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Abstract

27.1

Mountain ecosystems, and in particular European Alpine ecosystems, have a rich biodiversity, as they represent complex
associations controlled by elevation, soils and rocks, and climatic conditions following latitude, longitude, slope orientation
and aspect. Vegetation belts are organized with respect to altitude according to a concomitant decrease in temperature and
increase in precipitation, and are defined by their dominant plant elements. Plant diversity within the Alps also results from
these mountains’ location at the transition point between cold-temperate and warm-temperate climates, as well as from their
historical biogeography. In order to explain how past environmental changes have shaped the modern plant diversity and the
organization of vegetation in altitudinal belts, a temporal dimension may be provided by paleovegetation data. Abundant
micro- (pollen) and macro-remains (leaves, fruits, seeds) show that European Cenozoic vegetation exhibits a similar latitudinal
and altitudinal organization to the vegetation belts observed today in south-eastern China, where most of the taxa — missing
in Europe since the late Neogene — now occur. Late Eocene to Pliocene pollen floras of the south-western and Eastern Alps are
characterized by the presence of megatherm plants and an abundance of mega-mesotherm plants. These are typical of moist
evergreen low-altitude forests, and are characterized by the presence of Cathaya, a conifer now restricted to subtropical China
at mid to high elevations. Pollen data indicate the presence of Abies/Picea forests at high altitudes since at least the Oligocene.
Since then, several thermophilous taxa have declined, and some have disappeared from the Alps due to natural or human-
related processes that are responsible for the modern plant diversity pattern there. These processes include the uplift of the
mountain range, which began ca. 35 Ma, late Neogene global cooling, Pleistocene glacials/interglacials and more recent human
impact.

Keywords: paleo-phytogeography, pollen, mountain uplift, paleoaltitude, Cenozoic, global cooling, climatic cycles

Introduction

Mountain plant ecosystems generally have high diver-

Mountain vegetation is characterized by the altitudinal
stratification of plants related to temperature and precipi-
tation. Vegetation zones change from low to high latitude
or from low to high altitude in the same way (Ozenda
1989): the replacement of taxa occurs as vegetation types
adapt to colder conditions.

sity, as they represent complex assemblages influenced
by elevation, climatic conditions — which follow latitude
and longitude — and variable amounts of rainfall.
Moreover, the physiographic complexity of mountains
creates environments that can vary over short distances
due to, for instance, exposure to sun or slope angle
and aspect.
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Figure 27.1 Maps of the five main phytogeographic zones of the Alps. Source: Adapted from Aeschimann et al. (2011). In gray: (a) The
main centers of vascular plant endemism, defined by Noble & Diadema (2011), and (b) The main refugia of vascular plants in the Alps,

defined by Schonswetter et al. (2005).

In the Alps, vegetation organization is also complex
because of the large size of the mountains and their
position at the crossroads of many floristic provinces
(Ozenda 2009). Moreover, the Alpine arc is oriented
north—south in France but west—east for the rest of
the chain (Figure 27.1a). The French section of the
chain is thus characterized by important differences
between the southern and the northern parts, with the
Southern European Alps being drier, as they are under
Mediterranean influences.

Plant diversity within the Alps mainly results from
their location at the transition point between cold-
temperate and warm-temperate climates, their landscape
heterogeneity, the local climate variability that arises
from complex topographies and historical biogeography.
A detailed knowledge of the past is thus essential to an
understanding of the processes that have controlled
changes in plant diversity up to the present.

This chapter, which focuses primarily on the Western
Alps, starts with a description of the present flora and



vegetation patterns in their physiographic and geological
context. It then shows how the intense tectonic activity
in this region over the last 40 My has influenced the flora
and vegetation. Finally, it shows the role of Pleistocene
climatic cycles and human impact on the mountains and
their flora.

27.2 Present Flora and Vegetation
Patterns in the Physiographic,
Climatic and Geological Context

of the Alps

27.2.1 Plant Distribution and Endemism
Patterns

The European Alps are one of the most important hot
spots of plant biodiversity in Europe (Ozenda 1985, 2002),
with a high number of endemic taxa. According to
Aeschimann et al. (2004), the Alps encompass 3983 indig-
enous taxa of vascular plants, which is more than one-
third of the total European flora. The average taxonomic
richness of the Alps is estimated at about 2200 taxa per
10000km?, and despite their relatively restricted area, the
Southwestern Alps are home to more than 70% of
the entire Alpine flora. In the Alps, 501 endemic taxa are
registered, making up 4% of the European flora. This cor-
responds to an endemism rate of 12.6% within the area’s
native flora.

