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Abstract We explore factors responsible for vegetation
differentiation in a small-scale serpentine area, and
attempt to provide new insights in the complexity of
the serpentine factor at community level. We sampled 49
quadrats. From each quadrat physical and chemical soil
parameters were measured and species composition,
altitude, inclination, aspect and coordinates were re-
corded. Quadrats were classified and ordination analyses
were used to explore the environmental gradients and to
estimate the explanatory power of the variables. Gener-
alized linear models were used to investigate the
response of species to environmental factors. Variance
partitioning was applied to calculate the proportion of
variance attributed to different groups of explanatory
variables. The gradients revealed were related to soil
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texture, nutrient contents, calcium deficiency, chromium
content, climatic parameters and grazing and disturbance
intensity. Variance partitioning showed that the highest
proportions of variance were attributed to the nutrients
and physiographic (including soil texture) variables,
while smaller but notable proportions of variance were
attributed to geographical coordinates and to metal
contents. Our study shows that vegetation differentiation
at a local scale is determined by a complex factor of soil
properties and climatic parameters, together with varia-
tion in disturbance and succession.

Keywords Plant communities - Alyssum
chalcidicum - Serpentine vegetation - Heavy metals -
Variance partitioning

Introduction

Ultramafic soils host a specific flora often characterized
by local or regional endemic species (Whittaker 1954;
Brooks 1987; Chiarucci et al. 2001; Constantinidis et al.
2002; Stevanovi¢ et al. 2003; Proctor 2003; Chiarucci
and Baker 2007; Grace et al. 2007). Species growing on
ultramafic soils have evolved morphological as well as
physiological adaptations (Constantinidis et al. 2002;
Brady et al. 2005), of which nickel hyperaccumulation
is among the most frequently studied (Baker and Brooks
1989; Reeves and Adigiizel 2004). Plant communities
found on ultramafic soils are usually significantly
distinct from adjacent communities on “normal” soils
(Brooks 1987; Robinson et al. 1996).
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The term ultramafic characterises rocks with at least
70% ferromagnesian, or mafic minerals (Kruckeberg
2002). Soils derived from ultramafic rocks are diverse,
but share a number of common characteristics, such as
high concentrations of Mg, Cr, Co and Ni and low
concentrations of macronutrients such as P, K, N and
Ca (Kruckeberg 1985; Brooks 1987; Robinson et al.
1997; Proctor 2003). Furthermore, ultramafic soils
provide physical properties that are unfavourable for
plant life, such as shallowness, coarse texture, wide
range of diurnal temperature fluctuations and low water
holding capacity (Brooks 1987; Huenneke et al. 1990;
Robinson et al. 1997; Kruckeberg 2002; Gram et al.
2004; Brady et al. 2005).

Sometimes in literature, the term serpentine is used as
a synonym to the term ultramafic. Actually, serpentine
soils constitute a subgroup of ultramafic soils which are
rich in serpentine minerals. The term has also been used
to describe the peculiar characteristics of plant life on
ultramafic soils, which are summarized as “serpentine
problem”, “serpentine factor” or “serpentine syndrome”
(Brooks 1987; Brady et al. 2005). Many studies
attributed the serpentine problem to the toxic concen-
trations of metals such as Ni, Cr and Co. Nickel is
believed to play a major role in determining the flora
and vegetation in many serpentine areas (Brooks 1987
Vergnano Gambi 1992; Robinson et al. 1997) because
of its relatively high availability in the range of pH
values of serpentine soils and the discovery of a high
number of taxa that accumulate Ni in their tissues
(Brooks 1987; Bani et al. 2007). Although relatively
high concentrations of Co are available to plants on
ultramafic soils, the phenomenon of its accumulation
in plant tissues is rare (Robinson et al. 1997).
Chromium, on the other hand, has very low exchange-
able concentrations in the soil and no plants are known
that hyperaccumulate this element (Brooks 1987,
Robinson et al. 1997; Chiarucci 2003). Another
possible serpentine factor is the high concentration of
Mg or the deficiency of Ca or the unfavourable
ratio of Mg to Ca in serpentine soils. Strong effects
of the Mg/Ca ratio (Brooks 1987; Proctor and
Woodell 1975; Kruckeberg 2002; Roberts and
Proctor 1992) and for the toxic influence of Mg
(Proctor 1971; Brooks and Yang 1984; Bani et al.
2007) were found in several studies, and the addition
of Ca to serpentine soils may reverse the unfavorable
conditions of these soils to some extent (Proctor
1971; Brooks 1987; Brady et al. 2005).
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A third hypothesis concerning the serpentine problem
is the low nutrient content of these soils (Brooks 1987;
Proctor and Nagy 1992; Chiarucci et al. 1998b).
Fertilization with P, K or N enhanced cover and
productivity and resulted in a change in the floristic
composition of serpentine plant communities (Huenneke
et al. 1990; Proctor and Nagy 1992; Chiarucci et al.
1999; Chiarucci and Maccherini 2007; Bani et al. 2007).

