane belt (or even in the
submontane), and above 40% in the high-subalpine
and alpine belts (not in sectors 7 and 8, which do
not include these landscape levels).

There was high habitat richness, with an HR
value of 219 for the entire study area. The average
HR value for the sectors was 117, with sector 7
holding the minimum and sector 6 the maximum
values (90 and 148, respectively; see Table 2). The
average HR was higher in the pre-Pyrenean sec-
tors (121) than in the axial Pyrenean sectors (113),
while the average Shannon index pattern was the
opposite (pre-Pyrenean sectors = 4.95; Pyrenean
sectors = 5.20). This indicates a more even distri-
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bution of habitats in the axial Pyrenees, which is
a similar trend found in the substrate distribution.

As expected, HD decreased in altitude from
low-medium altitudes upwards (Figure 5 down),
which reflected more a decrease in HR than in ha-
bitat evenness (Pielou’s J; data not shown). In
sectors 7 and 8 (those which do not include high
mountain), the decrease started at lower altitudes,
along the montane belt upwards. In most of the
other sectors, HR and HD reached the highest va-
lues in the montane belt, and were only slightly
lower in the submontane belt. However, sector 1°s
pattern in the montane belt was the inverse of that
found in the other axial Pyrenean sectors. Thus,
a partial minimum at 1,400-1,700 m gave a 20%
lower HR than sector 2, despite their physiogra-
phic similarities (Table 1; Figure 2). In most sec-
tors, the decreasing trend was greater in the
subalpine belt, and became sharper towards the
alpine and the basal belts.

PLANT DIVERSITY

The flora recorded in the whole study area ac-
counted for 2,335 vascular plant species. The local
species richness showed great variation among
sectors, with no clear relation with their size (Ta-
bles 1 and 2). In fact, the logarithmic relationship
between species richness and area size across sec-
tors (LomoLINO, 2000) gave a very weak correla-
tion (R% = 0.23, results not shown). Moreover, no
clear relation was found between species richness
and altitudinal span or maximum altitude. Sectors
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Figure 4. — Relative cover (percentage) of the main habitats found in the eight sectors, according to the CORINE
highest types. See Table 1 and Figure 1 for the characterization and location of these sectors.

97

LAZAROA 34: 89-105. 2013



Josep M. Ninot & al.

Environmental drivers and plant species diversity in the Catalan and Andorran Pyrenees

80 A

60 +——

Grassland area (%)

: /\/
2 ot

» O\ » L O L
SO LSS S S S S

F&FFFLFETES

Habitats diversity (Shannon index)

Altitude (m a.s.l.)

S S S
F o o O B B g P P
F&FEFFES e

Altitude (m a.s.l.)

Figure 5. — Altitudinal variation in percentage of grassland areas (up) and in diversity of landscape units (down).
The left graphs correspond to the axial Pyrenean sectors (1-4) and the right graphs to the pre-Pyrenean sectors (5-
8). Vertical dotted lines indicate the mean altitude for shifts between vegetation belts (i.e., basal, submontane, mon-

tane, subalpine, alpine, subnival).

4 and 6 were clearly richer than expected after
their area, and sectors 1 and 8 poorer. The species
richness responded better to HR (similarly as a li-
neal or as a logarithmic correlation; Figure 6),
since richer sectors (4 & 6) and poorer sectors (1
& 8) became less distinct. As for the endemic
flora, its richness was clearly not correlated to the
area size and very weakly to HR (R? =0.003 and
0.25 respectively, results not shown).

The flora of the sectors considered showed also
interesting variations in their spectra of life forms,
preference for main habitats, and chorotypes
(Table 2). For instance, the higher percentages of
evergreen phanerophytes and therophytes, and the
lower percentages of hemicryptophytes differen-
tiated the pre-Pyrenean sectors (and particularly
sector 8) from the axial Pyrenean sectors. Concer-
ning ecological preferences, higher percentages of
scrub flora and lower of water-related species
were also singular for the pre-Pyrenean sectors.
Moreover, the flora of sector 8 included clearly
higher percentage of ruderal species and lower
percentage of forest species. As for the distribution
of local floras into chorotypes, the pre-Pyrenean
areas were richer in Mediterranean taxa and poo-
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rer in Boreo-Alpine, Alpine and Pyrenean species.
More particular differences with respect to the
mean values made sector 8 the most distinct (less
Alpine and more Mediterranean and Pluriregio-
nal), and sectors 1 (more medio-European, less
Mediterranean) and 7 (more medio-European, less
Alpine and Pyrenean) rather singular.