The distribution of endemics (Figure 27.1a) is mainly
concentrated in the southernmost Western Alps and
the southern part of the East Eastern and West Eastern
Alps (Noble & Diadema 2011). At the junction of the
Mediterranean Basin and the Alps, the Maritime and
Ligurian Alps constitute a zone of geographic overlap
between major biotic assemblages (Comes & Kadereit
2003), an important hot spot of plant biodiversity
(Médail & Quézel 1997) and also a major refugium
(Figure 27.1b) (Médail & Diadema 2009). This region,
with 25% of the endemic plants of the whole range,
represents one of the most important biogeographical
areas in Europe, due to the high concentration of
paleoendemic and endemic plants (Casazza et al. 2008;
Noble & Diadema 2011). Recent molecular investiga-
tions of endemic plants from the Maritime and Ligurian
Alps show that vicariance events are the most impor-
tant factor explaining the distribution and genetic pat-
terns of plant populations there (Casazza et al. 2013).
The Maritime Alps do not act as a strong barrier to the
migration of plants, and moderate gene flow seems to
create an admixture between some plant populations,
even when separated by deep valleys (Diadema et al.
2005). The persistence of several endemics throughout
various glacial periods appears to be linked to the

capacity of mountains to provide a wide diversity of
microhabitats within a reduced space.

In the Alps and Carpathian Mountains, species rich-
ness and genetic diversity do not co-vary for mountain
vascular plants (Taberlet et al. 2012); rather, genetic
diversity is associated with the glacial and postglacial
history. In the Alps, genetic rarity (the presence of rare
alleles or restricted haplotypes) is correlated with both
species rarity (i.e., rare markers tend to be located in the
same areas as rare species) and species endemism (i.e.,
rare makers in widespread species tend to be situated in
the same areas as endemic species). Rare markers are
often fixed in long-term isolated refugial populations,
and these crucial areas correspond to distinct glacial ref-
uges, in which the highest endemism levels also occur
(Schonswetter et al. 2005).

27.2.2 \Vegetation

Vegetation belts (also called altitudinal zones) in the
Alps are well characterized by bioclimatic factors and
their principal vegetation types, especially forests.
Vegetation belts are organized altitudinally according to
steep ecological gradients, with a concomitant decrease
in temperature and increase in precipitation, extending
from the lowlands to the nival zone. In the Central Alps,
five vegetation belts are distinguished: the collinean,
mountain, sub-alpine, alpine and nival belts (Table 27.1).

In the Southwestern Alps, vegetation is similarly
organized in altitudinal belts on both flanks of the moun-
tains, but with more pronounced Mediterranean influ-
ences occurring on the southern slopes, from the lowest
thermo-Mediterranean to the oro-Mediterranean belt,
which corresponds to the alpine belt of the Central Alps
(Table 27.1). These southern mountains are heterogene-
ous from a biogeographical viewpoint, with the southern
side clearly influenced by Mediterranean elements
and the northern side composed of medio-European
vegetation (Barbero & Quézel 1975). The altitudinal lim-
its of these vegetation belts vary along a latitudinal gradi-
ent, but they are ~700m wide in vertical elevation
(Ozenda 1989). For collinean to sub-alpine species, espe-
cially trees, temperature often represents the limiting
factor for survival at the upper limit and moisture at the
lower limit.

These vegetation belts are well delimited by modern
pollen data collected from moss polsters along two
transects across the Southwestern Alps (Figure 27.2). In
order to reconstruct Cenozoic vegetation and climate
information from pollen data, Fauquette et al. (2015)
established the relationship between modern pollen data
and vegetation to serve as a baseline. To create this refer-
ence data set, pollen grains were grouped according to
vegetation belts. However, Pinus was separated because
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Table 27.1 Structure of the vegetation belts of the Alps in relation to the mean minimum temperatures of the coldest month
of the year (m), and their correspondence with two concepts of the Mediterranean vegetation belts.

Alpine vegetation belts

m

(°C) Ozenda (1985) Main vegetation types

Mediterranean vegetation belts

Ozenda (2002) Quézel & Médail (2003)

-10
—9 Nival Bryophytes and lichens
Alpine Grasslands with Poaceae
and Cyperaceae; low
heathlands with Salix,
Juniperus and Vaccinium
-7

Alti-Mediterranean Oro-Mediterranean

Coniferous forests with
Picea abies, Larix
decidua, Pinus mugo and
Pinus cembra

-6 Sub-alpine

Mountain-Mediterranean Mountain-Mediterranean

-3 Mountain Forests with Fagus
sylvatica and/or Abies
alba; mesophilous forests

with Pinus sylvestris

Supra-Mediterranean Supra-Mediterranean

Deciduous forests with
Quercus pubescens,

Q. robur or Q. petraea;
xeric forests with Pinus
sylvestris; mesophilous
forests with Tilia,
Fraxinus, Acer

and Prunus

Collinean

10 Mediterranean vegetation
in the Southwestern Alps
(southern slopes)

Medio-Mediterranean Meso-Mediterranean

Per-Mediterranean Thermo-Mediterranean

Infra-Mediterranean

its pollen is not identifiable at the species level and may be
representative of several vegetation belts. Pollen grains of
Larix are scarce; samples containing this genus were col-
lected within its forests or from sites immediately below
such forests. Pollen grains of Cupressaceae are grouped
together because infra-family identification (genus identi-
fication) is impossible, even though their species grow at
different altitudes in the Southwestern Alps: Cupressus
sempervirens, Juniperus oxycedrus and J phoenicea
in the two lowermost Mediterranean vegetation belts;
J. thurifera in the higher supra-Mediterranean belt and in
the lower part of mountain-Mediterranean belt; and
J. communis and J. sabina in the mountain-Mediterranean
belt. Most of the herbaceous pollen grains cannot be dis-
tinguished at the genus level, whereas such plants can
inhabit different altitudes; their abundance may indicate

