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Abstract

Soils formed from ultramafic rocks are normally by pH values close to neutrality, a high base
status and are usually rich in Mg, Fe and heavy metals. The low Ca/Mg ratio and the high heavy
metal content could cause toxic effects in the biological communities. Plant communities, in
particular, are usually different from nearby areas with different substrates and rich in
endemisms and adapted species and subspecies.

Despite their great environmental and ecological interest, pedological and ecological properties
of mountain or boreal soils developed on similar substrates have seldom been studied
worldwide. 198 soil pits (associated with phytosociological surveys) have been opened and
analyzed in the ophiolitic area of Mont Avic Natural Park (Val d’Aosta, Western Alps, Italy),
beween 900 and 2900 m above see level. Soils formed from ultramafic, mafic rocks and
calcschists have been observed, in order to recognize the most ecologically important soil
factors.

The results show that soil properties are related with altitude and slope aspect in forest habitats,
while the effect of substrate becomes important above timberline. Strong leaching in forest
soils, related to high acidity and to the podzolization process, decrease the total and bioavailable
heavy metal contents, above the treeline pedogenic and geomorphic processes release and
accumulate large quantities of potentially hazardous trace elements. The plant communities
strictly depend on the edaphic properties above the treeline, while in the forest habitats the
differences caused by substrate are less discernible.

Microbial and microarthropodal communities suffer stress caused by heavy metals in forest
soils, while at the alpine level non significant statistical or ecological correlation are visible.
Heavy metals (Ni, in particular) are the most important edaphic properties in differentiating
plant communities on different substrata, while the Ca/Mg ratio (usually considered the most
influencing soil properties on ultramafic soils) has no particular ecological effect.
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1 — Introduction

1.1 Why studying soils on ophiolites: the *“serpentine factor”

Ophiolites include associations of ultramafic, mafic and sedimentary rocks, originally formed in
the oceanic crust at different depths and brought to the surface by tectonic movements. From
the bottom to the top of the original sequence, there are ultramafic rocks, a mafic (plutonic or
volcanic) complex, overlaid by a sedimentary, mainly carbonatic, cover. The metamorphism
associated with tectonic movements alters the original lithology: ultramafic peridotites and
pyroxenites become serpentinites, mafic gabbros and basalts become meta-gabbros and
amphibolites, the carbonatic sediments and the shales become marbles or calc-schists (Coleman
1977). The soils formed from these rocks deeply differ from each other, thus supporting
different plant communities.

Soils derived from ultramafic rocks (usually called “serpentine soils” by ecologists) have
attracted the interest of soils scientists and ecologists for many generations, because they
usually host a stunted vegetation, characterized by poor growth and low cover, rich in endemic
species and usually distinct from neighbouring areas (Whittaker 1954). Plant species adapted to
“serpentine soils” often are characterized by distinct morphologies from the ones closely related
but colonizing “different” substrata. They often have xeromorphic appearance (leaves reduced
in size, hairiness), smaller dimensions, more developed root system (Brady et al. 2005), also in
wet environments. Sometimes, the limit between serpentine and non-serpentine habitats is
strikingly sharp (fig. 1.1), evidencing a sharp ecological boundary (Brady et al. 2005, Brooks
1987).

This happens because of the so-called “serpentine factor” (Brooks 1987, Proctor and Nagy
1992). These soils usually contain very high Mg (18-24%), Fe (6-9%) and heavy metals
(particularly Ni, Co, Cr and Mn), but very low Ca (14%) and Al (1-2%) (Alexander 2004).
Many edaphic properties, causing the distinctive vegetation of different ophiolitic areas, have
been considered: low Ca®/Mg”" ratio (later on, Ca/Mg), causing inhibition of Ca®" uptake;
toxic effect of high Mg; low Ca>" (Dearden 1979); toxic effects of large concentrations of
heavy metals, particularly Ni (Chardot et al. 2007); low available Fe, because of high pH values
and competition with Ni and Co (Kataeva et al. 2004); low levels of available macronutrients
N, K, P (Nagy and Proctor 1997, Chiarucci et al. 2003); drought due to soil shallowness, sandy
texture, erodibility (Oberhuber et al. 1997); dark colour and consequent high temperature and
drought (Brooks 1987, and Verger 1987). The relative strength of each factors differs from site
to site (Proctor and Nagy 1991).