The altitudinal variation in species richness ob-
tained by interpolation showed a very marked
humped response in all the sectors (Figure 7 up).
The pattern was more or less asymmetric in the
different cases, since species richness increased
fast from the lowest altitudes upwards to reach
wide maxima in the montane (or submontane)
belt, and then decreased towards the summits, in
most cases less sharply than it increased at lower
altitudes. Axial Pyrenean sector 1 and pre-Pyre-
nean sectors 5 and 6 gave a similar pattern, cha-
racterized by less asymmetry and maxima
plateaus peaking in the montane belt (1,200-1,700
m asl). Axial sectors 2 and 3 peaked in the mon-
tane belt, while sectors 4 and 7 reached their ma-
xima in the submontane belt, and sector 8 peaked
in the transition between the basal and submon-
tane belts (600-700 m asl).
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Table 2
Main plant diversity descriptors of the eight sectors, mean values (and standard deviation) through the sectors,
and global values for the whole study area.
The figures in the section Richness correspond to number of habitats, species and endemics; and those in the
sections Life forms, Main habitats, and Chorotypes are species percentages in the corresponding floras.

1 2 3 4 5 6 7 8 Mean  Whole
Richness
Habitats richness 9 117 134 103 135 148 90 112 117 £20.6 219
Total species richness 1,220 1,487 1,579 1,506 1,448 1,698 1,347 1251 1442 +146.6 2,335
Pyrenean endemics richness 57 67 67 54 47 63 21 22 50 £18.7 97
Life forms
Evergreen Phanerophytes 09 10 18 15 20 27 32 35 2.1 097 2.7
Deciduous Phanerophytes 70 65 68 66 68 63 79 70 6.9 +0.48 5.6
Chamaephytes 147 137 129 132 128 128 114 127 13.0 £0.94 13.0
Geophytes 90 87 80 94 84 89 105 83 8.9 £0.78 9.5
Hydrophytes 16 21 1.8 1.1 14 09 1.1 12 14041 20
Hemicryptophytes 533 516 503 497 462 468 465 390 479 +443 448
Therophytes 136 164 184 185 224 217 195 282 19.8 +4.39 225
Main habitats
Forests 1.1 92 87 94 85 83 109 74 92127 7.6
Scrubs 134 126 133 124 146 142 157 162 14.1 £1.39 13.8
Grasslands 330 320 312 306 31.1 30.1 284 297 30.8 £1.42 29.1
Ruderal 127 175 187 208 224 229 229 27.1 20.6 +4.34 215
Water-related 163 155 156 147 128 124 133 98 13.8 £2.15 154
Rocky 135 132 124 120 106 121 87 98 11.5+1.68 12.6
Chorotypes
Mediterranean 56 103 119 11.7 195 176 186 290 155+7.22 200
Oro-Mediterranean 38 38 33 32 40 39 26 44 3.6 +0.56 38
Sub-Mediterranean 36 50 49 48 59 52 53 67 5.2 +0.89 43
Atlantic 33 22 20 17 10 12 22 06 1.8 +0.85 24
Medio-European 379 331 330 344 305 302 353 245 323 +4.04 272
Boreo-Alpine 125 107 98 93 51 66 47 15 7.5 £3.67 79
Alpine 120 102 92 86 52 67 39 10 7.1 £3.62 6.9
Pyrenean 47 45 42 36 32 37 16 138 34+1.17 42
Pluriregional 155 179 188 189 221 206 21.6 270 20.3 £3.44 18.8
Introduced 13 24 28 37 35 44 41 36 32101 45

The endemic flora (Figure 7 down) gave also
a humped response along the altitudinal gradient,
but with respect to the whole flora, the endemics
showed a somewhat symmetric pattern, with a
moderate increase and sharper decrease along the
gradient and with maxima at higher altitudes,
well in the subalpine belt. This pattern is clearer
for the axial Pyrenees (with a clear maximum at
2,200-2,300 m asl) than for pre-Pyrenees (with
maximum at 2,000-2,100 m asl, and submaxima
at lower altitudes).