open and/or undergrowth vegetation. Finally, alpine
tundra-like plants (Aconogonum alpinum, Gentiana,
Centaurea uniflora) were identified in only a few sites.
These west—east transects show that there is a good
correlation between pollen data and observed vegetation
distributions along altitudinal and longitudinal gradi-
ents, and that the vegetation distribution follows a clear
asymmetric topography (Figure 27.2): replacement of
pollen groups as elevation increases appears progressive
on the western flank, but much more abrupt in the east.
Pollen data may therefore be used to reconstruct
Paleogene to Quaternary paleovegetation. Moreover, for
these periods, information from pollen may be comple-
mented by macrofossils when they are available in the
same region. However, these fossils are produced from
plants that lived not more than a few kilometers from the
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fossilization site, and rarely record those growing in the
higher belts. To get around this problem, Bertini &
Martinetto (2011) used the presence of pollen and the
concomitant absence of macrofossils in several deposits
of the same age to pinpoint those plants that probably
grew at higher elevations (e.g., Cedrus, Picea, Tsuga).

27.3 Vegetation History of the Alps
Since the Late Eocene

The Alps resulted from the convergence of the European
and African plates, trapping the Apulian microplate
between them, which led to the closure of the Tethys
Ocean by the Eocene, followed by a collision between the
European and Adriatic plates (e.g., Rosenbaum & Lister
2005). This complex collision history led to a nappe stack
involving basement and cover rocks of the European
margin, of the intervening ocean and micro-continents,
and of the Adriatic margin.

The intense tectonic activity in this region over the last
40 My has influenced the vegetation and flora, with the
appearance of high mountains and new marine basins,
and consequent landscape fragmentation, environmental
heterogeneities and new climatic patterns.

27.3.1 Vegetation History Before Human Impact

Abundant pollen records (e.g., Suc 1989; Suc et al. 1995;
Jiménez-Moreno et al. 2005, 2010; Bertini 2010) show
that European Neogene vegetation followed belts that
were aligned similarly in latitude and altitude to the belts
seen today in south-eastern China (Wang 1961), where
most of the taxa that disappeared from Europe by the
late Neogene are still extant.

The study by Fauquette et al. (2015) shows that in the
Southwestern Alps, late Eocene to Pliocene pollen floras
(Figures 27.3 and 27.4) are characterized by prevalent
mega-mesotherm plants (see the definitions of these
plant groups in the legend of Figure 27.4), reflecting sub-
tropical conditions, and sometimes high frequencies of
Cathaya, a conifer restricted today to subtropical China
at mid to high elevations, below the Abies and/or Picea
belts (Wang 1961). Pollen records suggest that the past
representatives of Cathaya in Europe probably occupied
a similar ecological niche (e.g., Suc 1989; Combourieu-
Nebout et al. 2000, 2015; Biltekin et al. 2015). Megatherm
plants supporting an interpretation of tropical condi-
tions were present in all of the Eocene to mid-Miocene
samples (Figure 27.4). The maximum frequency of such
species occurred during the early Langhian (~15Ma)
(Jiménez-Moreno et al. 2005), corresponding to the

mid-Miocene Climatic Optimum (MCO). The pollen
record of mega-mesotherm plants decreases from the
early Zanclean (ca. 5 Ma) to the Piacenzian (3.6-2.6 Ma),
and major disappearance events have occurred since the
earliest Pleistocene (2.6 Ma), due to the onset of north-
ern hemisphere glaciations (Suc 1984; Bertini 2010).
Climate gradients linked to the latitude, altitude and
physiography of pollen sites explain the different timings
of the extinctions of Taxodium-type, Cathaya and Tsuga
species, among others (e.g., Suc et al. 1995; Bertini 2010).

On the whole, microtherm trees support the presence of
boreal conditions (Abies, Picea) and meso-microtherm
trees (particularly Cathaya) occur in significantly higher
frequencies on the eastern side of the Southwestern Alps
than on the western side (Figure 27.4). This indicates
that the present-day asymmetric topography of the
Southwestern Alps, with a relatively gentle western flank
and steeper eastern flank, was established early, and has
been in existence since at least the early Miocene, and pos-
sibly since the Oligocene or late Eocene. Therefore, the high
topography and asymmetric morphology of this part of the
Alps have been maintained throughout the past ~30My.