Fig. 1.1: sharp boundary between serpentine habitats (on the left, with low plant cover and endemic species) and
gabbro (with a rich alpine prairie, dominated by Poa alpina and Carex curvula), in Mont Avic Natural Park.

1.2 Plant-soil relationships: the ecology of soils formed on serpentinite

Because of edaphic constraints, the plant communities inhabiting serpentine areas are often
stunted and strikingly different from the ones growing in adjacent soils (Brooks, 1987).

Heavy metals (particularly Ni) are perhaps the most discussed factor, because of their toxicity
and environmental increase due to human activity. However, their ecological effects in
ophiolitic habitats are not clear: some authors claim that Ni negatively affects vegetation,
because of toxicity on non-adapted species (Lee 1992, Chardot et al., 2007, Robinson et al.
1996), but according to many others its effect is negligible, particularly if nutrients are
sufficiently available (e.g., Chiarucci et al. 2001). Some authors claim that excessive Mg is the
most important contributor to the serpentine factor, also in cold and wet environments that
should cause a strong base leaching (Proctor and Woodell 1971). This element, when present in
large quantities, inhibits the uptake of nutrients because of an antagonistic behaviour with Ca
(Proctor 1971).

The importance of metals in serpentine plant ecology, however, is shown by the presence of
species which hyperaccumulate them (i.e., containing more than 1,000 mg*kg™ of Ni on the dry
weight (Jaffre et al. 1976)), normally endemic to ophiolitic habitats. These unique plants are
potentially important tools for the phytoremediation of soils contaminated with metals from
anthropogenic sources (Baker et al. 1994).

Despite the importance of serpentine environments, very few studies deal with the relationship
between soil and vegetation cover in boreal or high mountain regions.

In temperate mountain areas, biodiversity decrease with altitude on ultramafic substrates,
because of the interaction between the stresses caused by altitude and edaphic properties
(Wilson et al. 1990). On ultramafic substrates in humid mountain areas in the Klamath
Mountains in northern California, forest productivity and density on mountain slopes on
ultramafic material are low compared to nearby terrains (Burt et al. 2001), but it becomes
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higher on ancient and well developed soils than in young and disturbed ones, because of the
progressive leaching of Mg, leading to an increase in the Ca/Mg ratio, and of toxic and mobile
Ni and Co (Alexander 1988).

On a serpentinite outcrop in Newfoundland, around the tree-line, the vegetation is sharply
different from the one found on nearby substrates; it is similar only where the available Ca”
approaches the values typical on nearby substrates (Dearden 1979).

In subalpine areas in northern Japan, on serpentinite, the presence of spruce (Picea abies) is
lower than on other substrata, and laboratory experiments show that the growth of this species
is inhibited on “serpentine soils” because of the combined toxicity of excessive Ni and Mg
(Kayama et al. 2005). Similarly, Kram et al. (1997) show how spruce grows with a stunted
shape in a serpentinite-dominated basin: it is not clear if this feature is due to Ni or Mg toxicity,
or insufficient K content.

Chemical relationships between soils and vegetation in an arctic area in Russia is described by
Kataeva et al. (2004), but the relationships between vegetation communities and soils are not
shown. Alpine soils on serpentinite are described in detail by Roberts (1980), while high
altitude soils formed from serpentinite and mafic rocks enriched in sialic colluvium are shown
by Sanchez-Marafion et al. (1999).

In the Western Italian Alps (Val d’Ayas), Vergnano Gambi and Gabbrielli (1981, 1987) showed
the mineral composition of some plants growing at high altitudes on ophiolitic soils, in relation
with the metal content in soils. However, the ecological effect of heavy metals, as well as the
“serpentine effect” was not studied.