While many studies stressed the importance of one or
more of the above-mentioned chemical properties,
physical properties of serpentine soils should not be
neglected. The low water holding capacity of these soils
is believed to contribute to the serpentine factor
(Huenneke et al. 1990; Angelone et al. 1993; Chiarucci
et al. 1998b).

The present study uses an explorative approach to
investigate the environmental gradients in a serpentine
grassland on Mt Vermio (north-central Greece). Distinct
species assemblages of grassland vegetation were
observed, differing in structure and cover as well as in
floristic composition. The environmental factors con-
sidered in this study are those known to influence
species distribution and composition on a local scale.
The aim of the study is to explore which factors are
responsible for vegetation differentiation, and thus to
provide new insights in the complexity of the serpentine
factor at community level and within a small-scale
serpentine area.

Material and methods
Study area

The study area is located at the north-eastern slopes of
Mt Vermio, in the vicinity of the village Arkochorion
(Fig. 1; longitude 22° 04’ to 22° 08’ E, latitude 40°
34’ to 40° 37’ N) and it comprises three subareas. The
altitude ranges from 260 to 560 m a.s.l. The
geological substrate is peridotite. Ground inclination
in the sampled areas does not exceed 35%. The soils
are shallow and the texture is mainly sandy-clayey
loam but in some sites sandy loam or clayey loam.
The climate is transitional between mediterranean
and submediterranean with annual precipitation
around 600 mm, mean annual temperature approxi-
mately 15°C and a xerothermic period of almost four
months (Chochliouros 2005). The vegetation of the
wider area, especially where the substrate is not
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Fig. 1 Map of the study area, showing the three subareas sampled

peridotite, but flysch or schist, is comprised of forests
of Quercus frainetto, which at lower altitudes and in
drier and/or more disturbed areas are replaced by
Quercus pubescens and Carpinus orientalis scrub. All
three subareas are grazed but the first two more
intensively so.

Vegetation and soil data

In total 49 quadrats (each 1 m?) were selected to
represent all vegetation types visually recognized in
the study area. The sampling was done during the end
of spring of 2005. In all selected quadrats at least one
individual of Alyssum chalcidicum occurred. This
regional serpentinophyte indicates serpentine vegeta-
tion (Stevanovi¢ et al. 2003, Bergmeier et al. 2009).
Species cover and bare soil were measured using the
point-quadrat method, with a density of 100 pins m *
(Moore and Chapman 1986). In each quadrat,
altitude, inclination and aspect were measured and
the coordinates recorded using a GPS device.

From each quadrat a composite soil sample was
taken (merging four subsamples) representing the
upper 10 cm of the topsoil (humus layer and surface
litter were excluded). The following soil parameters
were measured: acidity (determined electrometrically
in a 1:1 soil-water slurry), organic matter (wet

oxidation method; Nelson and Sommers 1982) and
nitrogen content (Kjeldahl method; Bremmer and
Mulvaney 1982), particle size distribution (pipette
method; Gee and Bauder 1982), available phosphorus
(Olsen method; Olsen and Sommers 1982), exchange-
able potassium, magnesium, calcium, sodium
(extracted by 1 N ammonium acetate at pH 7; Thomas
1982). Exchangeable cations were determined by
atomic absorption spectrophotometry. Exchangeable
quantities of elements were measured because
they represent much better the concentrations avail-
able to plants in comparison with total concentrations
(Robinson et al. 1996; Chiarucci et al. 1998b).
Available zinc, iron, manganese, copper, nickel,
cobalt (extracted by DTPA solution; 0.005 M
DTPA+0.01 M CaCl,+0.1 M TEA, pH 7.3; Lindsay
and Norvell 1978) and chromium (extracted by
HNOs;, 2 M; Reisenauer 1982), were also determined
by using atomic absorption spectrophotometry (Baker
and Amacher 1982). Cobalt concentration was below
the limit of detectability and thus was not used in data
analysis.