In the East Eastern Alps, early to late Miocene pollen
data (Figures 27.3 and 27.4) show a very diverse flora
(Jiménez-Moreno et al. 2005, 2008). The Burdigalian
and Langhian (20.4-13.6Ma) vegetation was dominated
by thermophilous elements such as evergreen trees,
typical of a present-day low-altitude evergreen rainforest
(e.g., south-eastern China), reflecting the MCO. During
the Serravallian and Tortonian (13.6—7.2Ma), important
vegetation changes are observed: Avicennia, which
previously populated the coastal areas up to these high
latitudes, vanished, and several other megatherm elements
(Buxus bahamensis-type, Alchornea, Melastomataceae),
typical of broad-leaved evergreen forests, became rarer,
before finally disappearing from Central Europe. These
changes can be linked to cooling and correlated with global
and regional climatic changes. Later, this vegetation was
progressively replaced by communities rich in mesotherm
plants. Percentages of mid- and high-altitude conifers
increased considerably during the Langhian and, later,
during the Serravallian and Tortonian, indicating their
relocation to a lower altitude, nearer to the sedimentary
basin, which is correlated with significant cooling phases.
These coniferous belts developed again at higher altitudes
during warmer phases, as signaled by their reduced
frequency in younger pollen records.

Subsequently, several thermophilous plants declined
in abundance, and some of them disappeared from the
Alps due to global cooling and progressive amplification
of the glacial-interglacial cycles (see further details in
Chapter 9). The data from the Stirone site (Figure 27.4)
(Bertini 2001) at the foot of the Apennines provide a
good example of this phenomenon. From their onset,
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glacial—interglacial cycles are marked by changes in both
vegetation and reconstructed climate compared to the
early Pliocene (Fauquette & Bertini 2003). During inter-
glacials, the climate was almost as warm as in the early
Pliocene, and the vegetation remained a mega-meso-
therm to mesotherm plant forest. During glacials, mega-
mesotherm taxa disappeared (e.g., Distylium, Myrica) or
declined in abundance and distribution (Taxodium-type,
Sequoia-type). Temperatures were markedly lower than
during interglacials — nearly equal to modern values —
and not suitable for these thermophilous taxa.

The known macrofloras mostly come from the north-
ern and eastern borders of the Alps for the Eocene
to mid-Miocene interval (Mai 1995), and from the
southern Alps for the Messinian and Pliocene (Bertini &
Martinetto 2011; Martinetto et al. 2015). In general,
these data confirm the picture provided by pollen with
respect to the flora and vegetation of the lowland Alpine
fringes. The most interesting information added by
macrofossils is connected with the marked climatic
cooling that has occurred since ~2.6 Ma: several plants
now extinct in Europe entered the macrofossil record
for the first time during this period (Martinetto et al.
2015). The cones of Picea florschuetzii, which are very
similar to a modern spruce that grows in the Himalaya
(P smithiana), or of Tsuga chairugii, whose relatives

today live only in America and East Asia, are frequent in
a few early Pleistocene sites of northern Italy (Ravazzi
2003). The presence of these taxa indicates either the
descent of the Alpine high-vegetation belts or immigra-
tion from Northern Europe/Siberia. Reliable records of
plant species typical of the modern Alpine high-altitude
belt (e.g., Larix cf. decidua and Picea abies) are first
found only in the late early Pleistocene (Ravazzi et al.
2005). Records of diagnostic species of the alpine belt
are restricted to the late Pleistocene glacials and most
commonly occur in the lowlands to the north of the
Alps (e.g., Salix herbacea) (Alsos et al. 2009). This
appears to be a good example of a taphonomic window,
where alpine taxa are only preserved when they descend
close to potential depositional environments, which are
restricted to lowlands or basin floors.

Very few pollen data are available from the Pleistocene.
Pollen data from Pianico-Sellere (Bergamo, Italy;
Figure 27.4), attributed to early-middle Pleistocene,
represent vegetation dynamics similar to those of the
late Pleistocene interglacials, although “Tertiary relicts”
(Pterocarya, Tsuga, Rhododendron ponticum) are still
present (Martinetto 2009). Other pollen successions in
Switzerland and Bavaria attributed to the mid-Pleistocene
(Welten 1982; Griiger 1983) illustrate, as elsewhere in
Europe, a moderate expansion of Pterocarya during the



Holstein interglacial. Several pollen records from France,
Switzerland, Bavaria and Austria (respectively, Les Echets
(de Beaulieu & Reille 1984), Gondiswill (Wegmdtiller 1992),
Samerberg (Griiger 1979) and Mondsee (Drescher-
Schneider 2000); Figure 27.4) document the vegetation
dynamics of the last interglacial (Eemian), highlighting the
significant role played by Carpinus betulus and the quasi-
absence of Fagus.

27.3.2 The Onset of Modern Vegetation:
An Example from the Western Alps

Numerous pollen records are available in the western Alps
for the Holocene, which allow for the depiction of the
general trend of vegetation changes during this period.

The Last Glacial Maximum (LGM), between 24 and
17 ka (calibrated ages), constitutes the state of maximal
retreat of temperate vegetation types, to the benefit of
alpine-boreal plant communities. Temperate taxa were
mostly restricted to southern refuges, mainly located in
the Iberian, Italian and Balkan peninsulas and around
the Black Sea, but some could also have survived within
cryptic northern refugia (e.g., Nieto Feliner 2011). Most
of the temperate plant recolonizations occurring there-
after originated from southern regions (e.g., Brewer
et al. 2002; Muller et al. 2007).