In other studies concerning ophiolitic habitats in Val d’Aosta, the weak edaphic acidity was
considered the most important factor in the differentiation of plant communities on ultramafic
rocks: the dry, base-rich and “eutrophic” soils on serpentinite did not permit the development of
the typical subalpine spruce and Pinus cembra forest (Verger 1990) which grew on Podzolic
soils developed on mafic and acid rocks. On serpentinite, the soils were either too dry for
spruce and Pinus cembra, or too wet for Pinus uncinata. The understory vegetation was mostly
neutrophilous (Verger et al. 1993). At the alpine level, on serpentinite, neutrophilous or
basophilous communities grew on neutral soils. Possible effects of heavy metals were not
mentioned (Verger et al., 1993).

Recent studies (D’ Amico 2006a and 2006b, D’ Amico et al. 2008) in the ophiolitic area of Mont
Avic Natural Park (Valle d’Aosta, Western Italian Alps), showed a different situation, both
from a pedological and a botanical point of view.

Buffa et al. (1998) describe alpine vegetation on serpentinite in Mont Avic Natural Park from a
phytosociological and from an ecological point of view, but soils are not studied.

In temperate of boreal habitats, soils and vegetation covers on mafic rocks (gabbros, meta-
gabbros, prasinites and amphibolites) are usually similar to the ones developed on acid rocks
(Verger et al. 1993); only in dry climates, and where pyroxenites bodies are associated with the
mafic outcrops, community composition is somewhat intermediate between the one typical on
acid and on ultramafic substrates (Alexander et al. 2007).

1.3 Soil forming processes on ultramafic materials

Worldwide, “serpentine soils” are often considered as shallow, primitive and eroded soils. This
idea probably depends on the fact that usually recently exposed ultramafic outcrops support the
most peculiar vegetation cover, and the chemistry of these soils is the most similar to the parent
material and the most stressing for vegetation. A large number of studies were performed in this
“primitive” habitats, while well developed soils under well-developed plant cover were often
neglected on mafic and ultramafic substrates. Another reason often cited for the explanation of
the shallow thickness of serpentine soils is the lack of alumina, which inhibits the formation of
clay minerals and enhances erosion (Cleaves et al. 1974).
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In temperate or cold, humid climates, three main pedogenic processes are commonly active on
ultramafic materials: fast Ca leaching, formation of a mull humus type, biologically active
because of near-neutral pH values, illuviation of clay minerals and formation of an argillic Bt
horizon (Duvignaud 1996, Rabenhorst et al. 1982). In a recent review of serpentine geoecology
of Western North America (Alexander et al. 2007), it emerges that most kinds of soils and
pedogenic processes can be found on ultramafic substrata. Only Podzols/Spodosols are not
found on pure serpentine: the surface horizons must be developed from volcanic ash or sialic
alluvium in order to permit the development of a strongly acidic E horizon and the leaching of
Fe and Al complexed with organic matter. Only in the coldest and most humid sites in Alaska
spodic horizons can form, overlaid by A horizons. In subalpine habitats, in Western North
America the most common soil formed on serpentinite in stable sites is the Cambisol, with Bw
horizons strongly enriched in Fe oxi-hydroxides.

Serpentine minerals (antigorite, chrysotile and lizardite) are unstable in surface environment,
and are easily transformed into other layer silicates by weathering processes: in relation to
drainage properties, Mg and Si leaching, some clay minerals can form: in well aerated sites,
vermiculitic minerals are common, while in low drainage situations smectites are dominant
(Bonifacio et al. 1997, Bulmer et al. 1992, Lee et al. 2003, Rabenhorst et al. 1982). Secondary
Fe-oxy-hydroxydes are also normally accumulated, particularly in the most weathered B
horizons (Alexander 2004, Bonifacio et al. 1997). Goethite and hematite are formed after the
release of Fe from the structure of primary minerals. Because of high pH values, metal leaching
is inhibited. These oxides are often an important sink for heavy metals (Becquer et al. 2006,
Schwertmann and Latham 1986).