Data analysis

All the soil variables (except pH and particle size
distribution) were expressed in pg/g and were
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logarithmically transformed by means of the formula
bij=log(x;j+d)—c, where b;; is the transformed value
of xjj, ¢ is order of magnitude constant and is equal to
Int(log(Min(x)) (with Min(x) being the smallest non-
zero value in the data and Int(x) a function that
truncates x to an integer by dropping digits after
decimal point), and d is a decimal constant equal to
log '(c) (see McCune and Grace 2002: 69 for further
details). Soil acidity (pH) was first transformed to H"
concentration and then subjected to the above-
mentioned transformation. This treatment of pH
variable should be noted when reading the results of
this study, as a positive relation with H' corresponds
to a positive relation to more acidic conditions.
Inclination, aspect and coordinates from each relevé
were used to calculate the potential annual direct
incident radiation and heat load by applying the third
equation from McCune and Keon (2002). These
variables reflect site microclimatic variation.

TWINSPAN (Hill 1979) was applied for the classi-
fication of quadrats, using the following percentage
abundances as cut levels: 0, 1, 5, 15, 30. Differential
species were determined by applying the algorithm
proposed by Tsiripidis et al. (2009). Species were
considered as differential when the phi coefficient was
equal or higher than 0.4. Phi coefficient was calculated
for the groups that are positively differentiated vs. the
groups found to be differentiated negatively, positively-
negatively or not differentiated at all.

Ordination diagrams of quadrats were made using
Detrended Correspondence Analysis (DCA; Hill and
Gauch 1980). As (passive) explanatory variables the
soil parameters together with altitude, inclination,
coordinates (in the form of X and Y distances from
a zero point), annual direct incident radiation and heat
load were used. Kendall’s Tau correlation coefficients
were calculated between the explanatory variables
and the scores of the quadrats on the first two DCA
axes as well as the bare soil cover. Kendall’s Tau
correlation coefficients were also calculated between
the explanatory variables.

Canonical Correspondence Analysis (CCA; ter
Braak 1986) was applied in order to test which
variables have a significant unique contribution to the
explanation of species data variance. For this reason a
stepwise forward selection of the explanatory varia-
bles was applied in CCA and only the variables
significant at the 0.05 probability level (using Monte
Carlo test with 999 permutations) were considered.
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Two CCAs were applied, one with the X and Y
coordinates included in the explanatory data set and a
second with the coordinates excluded.

In order to facilitate the interpretation of the DCA
and CCA results, the response of species to the
explanatory variables was explored using generalized
linear models. Only the differential species occurring
at least in 7 quadrats and the non-differential occur-
ring at least in 10 quadrats were considered. For the
non-differential species occurring at least in 25
quadrats (these were also the species recorded with
the highest cover values) the Poisson distribution with
a log link function was applied. For the other species
the Bernoulli distribution (i.e., a binomial distribution
where the response variable is converted to binary)
with a logit link function was used. In order to
simplify interpretation and to avoid overfitting only
the models with a linear form were considered, which
were significant at the 0.05 probability level.

Mann-Whitney U test with Bonferroni correction for
multiple comparisons was applied in order to compare
the values of the explanatory variables between the
vegetation units and the sampling subareas.