The Lateglacial period (17.0-11.3ka) was marked by
an ecological succession arising from an initial climate
warming: the cold steppe vegetation dominated by
Artemisia and Amaranthaceae was replaced by Juniperus
scrub, then Betula woods and finally Pinus forests (de
Beaulieu & Reille 1983). The Younger Dryas climatic
event, which allowed a widespread expansion of steppe
communities throughout Europe, led to a general lower-
ing of the treeline to ~300 m.

The subsequent temperature increase at the beginning
of the Holocene induced a second phase of successional
dynamics, involving temperate tree communities that
replaced Pinus forests. The first trees to establish were
Corylus and deciduous Quercus. These communities
constituted, from sea level to about 1800m, diversified
forests, including Fraxinus, Ulmus and Tilia. At higher
altitudes, these forests were replaced by coniferous ones.

Simultaneously, around 10.1ka, Abies alba penetrated
into the southern French Alps, migrating from its
nearest refugium in the northern Adriatic region (Muller
et al. 2007). Fir forests expanded during the Atlantic
period (8.9-5.4ka), in both the southern (de Beaulieu &
Reille 1983) and the northern French Alps (David 1995).
This range expansion was slower in the dryer internal
massifs, and ended about 6.5ka, when fir penetrated
into the extensive pine woods of the most arid region
of the Alps, the Brianconnais (Muller et al. 2007).
Throughout its Alpine range, this highly competitive
species found suitable conditions at middle altitudes,

progressively forcing pines and Larix decidua to migrate
to higher altitudes and deciduous broad-leaved trees to
migrate to lower ones.

Between 6.5 and 2.8ka, Pinus cembra formed dense
forests between 2000 and more than 2300m (Muller et al.
2006). This occurred at the same time as an increase in
the upper treeline, which exceeded 2900m in the Queyras
Valley (Talon et al. 1998). During the Subboreal period
(5.4—2.8Kka), fir and deciduous oak declined as Neolithic
human populations progressively colonized mountain
territories (Walsh et al. 2014). The anthropogenic pres-
sure was intense during the last 2.8ka, since the beginning
of the Subatlantic period, and the forest exploitation of
the Bronze and Iron ages focused on some useful species,
such as fir, which was intensively exploited to supply
coastal shipyards (Nakagawa et al. 2000). Such human
activity induced major vegetation changes from the
shores to the mountains: at low altitudes, evergreen pio-
neer formations of Quercus ilex and Pinus halepensis
replaced the deciduous forests of Q. pubescens, forming
the anthropogenic meso-Mediterranean belt. At mid-
altitudes, above the remnant deciduous oak forests of the
supra-Mediterranean belt and within the mountain-
Mediterranean belt, Abies alba forests declined to give
way to Fagus sylvatica, while in the sub-alpine belt, Pinus
cembra declined and Abies disappeared from the internal
valleys (Muller et al. 2007), which allowed larch and
mountain pine to disperse to lower elevations.

At the time of the Roman Empire, several cultivated
trees were introduced (e.g., Castanea, Juglans), and the
industrial forest exploitation (Nakagawa et al. 2000)
allowed for the immigration of Picea abies into the newly
opened vegetation zones. This species spread into the
sub-alpine belt of the Northern Alps, where it found a
suitably wet climate. The period between AD500 and
1000 was marked by a forest recovery, followed by a new
deforestation trend from feudal times onwards, which
finally ended during the Industrial Revolution of the 19th
century. Thereafter, the abandonment of agriculture in
remote valleys resulted in a re-establishment of mountain
forests and the significant establishment of firs and oaks
in secondary pioneer forests during the 20th century.

27.4 Climate and Paleoaltitude
Reconstructions of the Alps Since
the Late Eocene

27.4.1 Methods Based on Pollen Data

Pollen grains offer a large number of morphological traits
(such as aperture, structure and sculpture) that can be
analyzed by light microscopy (Punt et al. 2007) and scan-
ning electronic microscopy (SEM) for surface features
(Halbritter et al. 2007). These features can then be used to
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identify the pollen to species level. The implementation of
these techniques in the 1970s led to vastly improved
identification rates of the Neogene pollen flora in the
Mediterranean region, based on systematic comparative
observations of fossil pollen grains with those of living
plants (Suc 1976; Suc & Bessedik 1981). This botanical
approach afforded the identification of more than 100 new
taxa, including 14 robust identifications at the species level
in the study area (Avicennia officinalis, A. alba, Hamamelis
mollis, Parrotia persica, Parrotiopsis jacquemontiana,
Distylium chinense, Microtropis fallax, Juglans cathayensis,
Nyssa sinensis, Rhoiptelea chiliantha, Carpinus orientalis,
Rhus cotinus, Lygeum spartum and Cedrus atlantica) (Suc
et al. 2004). This achievement significantly enriched the
understanding of the regional Neogene flora and con-
tributed to reliable climate reconstructions.