Podzolization (formation and illuviation of organic acids complexed with Al and Fe, and
downward transportation of Al and Si in colloidal form) is the typical pedogenic process acting
on acidic and silicate rocks under subalpine or boreal coniferous forests or ericaceous shrubs in
cold, humid climates. However, this process is somewhat inhibited over easily weatherable
mafic and ultramafic parent materials (Lundstrom et al. 2000) because of the high base status,
high siderophile element content (Souchier 1984) and near-neutral pH. In general, these
chemical factors slow down podzolization considerably, even when climate and vegetation
favour the process.

Sasaki et al. (1968), Sticher et al. (1975), Verger (1990), Bulmer et al. (1992), Verger et al.
(1993), Alexander et al. (1994), Bulmer and Lavkulich (1994), Gasser et al. (1994)), deal with
pedogenesis on ultramafic substrates in boreal or mountain habitats. Many more have focused
on “serpentine soils” in tropical areas.

In addition to the above cited processes, there are a few reports of podzolic soils developed
from serpentinite; however, according to the most widespread taxonomic systems, such as the
World Reference Base for Soil Resources (IUSS Working Group WRB 2006) (hereafter WRB)
and Soil Taxonomy (Soil Survey Staff 2006) (hereafter ST), none of these soils can be classified
as Podzols or Spodosols. Alexander et al. (1994a and 1994b) describe soils on ultramafic till in
Alaska as having an E horizon but a pH=6 in the Bs horizons, which is inconsistent with that of
Spodosols. Bulmer and Lavkulich (1994) report that a soil developed from ultramafic materials
in Canada has a spodic Bf horizon (Expert Committee on Soil Science. Agriculture Canada
Research Branch, 1987), but lacks the E horizon and has a rather high pH (5.7). A similar soil
profile was observed by Ragg and Ball (1964) on the Scottish island of Rhum. Soils with a
podzol-like morphology (a bleached E horizon overlying a reddish-brown Bs) described by
Gasser et al. (1994) in Switzerland show lithological discontinuity between the wind-driven
material from which the E horizon formed and the Bs derived from serpentinite debris. The
same profile was previously described by Sticher et al. (1975). The high quartz content (15%) in
the eluvial horizon was interpreted as presence of aeolian material. Sasaki et al. (1968) found a
podzol-like soil on serpentinite in Northern Japan: they conclude that podzolization is active,
but the pH value (6.5) is higher than the one typical of podzolic soils. Verger (1990) and Verger
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et al. (1993) compared soils developed on serpentinite and on mafic and acid rocks in the
western Italian Alps. They concluded that podzolization is impossible on ultramafic parent
materials, which usually give rise to Eutric or Dystric Cambisols in the most humid sites under
subalpine vegetation.

On other substrates common in the study area (calcschists, at high altitude), the main soil
forming processes are decarbonatation and acidification, leading to the formation of strongly
acidic soils dominated by sand (mainly composed by mica). Nutrients are abundant, thanks to
the easy weatherability of the parent material and to the favorable Ca/Mg ratio in the rock-
forming minerals (Legros et al. 1980).

1.4 The study area

The Mont Avic Natural Park is located in the Chalamy and the Champorcher valleys (Valle
d’Aosta, Western Italian Alps, fig. 1). The substrate is composed of ultramafic, mafic rocks and
calcschists, part of the Piedmontese Ophiolitic Complex (Occhipinti 1997). The most common
lithology is serpentinite (mainly of antigoritic type), associated with lenses of chlorite-schists,
followed by meta-gabbros and amphibolites (rich in tremolite and actinolite). Calcschist
outcrops are extensive in the southernmost part, above 2400 m a.s.l..

Pleistocene glaciers completely covered the area until 12000-15000 years BP. Since then,
erosion-deposition processes deeply affected the slopes. Thus, the soil parent material is usually
made of loose till and debris composed of ophiolitic rocks in different amounts; only seldom
the soils formed in situ directly from the weathering of the hard substrate.