Finally, variance partitioning was applied in order
to calculate the proportion of variance explained by
different groups of explanatory variables. The algo-
rithm of Okland (2003) for variance partitioning
between n groups of explanatory variables was
applied. The explanatory variables were grouped as
follows. The first group includes the coordinates, the
second the nutrients (organic matter, organic nitrogen,
N, K, Ca, Na, Cu, Zn, Fe and Mn), the third the
factors that are considered toxic (Ni, Cr, Mg, Mg/Ca),
and the fourth the factors related to physical soil
properties and physiography (soil texture, inclination,
altitude, annual direct incident radiation and heat
load). The first group includes differentiation that
cannot be attributed to measured variables, while the
latter reflects microclimate and indirectly soil water
holding capacity. Soil acidity was not used in any
group, as it influences both the availability of
nutrients and the solubility of toxic metals. In order
to avoid overexplanation of variance, firstly four
CCAs were applied, each having one of the four
groups as the only explanatory variables. From these
CCAs only the variables presenting a significant
unique contribution to variance explanation were used
in variance partitioning. Following the instructions of
Okland (2003) the proportion of variance attributed
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uniquely to each group of variables as well as the
shared variance attributed to all the combinations of
two, three and four groups were calculated.

TWINSPAN was applied using PC-ORD (ver. 5)
(McCune and Mefford 1999) and ordination analyses
as well as species response curves were calculated
using CANOCO (ver. 4.5) (ter Braak and Smilauer
2002). Correlation coefficients were calculated with
the help of SPSS (ver. 12) (Anon. 2003).

Results
Classification

The TWINSPAN classification and the DCA dia-
grams revealed four species assemblages. Each
assemblage is differentiated by unique differential
taxa. Additionally, there is a group of differential taxa
common to the first and second group, as well as one
common to the third and fourth groups. Few other
species, differentiating other combinations of assemb-
lages, also exist (Table 1).

The first assemblage appears exclusively in sub-
area 2. This subarea is strongly affected by grazing and
trampling, particularly so around watering troughs.
Although the quadrats are overgrazed they present the
second highest vegetation cover (median value of bare
soil equal to 23). Subarea 2 is a small plateau with gentle
inclination which may be the reason for the relatively
high vegetation cover. This assumption is supported by
the relatively high percentage of clay in the soils of this
group (Table 2). The nitrogen content in this assem-
blage is the highest, most likely due to the livestock.
The higher amount of organic matter of topsoil may be
attributed to the higher vegetation cover.

The second assemblage occurs mainly in the
subareas 1 and 2, and is represented in subarea 3 by
only one quadrat. This assemblage occurs on soils
poor in organic matter and its vegetation cover is
small (Table 2). Plants are very small (5-15 ¢cm) and
this type of vegetation dries very early, at the
beginning of summer.

The third assemblage occurs mainly in subarea 3
and with few quadrats in the other two subareas. This
assemblage presents the lowest vegetation cover. The
soil is relatively poor in organic matter and nitrogen
and other nutrients (e.g. K, Ca, Na, Fe) and it is of
coarse texture (Table 2).

The fourth assemblage has the highest vegetation
cover in the study area. It is characterized by the
dominance of Chrysopogon gryllus and its structure
and composition resembles those of the typical dry
grasslands on “normal” soils in the wider area. The
soils of this vegetation type are the richest in organic
matter and nutrients. Better soil moisture conditions
may be assumed due to the finer texture of the soil
(higher percentages of silt and clay and smaller of
sand) and the lower direct annual radiation and heat
load (Table 2).

DCA

Along the first DCA axis (Fig. 2), the first and second
assemblages are separated from the third and fourth.
The second axis discriminates the first and fourth
assemblages from the second and third.

Most variables present higher and significant corre-
lations with the second DCA axis (Table 3, Fig. 3).
Variables significantly correlated with the first axis
comprise only the percentage of bare soil, the Y
coordinate and the potassium content. The former
variable is more strongly correlated with the second
axis, while the other two variables are significantly
correlated between each other and reveal the K-poor
soils of the third assemblage, spatially confined to
subarea 3. Therefore, the first axis probably reflects
differences in soil conditions of the third assemblage,
plus possibly other variables not quantified in this
study. Based on our observations, we may say that
these variables concern grazing intensity, degree of
disturbance and the vegetation succession stage. This is
also indirectly derived from the fact that the quadrats of
the first and fourth assemblages co-occur in subarea 1
and their floristic differentiation indicates a different
disturbance intensity as well as succession stage.

The second DCA axis reflects the texture of the
soil and the nutrient content. Quadrats with nutrient-
rich soils and of finer texture appear on the lower part
of the second DCA axis. Clay proportion is signifi-
cantly correlated with most nutrients (Table 4).