The climate reconstructions assembled from the
Neogene data (Fauquette et al. 1999; Jiménez-Moreno
et al. 2008; Fauquette et al. 2015) are based on the
“climatic amplitude method,” which was developed by
Fauquette et al. (1998) specifically to quantify the cli-
mate of periods with no modern analogs for the pollen
spectra. In this method, the past climate is estimated by
transposing the climatic requirements of the maximum
number of modern taxa to the fossil data. The climatic
amplitude method takes into account pollen percent-
ages, and allows, despite some biases, for a greater
refinement and precision of climatic estimates, because
taxa with very low pollen percentages are not always sig-
nificant. The most probable climate for a set of taxa is
estimated as the climatic interval suitable for the highest
number of taxa and a “most likely value” corresponding
to a weighted mean.

In this method, Pinus pollen grains are excluded from
the pollen sum, as they are generally over-represented in
marine sediments due to a prolific production and over-
abundance resulting from long-distance air and water
transport (Heusser 1988; Beaudouin et al. 2007). High-
latitude/altitude taxa are also excluded from the recon-
struction process to avoid a cold bias linked to pollen
transport from higher elevations. The excluded taxa are
defined on the basis of their occurrence in modern vege-
tation zones: vegetation types described for the studied
time period are found today in south-eastern China.
There, the vertical distribution of vegetation is character-
ized from the base to the top of the massifs by evergreen
broad-leaved forest, mixed evergreen and deciduous
broad-leaved forest, Picea/Tsuga forest, Abies forest and
high mountain meadows (Wang 1961; Hou 1983). This
stratification allows us to exclude the modern high-
altitude taxa from the climatic reconstruction in order to
infer the low- to middle-low-altitude climate (Fauquette
et al. 1998). This procedure also allows us to discriminate
between climatic variations and elevation changes.

Estimates based on this method show that the latitudi-
nal temperature gradient in western Europe was ~0.48°C/
degree latitude during the mid-Miocene (Fauquette et al.
2007) and ~0.46°C/degree latitude during the early
Oligocene (Fauquette et al. 2015), and that a modern gra-
dient was established during the Tortonian.

The method used to quantify paleoaltitudes, devel-
oped by Fauquette et al. (1999), is based on pollen floras,
which provide a regional view of the vegetation from the
lowest to the highest altitudinal belts feeding into the
drainage basin from which the sediments were sourced,
and the mean annual temperature (MAT) reconstructed
at sea level, which is transposed into a modern latitude.
The latitude difference between the Cenozoic site and
the modern latitude indicates the shift in altitude of the
vegetation belts; in particular, the Abies/Picea belt,
which is the best indicator of elevated topography in the
fossil pollen floras. This method uses a standard modern
relationship established by Ozenda (1989, 2002), as the
data do not allow the estimation of past terrestrial lapse
rates. Ozenda’s relationship assumes that, in the Alps,
modern vegetation belts shift by 110m in altitude per
degree of latitude. It should be noted that terrestrial
lapse rates are highly variable geographically in relation
to altitude, slope aspect, prevailing wind directions, con-
tinentality and atmospheric composition, among other
factors, and they are difficult to apply where the past
atmospheric composition differed from the present (see
Chapter 7). Meyer (1992) estimated modern terrestrial
lapse rates for many areas of the world, and found that
they vary between 0.36 and 0.81°C/100m for MAT.
However, because there is no information concerning
paleoterrestrial lapse rates in the Alps, Fauquette et al.
(2015) hypothesized that the ratio between altitudinal
and latitudinal temperature gradients was similar to the
present ratio; taking into account the range of modern
terrestrial lapse rates, the relationship between the
latitudinal and altitudinal gradients would vary, giving
different values for the shift of vegetation belts per
degree of latitude (Table 27.2). If this range of values
were used, the estimates of paleoaltitude would differ as
well. However, Table 27.2 highlights that the estimates of
the terrestrial lapse rate for each studied period based on
the standard modern relationship are included in
Meyer’s estimated range.

Moreover, paleoelevation estimates correspond to the
most probable paleoelevations based on the “most likely
values” of MAT and to ranges of paleoelevation based
on the minimum and maximum MAT. This partially
compensates for the use of the modern altitudinal/
latitudinal ratio.

In the case of sites with unknown elevation (Suc &
Fauquette 2012), which were all younger than 10Ma
in Fauquette et al. (2015), the latitudinal temperature



Table 27.2 Shifts in altitude of vegetation belts in relation

to different terrestrial lapse rates and to latitudinal gradients
estimated for different epochs (Fauquette et al. 2015).

The minimum (0.36 °C/100 m) and maximum (0.8 °C/100 m) lapse
rates are those reconstructed by Meyer (1992) for many areas

of the world. The lines in bold corresponds to the estimates

of terrestrial lapse rate for each studied period based

on the standard modern relationship.