The relative proportion of the distinct life forms
in the Pyrenean flora showed varying trends along
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altitude. Hemicryptophytes made the biggest group
through the altitude and the axial Pyrenean or pre-
Pyrenean sectors (38-65%; Figure 8 up). They sho-
wed a general increasing trend with increasing
altitude for most of the gradient, excluding the lo-
west altitudes and the alpine belt. Therophytes
made high proportions in the submontane belt (23-
28%) and decreased regularly up to the highest al-
titudes, together with phanerophytes. Geophytes,
hydrophytes and chamaephytes maintained low re-
presentation through most of the gradient, but
while geophytes and hydrophytes clearly decrea-
sed and eventually disappeared from mid subal-
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Figure 6. — Correlation between species richness and ha-
bitats richness in the sectors considered. See Figure 1
and Table 1 for their location and characterization.

pine belt to the summits, chamaephytes increased
along the high mountain and reached a high per-
centage towards the summits (> 30%).

As for habitat preferences (Figure 8, middle)
forests and scrubs hosted low to moderate per-
centages of the flora from low altitudes to mid
subalpine belt (9-10% in the axial Pyrenees and
14-16% in the pre-Pyrenees, for most intervals),
with very little variations along altitude, and bet-
ween axial Pyrenees and pre-Pyrenees. In the
same altitudinal range, grassland areas included
many more plant species (26-34%) and then

Environmental drivers and plant species diversity in the Catalan and Andorran Pyrenees

showed an increasing trend along the subalpine
belt. From there upwards, whereas species rich-
ness in forest and scrub decreased gradually,
grassland species increased up to 50% of the
flora (and to more than 63% in the reduced areas
near the summits). The ruderal flora was very
rich in the submontane belt (22-28%) and gra-
dually decreased in altitude, although it remai-
ned noticeable (4-5%) up to the lower alpine
belt. Particular habitats related to water or to
rocky outcrops hosted moderate species percen-
tages up to 2,000 m asl (10-19% in the axial
Pyrenees and 8-18% in the pre-Pyrenees), and
showed inverse shifts towards the summits;
whereas hygrophilous species clearly decreased,
species richness in rock and scree habitats sho-
wed a rising trend and accounted for more than
25% of the summit floras.

The chorotypes considered showed monotonic
trends —with increasing or decreasing percenta-
ges— along the altitudinal gradient, although most
of them remained with some representation even
at their less favourable end (Figure 8, down).
Mediterranean flora (excluding Mediterranean
orophytes) accounted for low to moderate per-
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Figure 7. — Altitudinal variation in plant species richness in the eight sectors (up) and Pyrenean endemics richness
in the axial Pyrenees and the pre-Pyrenees (down). The left graphs correspond to the axial Pyrenees and the right
graphs to the pre-Pyrenees. Vertical dotted lines indicate the mean altitude for shifts between vegetation belts (i.e.,

basal, submontane, montane, subalpine, alpine, subnival).
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Figure 8. — Altitudinal variation in the spectra of life forms (up), ecological preferences (middle) and chorotypes
(down) of the flora in the area studied. The left graphs correspond to the axial Pyrenees (total data for sectors 1-4)
and the right graphs to the pre-Pyrenees (sectors 5- 8). Vertical dotted lines indicate the mean altitude for shifts bet-
ween vegetation belts (i.e., basal, submontane, montane, subalpine, alpine, subnival).