Cryoturbation heavily affects large surfaces above the treeline, with extensive flat areas covered
by active earth hummocks (usually large between 20 and 100 cm, and 10-40 cm high) and
slopes by solifluction lobes. Above 2600 m, on north-face slopes, there are active rock glaciers
and rock streams which indicate the presence of permafrost (Guglielmin 1997). Surface
concentration of rocks (rock fields) is common on easily fragmented rocks, normally above
2500 m. Patterned ground (rock circles and stripes) is also common above the same altitude.
The forest vegetation can be resumed as follows (Bovio and Broglio 2007):

- Beech (Fagus sylvatica) forests at the montane level (1000-1400 m) on humid, north-facing
slopes (Luzulo-Fagion);

- Dry, south-facing slopes at the montane level (1300-1700 m) dominated by xerophilous
Scotch pine (Pinus sylvestris) forests (Deschampsio-Pinetum sylvestris, Verger et al. 1993);

- Pinus uncinata dominates the lower subalpine forests (1400/1700-2000/2100 m), association
Rhodoreto-Vaccinietum (Montacchini 1968),

- Larches (Larix decidua) and shrubs dominate the higher subalpine level (2000-2300 m).
Some serpentiniculous species (Thlaspi sylvium, Biscutella laevigata, Carex fimbriata) are
common in open forests where the substrate is dominated by serpentinite (D’ Amico 2006b).
Soils are always deeply acidified, and podzolization is the dominant soil-forming process on
north-facing slopes (D’Amico 2006b, D’ Amico et al. 2008).

Alpine plant communities can be resumed (Bovio and Broglio 2007, Buffa et al. 1998,
D’Amico 2006a) as the typical Curvuletum on metagabbros and on calcschists; on the latter,
there are usually some basophilous species. On serpentinite, Caricetum fimbriatae is the most
common association.

The climate is endo-alpine with continental influences. The average yearly temperatures
decreases with altitude from 5° to -6°C (Mercalli 2003) and precipitation is around 700-1200
mm (the average precipitation at Praz Oursie, located at 1800 m over sea level, is around 850
mm). The precipitation maxima are in autumn and spring. Summers are quite dry (sub-
Mediterranean influences), but not enough to cause stress for the vegetation (udic moisture
regime according to Soil Survey Staff 2006).
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1.5 Aims and structure.

The aim of this study is, therefore, to characterize the pedogenesis and the ecological effect of
some properties of the soils formed on different ophiolitic lithologies, and their mutual
relationships with the plant communities and with microbial activity and stress symptoms.

This will be achieved by four phases: the first is a general characterization of soils properties
and pedogenetic processes, of plant communities and their mutual relationships; the second
phase is the chemical and mineralogical characterization of the peculiar pedogenic process of
podzolization, unusual on ultramafic substrates; the third is the characterization of metal
speciation and bioavailability, in relation with pedogenic processes and environmental
properties; the fourth is the recognition of relationships between soil properties and microbial
activity and microarthropodal biodiversity and adaptation.

Each chapter in which this dissertation is subdivided consists in the main phases of the
investigation, or in parts of them: the main link between the chapters is the search for the main
edaphic factor implied in the ecological variability in the study area.

Chapter 1 shows the main objectives and theoretical background: why soils formed from
ultramafic materials are important from an environmental and ecological point of view, what
are their main peculiarities and why they can be considered toxic to non adapted living
organisms. A large number of papers are cited here.

Chapter 2 describes the main results of the first part of the study: the main edaphic and
environmental properties have been statistically related to vegetation cover and plant
community composition, after having sampled and analyzed a large number (198) of sites.
Chapter 3 deals with one of the most striking features of the subalpine soils formed in the study
area: the podzolization process, very unusual on base-rich substrates like serpentinite. This
process is described from the chemical and mineralogical (chapter 4) point of view. Podzols are
extremely acidic soils, and these low pH values can increase metal mobility and bioavailability.
So, the study of heavy metal speciation and mobility has been studied (Chapter 5), in order to
detect differences in metal bioavailability in relation to pedogenesis and environmental
properties.

Chapter 6 deals with the effect of metal content, speciation, bioavailability on soil ecology,
biological diversity and microbial activity and stress.
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2. Edaphic influences on vegetation of ophiolitic substrates
Modified from article accepted, to be published soon in Folia Geobotanica.