Latitudinal Terrestrial
gradient lapse rate
(°C/°lat.) (°C/100m) Shift in altitude/°lat.
Standard 0.6 0.55 1°lat. » 110m
modern
Pliocene 0.6 0.36 1°lat. » 167 m
0.55 1°lat. > 110m
0.81 1°lat. » 74m
Middle 0.48 0.36 1°lat. » 134m
Miocene 0.44 1°lat. > 110m
0.55 1°lat. » 87m
0.81 1°lat. » 60m
Early 0.46 0.36 1°lat. —» 128 m
Oligocene 0.42 1°lat. - 110m
0.55 1°lat. —» 84m
0.81 1°lat. > 57m

gradient was similar to the modern one, and the authors
chose to keep the terrestrial lapse rate equivalent to the
modern rate, taking into account that the position and
continentality of the Alps were the same as today.

The record in the fossil pollen flora of microtherm
trees such as Abies and Picea indicates elevated topogra-
phy close to the sampled sites. Nevertheless, pollen data
do not permit altitudinal range estimation for this vege-
tation belt, nor a determination of whether alpine herba-
ceous and perpetual-snow belts existed above it, due to
difficulties in differentiating between the pollen of alpine
herbaceous elements and that of plants growing at lower
elevations. As a consequence, these pollen-based paleo-
elevations are minimum estimates, corresponding to the
lower limit of the highest forested belt.

We must emphasize the consistency of our previous
estimates: the paleoaltitude we inferred for the
Mercantour Massif (Southwestern Alps) is consistent
with a geomorphological reconstruction (Fauquette
et al. 1999); the paleoaltitude of the Ganos Mountain in
the Dardanelles Strait (Melinte-Dobrinescu et al. 2009)
is in agreement with the tectonic hypothesis of Armijo
et al. (1999); and the paleoaltitude of the Canigou
Mount in the Eastern Pyrenees (Suc & Fauquette 2012)
is supported by a paleogeographic validation (Clauzon
et al. 2015).

27.4.2 Resulting Paleoaltitudes

Based on this method, the study by Fauquette et al.
(2015) shows that the topography of the internal zone of
the Southwestern Alps reached elevations of around
1800 m as early as the Oligocene (ca. 30 Ma). In contrast,
the external massifs, including the Mercantour Massif,
uplifted later, during the late Neogene, while the post-
Serravallian (ca. 12-13 Ma) emplacement of the Digne
thrust nappe was reinforced. Pollen data show that the
present-day topographic asymmetry of the Southwestern
Alps, with a relatively gentle western flank and a much
steeper eastern one, dates back to at least the early
Miocene, and possibly to the Oligocene or late Eocene.

In the East Eastern Alps (Jiménez-Moreno et al.
2008), paleoaltitudes during the Burdigalian were not
high enough for Abies and Picea to form forests, but
were sufficient to allow Cathaya to survive. Therefore,
the relief was less than 1800m. On the other hand,
Serravallian and Tortonian pollen records, rich in coni-
fers typical of high elevations, indicate an intense uplift
during the mid-Miocene. The abundance increase in
high-elevation trees is due to uplift and not to climatic
changes, as the pollen records are still dominated by
thermophilous plants. Paleoaltitudes were higher than
1600 m at that time.

27.5 How Do Regional Geological
Evolution, Global Climatic Changes
and Human Pressure Affect Alpine
Plant Diversity and Vegetation?

Due to the formation of the Alps since the late Paleogene
(40-35 Ma) under warm-temperate to subtropical con-
ditions, boreal-type environments could only develop
at the higher elevations. Since the Oligocene, high
elevations (~1800m) have allowed meso-microtherm
(Cedrus, Cathaya) and microtherm (Abies, Picea) trees
to establish.

The development of plant populations on mountains
arises from two major sources (Ozenda 1985, 2009): an
autochthonous (in situ) population, formed of plants
already present at the beginning of the uplift, and an
allochthonous component, arising from migration from
other cold regions.

The autochthonous part formed from a subtropical to
tropical flora. Most of these taxa, vulnerable to cold, became
extinct later due to glaciations and competition, but a few,
such as Junmiperus thurifera and Berardia subacaulis,
survived in the Western Alps (Ozenda 2009). Plants of
temperate origin are represented by two groups: Holarctic
and Mediterranean plants (Ozenda 1985).
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The allochthonous part is made up of plants that
migrated from the Mediterranean and/or central Asian
mountains and Arctic regions (Ozenda 1995, 2009;
Kadereit et al. 2008). Exchanges with Arctic and Northern
European floras during glacials/interglacials is evidenced
by the presence of “arctic-alpine” plants. However, the
Alpine flora shows less pronounced affinities to the
northern (Scandinavia, North America) than to the
southern (Mediterranean Basin, Central and Eastern
Asia) floras (Ozenda 1995, 2009; Comes & Kadereit
2003). The European Alpine system and major Central
Asian mountains (Altai, Tibetan Plateau and Himalaya)
are connected by a more or less continuous system of
mountain ranges. This implies both a northern (boreal,
sub-arctic, arctic) and a southern (southern mountains)
connection between the European Alpine system and
the Central Asian high mountains.