centages at the basal and submontane belts (5-
17% in the axial Pyrenees and 19-30% in the pre-
Pyrenees) and decreased gradually up to the
summits, where a few examples were still found
even in the axial sectors. Oro-Mediterranean,
sub-Mediterranean and Atlantic taxa were small
parts of the flora across the whole gradient. Ho-
wever, whereas Atlantic species disappeared
along the alpine belt, Mediterranean orophytes
increased variously, and reached noticeable per-
centages (10-14%) at the pre-Pyrenean higher
altitudes. The medio-European flora was the lar-
gest chorotype of the flora in the submontane
and montane belts (38-45% in the axial Pyrenees
and 29-39% in the pre-Pyrenees). In parallel
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with Mediterranean and pluriregional choroty-
pes, medio-European chorotype decreased from
mid subalpine belt upwards, and reached the
summits by means of a few species. Opposite to
this trend, Boreo-Alpine, Alpine and Pyrenean
species percentages gradually increased from the
lowest altitudes to the summits; in the axial Pyre-
nees these three chorotypes became especially
dominant in the high alpine and subnival belts.
The plant diversity descriptors of Table 2 reve-
aled strong correlation among them through the
eight sectors; over one third of the total of pairs
had higher values than 0.7. For the PCA we used
a logical selection of eight descriptors showing
lower correlation values among them, which led
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to the space ordination of sectors and descriptors
shown in Figure 9. The pre-Pyrenean sectors 7 and
8 and the Atlantic sector 1 show particular, peri-
pheral locations, due to their distinctiveness in dif-
ferent aspects (plant richness, life-forms, floristic
preferences for habitats, and chorotypes). Also, a
number of the descriptors (mostly correlated with
axis 1) draw a general distinction between axial
sectors (which are relatively clustered in the left
lower part) and pre-Pyrenean sectors (which are
more dispersed over the rest of the field).

DISCUSSION

Most of the abiotic differences between sec-
tors lay in the location of each sector within the
Pyrenees, which defines its altitudinal span,
main outcrops, physiography and bioclimate.
The distribution of the projected area along the
altitudinal gradient gives some basic differences
between axial and pre-Pyrenean sectors. Na-
mely, the pre-Pyrenean sectors include a high
proportion of submontane and basal belts, and
little or no alpine belt. This must be the cause of
the bulk floristic differences in the spectra of life
forms, the preference for main habitats, and the
chorotypes between both groups of sectors
(MARK & DickiNsoN, 2000; DE BELLO & al.,
2013). For instance, the pre-Pyrenean sectors
host high percentages of evergreen phanerophy-
tes and therophytes, which are good strategies
to thrive under the Mediterranean influence
(THOMPSON, 2005; NINOT & FERRE, 2008) and
lower percentages of hemicryptophytes. This is
particularly clear for sector 8, where a greater
development of the basal belt has led to larger
anthropic landscapes and less forest diversity. In
turn, this has produced a higher percentage of
ruderal species and a lower percentage of forest
species.

Species richness and habitat richness are po-
orly correlated with the direct abiotic variables of
the sectors, and even with basic combinations of
them (such as the combination of total projected
area, altitudinal span and landscape diversity). In
fact, despite the strong similarity in physiographic
descriptors between sectors 1 and 2, and between
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sectors 5 and 6, there were strong differences in
species richness (and in endemics richness; Table
2 and Figure 6) within each pair. Thus, species
and habitat richness seem to be the result of more
complex combination of factors, at least at the
scale of the sectors analysed here. Moreover, the
relative poorness of sectors 7 and 8, and their dis-
tinctiveness in terms of chorotypes, are mostly
due to the lack of high mountain, and thus to the
poor representation of flora related to altitude. In
addition, the floristic singularity of the sectors,
measured as the richness in Pyrenean endemics,
reflected the relative differentiation between them
and the neighbouring non-Pyrenean areas. In this
aspect, sectors 7 and 8 have a transitional charac-
ter between the Pyrenees and non-Pyrenean
mountains. Their plant diversity is partly related
to that of the other Pyrenean sectors due to vici-
nity and to similarities in the lower belts, and
partly similar to that of coastal Catalanidic moun-
tains due to similarities in physiographic aspects
—and thus poorness in orophytes and in Pyrenean
endemics. Thus, and coinciding with floristical
approaches (BoLOs & ViGo, 1984; LOPEZ &
FonT, 2006) our analysis shows the transitional
phytogeographic character of the southernmost
Pyrenean ranges (sector 8) and southeastern Pyre-
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Figure 9. — Ordering of the sectors (numbered dots) in a
space defined by the two first axes (loading 39% and
30% of the total variance) of a Principal Component Aa-
nalysis based on the values of eight descriptors of plant
diversity from Table 2.
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naean mountains (sector 7), between the true
Pyrenees and the Catalanidic mountains.