Abstract

Edaphic influence on vegetation is particularly strong in ophiolitic areas, because of the typically harsh
soil properties on ultramafic substrates, the so-called “serpentine factor” (e.g., high heavy metal content,
low available Ca/Mg ratio, low nutrients supply). Plant cover is usually low (the so called “serpentine
syndrome”), and many endemic species or sub-species grow over such materials. There is no general
agreement about the main factor(s) involved in the “serpentine syndrome”. However, very few studies
deal with the relationships between vegetation and soils in alpine or boreal habitats. In particular, in the
large ophiolitic areas of the Western Alps, very few comprehensive studies exist.

The aim of the present work is, therefore, to give information about the soil-vegetation relationships in
subalpine forests and alpine habitats (Mont Avic Natural Park, Aosta Valley, Western Italian Alps). This
is achieved by following a statistical approach: plant communities are recognized and correlated with
environmental and soil chemical and physical properties.

In the concerned environments, forest soils are deeply acidified, and the forest vegetation is always
acidophilous, and depends mostly on aspect and altitude. Some species endemic to serpentinite grow
where Ni is high. Above the tree-line, soils are less developed and soils and plant communities diverge
in relation to substrate and slope processes. The different vegetation on serpentinite is related mostly
with available Ni.

2.1. Introduction

Ophiolites include associations of ultramafic, mafic and sedimentary rocks, originally formed in
the oceanic crust at different depths and brought to the surface by tectonic movements. The
soils formed from these rocks deeply differ from each other, thus supporting different plant
communities.

Soils developed from ultramafic rocks (usually called “serpentine soils” by ecologists) are very
interesting from an ecological and environmental point of view, because of the so-called
“serpentine factor” (see chapter 1)

In the Western Italian Alps (Val d’Ayas), Vergnano Gambi and Gabbrielli (1981, 1987) showed
the mineral composition of some plants growing at high altitudes on ophiolitic soils, in relation
with the metal content in soils. However, the ecological effect of heavy metals, as well as the
“serpentine effect” was not studied.

In other studies concerning ophiolitic habitats in Val d’Aosta, the weak edaphic acidity was
considered the most important factor in the differentiation of plant communities on ultramafic
rocks: the dry, base-rich and “eutrophic” soils on serpentinite did not permit the development of
the typical subalpine spruce and Pinus cembra forest (Verger, 1990) which grew on Podzolic
soils developed on mafic and acid rocks. On serpentinite, the soils were either too dry for
spruce and Pinus cembra, or too wet for Pinus uncinata. The understory vegetation was mostly
neutrophilous (Verger et al., 1993). At the alpine level, on serpentinite, neutrophilous or
basophilous communities grew on neutral soils. Possible effects of heavy metals were not
mentioned (Verger et al., 1993).

Recent studies (D’Amico, 2006a, 2006b, D’Amico et al. 2008) in the ophiolitic area of Mont
Avic Natural Park (Valle d’Aosta, Western Italian Alps), showed a different situation, both
from a pedological and a botanical point of view.

The aim of the present study is, therefore, to describe an ophiolitic ecosystem on the Alps, and
to characterize the ecological effects of some chemical properties of the soils formed on the
different lithotypes and their mutual relationships with the vegetation. The high acidity and
desaturation found in most soils in the study area have seldom been found on ultramafic
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substrates worldwide, and could increase metal bioavailability and give rise to toxicity and
strong ecological effects.

Available Ni, Ca and the Ca/Mg ratio were the considered components of the “serpentine”
factor.

The aim was achieved by following a statistical approach: the first stage was the field
recognition of the different plant communities, the second was the verification of the observed
differences with statistical classification methods (cluster analysis). The third phase was the
constrained ordination of vegetation relevees in relation with soil and environmental properties
in order to understand the fraction of the variability explained by the selected edaphic factors.
The fourth was the modelling of the edaphic requirements of some serpentiniculous species, by
the use of Generalized Linear Models (GLMs) and Classification Trees (CART).