Pleistocene glaciations played a major role in the
changing vegetation of the Alps: (i) the pre-existing
thermophilous flora almost completely disappeared;
(ii) plants of temperate origin only survived in refugia,
leading to a disjunct distribution of some plants; and
(iii) exchanges between the Alps and the other moun-
tain ranges and/or northern regions were amplified.
Pleistocene warming phases led to the expansion of the
thermophilous floras, forcing microtherm plants to
move towards colder areas to the north or to higher
elevations (Ozenda 1985, 2009), which resulted in dis-
junct distributions of arctic-alpine plants.

The postglacial period of the French Alps is the
period in which the different vegetation belts recog-
nized today were established (Table 27.1). Around
10ka, only two forested belts existed: a lower one, occu-
pied by deciduous oak forest, and an upper one, charac-
terized by coniferous forests (mainly Pinus sylvestris
and P uncinata). The boundary between these two
belts was not abrupt, but formed a transition zone with
mixed formations of oaks and pines. This intermediate
belt only transformed into a belt in its own right with
the immigration of fir, from ca. 9ka. The fir forests,
mixed with numerous deciduous trees, forced oak for-
ests downslope and pine forests upslope. The late onset
of this belt is clearly due to the migratory dynamics of
firs that arrived in the French Alps from their Adriatic
and Apennine refuges. Between 7.5 and 5.0ka, the sub-
alpine belt, which was made up of open woodlands of
Pinus uncinata mixed with Larix and Pinus cembra,
differed significantly from its modern physiognomy.
The modern forest structure of this belt was only
achieved around 5ka, with the development of dense
forests of P. cembra up to ~2300 m. The onset of a real
forested sub-alpine belt appears to be related to a gen-
eral aridification, evidenced by low lake levels
(Digerfeldt et al. 1997).

The last belt to appear in the Southwestern Alps was the
lower meso-Mediterranean belt, at around 5—4ka, charac-
terized by the establishment of typical Mediterranean
plants at low altitudes, in particular Quercus ilex and Pinus
halepensis. The presence of Neolithic human populations
supports the anthropogenic origin of this belt, which
corresponds to the replacement of deciduous forests
by pioneer disturbance-adapted plant formations.
Nevertheless, recent multiproxy attempts to quantify
Holocene climate fluctuations have shown that a succes-
sion of dry episodes from ca. 5ka may have also triggered
the expansion of sclerophyllous Mediterranean taxa
(Magny et al. 2002). Unlike the other vegetation belts, the
meso-Mediterranean belt appears to be a partly human-
triggered subdivision of the former (supra-)Mediterranean
belt, naturally dominated by deciduous oak forests. At
higher altitudes, human activity also had strong effects,
such as lowering the treeline by at least 300m (Carnetti
et al. 2004) and creating sub-alpine meadows. Moreover,
increased human population sizes in mountains led to the
fragmentation of forest ecosystems and thus to erosion
events. In the second part of the 20th century, a policy of
intensive reforestation started.

27.6 Conclusion

The flora of the Alps encompasses more than one-third
of the European flora. Endemic taxa, mainly concen-
trated in the south-westernmost Alps and the south-
western part of the Eastern Alps, represent 4% of the
European flora. Maritime and Ligurian Alps constitute
an important hot spot of plant species richness and form
a major refugium where endemic plants represent 25% of
all alpine endemics.

In the Alps, vegetation belts are organized by altitude,
governed by decreases in temperature and increases in
precipitation at higher elevations. These vegetation
belts are well recognized in modern pollen data, estab-
lished on two transects along the slopes of the
Southwestern Alps. The modern pollen data also reflect
the asymmetric west—east elevation of the massif: the
replacement of pollen groups as elevation increases
appears progressive on the western flank but much
more abrupt on the eastern one.

The formation of the Alps dates back to ca. 35 Ma and
has influenced both the flora and the vegetation of the
area, due to the appearance of high mountains and new
marine basins, and consequent landscape fragmenta-
tion, environmental heterogeneities and new climatic
patterns. As early as the Oligocene, high relief allowed
boreal-type environments to develop at the higher eleva-
tions, and meso-microtherm (Cedrus, Cathaya) and
microtherm trees (Abies, Picea) established early in the



history of Alpine vegetation. During the Pleistocene, due
to glaciations, the earlier, more thermophilous flora
became extinct, while arctic-alpine plants developed on
the massifs. Holarctic plants only survived in refugia,
leading to disjunct distributions. However, warm phases
also led to disjunct distributions of the arctic-alpine
plants, which moved towards colder areas to the north or
to higher elevations. Today, only some “Tertiary relicts,’
such as Juniperus thurifera and Berardia subacaulis, still
survive in the Alps.

The onset of the modern vegetation patterns started in
the early postglacial period, around 10ka. The different
vegetation belts recognized today gradually developed
following local climate and soil conditions and the migra-
tory dynamics of the species. The presence of human
populations in the Alps since the Neolithic triggered the
expansion of some vegetation types, in particular typical
Mediterranean plant formations at low altitude, and the
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