The relationships among sectors illustrated in
Figure 9 helps in relating their floristic content to
their abiotic particularities. Clearly, the peripheral
situation of sectors 1,7 and 8 reflects their physio-
graphic and bioclimatic distinctiveness, which in
turn is the result of their peripheral locations within
the area studied. In addition, the location of sectors
1 and 7 towards the upper right of the space may
be related to their more oceanic character (chiefly
through higher values in forest and medio-Euro-
pean flora). Overall, the differentiation in plant di-
versity between sectors is due to basic differences
in their altitudinal span (e.g., the lack of basal belt
in most axial sectors, or of high mountain in some
pre-Pyrenean sectors) and to the way in which a
few factors vary along the altitudinal gradient. For
instance, the stronger summer drought at the lower
altitudes of sectors 5, 6 and 8 may be the cause of
their floristic composition (lower medio-European,
higher Mediterranean flora, etc.), given the large
areas covered by low altitudes.

The most general pattern of species richness in
the altitudinal gradient found in the sectors, i.e.
an asymmetrical humped pattern, has been related
to mountain systems with moderately stressing
conditions at the lowest altitudes (i.e. the Medi-
terranean summer drought in most Pyrenean
areas), good conditions in the low-medium zone
(with a good hydric balance and still quite a long
growing season), and higher stress conditions up
to the mountain tops (MCCAIN & GRYTNES,
2010). However, the low species richness at the
lowest altitudes in our approach is clearly more
related to the small area covered at these altitudes,
which leads to low heterogeneity in causal factors
(e.g., outcrops or landscape).

At higher levels, HD decreased from montane
to subalpine belts. This even occurred in sectors
1,2 and 3, despite the fact that the projected area
for the subalpine belt was greater than that of the
montane belt. In sectors 7 and 8 (those without
high mountain), HD decreased along the montane
belt upwards, more probably due to a sharp area
reduction than to bioclimatic conditions. Howe-
ver, grasslands tended to increase with altitude,
more sharply across the high mountain. This in-
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crease may be relevant for plant diversity, since
these herbaceous habitats host much of the spe-
cies richness in mountain landscapes (NINOT &
FERRE, 2008).

The richer floras at low-medium altitudes are
connected to the rich Mediterranean and medio-
European (and pluriregional) chorotypes, which
are widely found at the submontane and montane
belts. These distinct chorotypes coexist at similar
altitudes favoured by the varying topography,
which offers contrasted habitats in densely arran-
ged landscapes. This contrasts with to the poorer
high mountain zone, mainly inhabited by less di-
versified Alpine, Boreo-Alpine and Pyrenean
chorotypes (Table 2). Within the submontane and
montane belts, richer flora in the eastern sectors
(4 and 7) may be an expression of the very spe-
cies-rich representation of both medio-European
and Mediterranean chorotypes in the mild, mari-
time mountainous area of NE Catalonia (BOLOS,
1995). This area has been identified as a good re-
fuge and corridor for many floristic elements
throughout the Quaternary climate oscillations
(POSTIGO-MIJIARRA & al.,2010).

The distribution of endemics provided comple-
mentary evidence of the key role of complex
mountainous ecosystems in enhancing floristic
richness and singularity. In our case study, most
Pyrenean endemics were found in all the sectors
that include high mountain landscapes. Namely,
all sectors except 7 and 8 hosted between half and
two-thirds of the Pyrenean endemics found in the
entire study area. Thus, the high mountain has
been a refuge for ancient secluded taxa (paleoen-
demics), an arena for rising speciation (neoende-
mics), and a relatively good space for internal
migration and homogenisation of the Pyrenean
high mountain flora.
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