2.2. Materials and methods
2.2.1. Field data collection and soil sampling

In order to obtain an exploratory overview of the different habitats, 191 sites were chosen
subjectively according to the geology and the vegetation cover (from existing cartography and
field observation), following many altitudinal and lithological transects. Many plots had already
been characterized (D’Amico 2006a, 2006b). Field activities were carried on in July-August
2008. A non-random sampling design was followed in order to obtain data also on some
particular, “extreme” habitats which would have been probably missed with a randomized
selection of sampling plots, because of the small area they occupy.

A phytosociological survey was completed in homogeneous plots of 16 m?, visually estimating
the cover (%) of each species. The following data were collected: slope (%), aspect, tree cover
(%), altitude (m), rockiness (%), herbaceous cover (%). Species were recognized according to
Lauber and Wagner (1998) and to Pignatti (1992). The taxonomic names are derived from
Pignatti (1992).

The soil pits were excavated in the middle of the plot, to a depth where no sign of pedogenesis
was visible (usually no more than 70 cm) or down to the hard rock, in order to characterize the
pedogenic factors active in the plot, the development degree of the soil and to make a field
classification (IUSS Working Group WRB, 2006).

Field description of soil profiles was performed according to FAO (2006).

Approximately 1 kg of soil material was collected from surface horizons to a depth of 10-15
cm; rock fragments were preserved in order to qualitatively and quantitatively determine their
lithology.

2.2.2. Laboratory analysis

All soil samples were air-dried and sieved to separate the fine earth (<2mm) from the coarse
fraction. The following properties were determined: pH (H,O and KClI, soil: solution=1:2.5),
total organic carbon (TOC, Walkley and Black), available Ca, Mg, K, Na (Ca,,, Mg,,, K, Na,
extracted with BaCl,-TEA and analyzed with FAAS), total acidity (BaCl,-TEA extraction and
titration with 0.1M HCI), Cation Exchange Capacity (CEC) by sum of exchangeable bases and
acidity, 5 fraction texture (sand, fine sand, silt, fine silt and clay). Available Ni (Ni,,) was
extracted with 0.1M EDTA (pH4.5), from the top mineral horizons (to a depth of 10-15 cm).
The analyses were performed according to standard methods (Ministero delle Politiche
Agricole e Forestali 2000).

The coarse fraction (diameter larger than 5Smm) was cleaned with Calgon, observed, divided
according to the different lithologies and weighted, in order to semi-quantitatively characterize
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the parent material of the horizons, which can be different from the substrate because of slope
processes.

2.2.3. Data analysis

All statistical elaborations were performed using the R 2.9.1 for Windows software. The
complete data set was separated into two groups: forest and alpine habitats. Ni,y, Ca, and
altitude were log-transformed.

A correlation analysis was performed on the environmental and soil chemical properties, in
order to recognize collinearities (R® higher than 0.8) and to select a smaller subset of
independent variables to be used in the following elaborations. The selected variables were thus
pH values (KCI), Ca/Mg ratio, Ca,, and Ni,,, drainage, aspect, slope, altitude, plant and tree
cover; the intensity of cryoturbation was considered for plots above the tree-line.

Trees and shrubs were treated separately from the herb species, in order to better distinguish the
different communities (trees and shrubs distribution depends mainly on altitude). Plots were
grouped into similar vegetation types using Cluster Analysis: some different clustering
agglomeration criteria were tried (single, average (1) and complete linkage, median, centroid,
Ward), but only (1) was chosen for later analysis owing to the lower cophenetic correlation
value of the other methods (Sneath and Sokal 1973). The best distance algorithm (Bray-Curtis
dissimilarity index) was selected according to the function “rankindex” in the “vegan” package,
which calculates the correlation between different distance algorithms and a given gradient (in
this case, pedo-environmental properties) (Oksanen 2007).

The number of clusters was chosen according to their ecological meaning. Cluster stability was
also assessed through the “bootstrap” noise-adding and subsetting method (Hennig 2007). The
result of the bootstrap method is the Clusterwise Jaccard mean, whose values indicate stability:
if it is below 0.5, the cluster is said to be “dissolved”, not significant, while it is “stable”,
significant, if the value is above 0.75 (Hennig 2007).

An unconstrained ordination of plant communities was performed with the help of the Non
Metric Multidimensional Scaling (NMDS, Bray Curtis dissimilarity index) technique
(“metaMDS()” function), in order to detect gradients in community distribution. NMDS requires
that the dimensionality of the data is specified in advance: as the aim of the NMDS is to show
the main gradients in the floristic data, NMDS was used in two dimensions. To facilitate the
interpretation of the results, the rock types were plotted as arrows, on the NMDS biplot. The
direction of the arrows indicate the direction of the gradient and their length indicate the
correlation with the NMDS axes.

Species density was calculated for the understory vegetation and correlated with edaphic and
environmental properties.

In order to highlight the important factors correlated with the vegetation gradients, Canonical
Correspondence Analysis (CCA, Ter Braak 1986) was used. Biplot scaling focused on inter-
species distances, without transforming species or downweighting rare ones, was used. Sites
were labelled on the biplot with the number of the cluster they are included in, in order to see
the dependence of plant communities on soil and environmental properties. The contribution of
each soil and environmental variable to the CCA model was later inspected separately. The
statistical significance was verified with Montecarlo permutation tests (function ANOVA()).
Generalized Linear Models (GLM) and Classification Trees were used to detect the
relationships between some serpentiniculous species (presence-absence data) and soil and
environmental properties. The best distribution (binomial) was verified with the help of the AIC
(Akaike Information Criteria; Sakamoto et al. 1986) shown by the ANOVA. It has been
demonstrated that GLMs are better than canonical ordinations when considering single
common species (Guisan et al. 1999), while CART (De’Ath and Fabricious 2000) shows the
optimal distribution ranges (Vayssiéres et al. 2000).
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2.3. Results
2.3.1. The vegetation

255 species were recorded, occurring at least once in the sampling plots, 192 in forest habitats
and 210 above the tree-line.

2.3.1.1. Forest data sets

The visible lack of a strict dependence of vegetation on rock type was verified: classification
(cluster analysis, fig. 2.1, left) and ordination methods (NMDS, fig. 2.2, left) were not able to
isolate herbaceous plant communities developed on particular substrates. Only few clusters
were statistically meaningful. The clusterwise Jaccard mean of the 11 clusters is not shown.

The highest cluster subdivision separated montane-level, species-poor and low tree-cover plots
(clusters 8, 9, 10) from the others. The second division isolated beech woods (clusters 7 and
11), whose species composition was markedly different from other forest types (Luzulo-
Fagion).

The remaining clusters (1,2,3,4,5) included subalpine and montane communities. Lower
subalpine ones (cluster 3, on mainly serpentinite, and 5, on meta-gabbros) were dominated by
the acidophilous species of the Vaccinietum. Plots belonging to cluster 3 were enriched with the
strictly serpentiniculous sedge Carex fimbriata.

High-altitude subalpine plots belonged to clusters 1 and 2, which were quite similar to clusters
3 and 5, but were usually characterized by a lower tree cover. Here, the main tree species was
larch (Larix decidua), while Juniperus communis and ericaceous shrubs (Calluna vulgaris,
Loiseleuria procumbens and Vaccinium uliginosum subsp. gaulteriodes) showed high covering
values.

Cluster 4 included xeric plots at altitudes below 1600 m and many rocky sites where
serpentiniculous species (Thlaspi sylvium, Cardamine plumieri, Asplenium adulterinum) were
common, as well as wet riverbeds and stream banks colonized by the same species.

In short, all the communities were dominated by acidophilous species. At the subalpine level on
serpentinite, often but not always, typical and endemic species like Carex fimbriata, Thlaspi
sylvium, T. caerulescens (this last species only grows in open montane woods), together with
Cardamine plumieri, Asplenium viride and Asplenium adulterinum, were common. These
serpentine species colonized crevices in rock outcrops, debris slopes, riverbeds and stream
banks.

2.3.1.2. The vegetation: alpine data set

Alpine plots were grouped in 12 ecologically meaningful clusters. The ecologic