CCA and species responses to environmental factors
The variance that each variable explains is presented
in Table 5. The Y coordinate and the percentage of

clay explain the highest proportions of variance, while
the magnesium content and the sand fraction follow.
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Table 1 Synoptic table of the distinguished assemblages 1-4. The
second column (C) gives the absolute constancy of species in the
whole data set (n=49), the third column indicates the phi
coefficient multiplied by 100, and fourth to seventh columns
specify the relative constancy of species in each assemblage. In the
latter columns bold typescript indicates positive differentiation,

italic typescript indicates negative differentiation, bold-italic
typescript indicates positive-negative differentiation and regular
typescript indicates non-differentiation. Phi coefficient was calcu-
lated between the assemblages differentiated positively vs. those
differentiated negatively, positively-negatively or non-differentiated

Assemblage number C Phi 1 2 3 4
Quadrats per assemblage 7 14 19 9
Differential species
Veronica arvensis 6 72 71 0 0 11
Crepis setosa 3 60 43 0 0 0
Galium divaricatum 17 41 71 29 37 11
Filago vulgaris 23 86 100 93 11 11
Anthemis arvensis ssp. incrassata 14 77 100 50 0 0
Vulpia ciliata 10 54 71 29 0
Sherardia arvensis 10 51 57 36 0
Plantago lagopus 8 47 29 43 0 0
Plantago bellardii 56 0 50 11 0
Trifolium arvense 16 56 14 71 26 0
Daucus broteri 3 41 0 21 0 0
Cerastium brachypetalum ssp. roeseri 6 51 0 0 32 0
Haplophyllum coronatum 46 0 0 26 0
Crupina vulgaris 16 41 0 14 58 33
Melica ciliata 41 0 0 21 0
Dorycnium germanicum 13 77 0 0 26 89
Thymus longicaulis ssp. chaubardii 31 62 14 36 95 78
Hypericum rumeliacum 22 60 0 14 84 44
Allium stamineum 13 49 0 7 37 56
Asphodeline liburnica 13 47 0 7 42 44
Aira elegantissima 9 42 0 0 37 22
Prunella laciniata 16 71 29 14 16 100
Carex caryophyllea 15 63 29 7 21 89
Polygala nicaeensis ssp. mediterranea 5 56 0 0 44
Danthonia alpina 3 52 0 0 0 33
Filipendula vulgaris 3 52 0 0 0 33
Centaurium erythraea 10 44 14 7 16 56
Poa timoleontis 21 52 86 50 42
Crepis neglecta ssp. neglecta 18 43 43 71 26
Linum trigynum 30 48 14 71 68 67
Teucrium capitatum 28 42 14 64 68 56
Trifolium angustifolium 13 46 0 57 11 33
Plantago lanceolata 17 53 71 7 26 67
Festuca valesiaca 15 43 57 0 32 56
Centaurea spec. 9 44 29 0 37 0
Non-differential species
Alyssum chalcidicum 49 100 100 100 100
Aegilops triuncialis 40 57 100 84 67
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Table 1 (continued)

Assemblage number C Phi 4

Quadrats per assemblage 7 14 19 9
Chrysopogon gryllus 36 43 50 89 100
Potentilla detommasii 36 71 79 79 56
Sanguisorba minor 33 57 50 84 67
Convolvulus cantabrica 30 37 29 86 68 33
Trachynia distachya 30 71 71 58 44
Dichanthium ischaemum 27 57 79 42 44
Trifolium campestre 22 28 71 57 37 22
Trifolium squamosum 16 39 43 64 11 22
Cynosurus elegans 12 14 36 16 33
Geranium columbinum 10 28 29 7 16 44
Anagallis arvensis 9 32 43 29 11
Medicago minima 9 32 43 29 11

Arenaria serpyllifolia 9 30 43 21 16
Silene paradoxa 8 39 0 32 22
Crepis foetida ssp. rhoeadifolia 8 39 36 16 0
Cistus creticus 8 36 14 32 0
Trifolium phleoides 8 33 14 36 11 0
Ornithogalum comosum 8 23 0 21 21 11
Nigella arvensis ssp. arvensis 7 34 0 21 21 0
Hieracium caespitosum 7 21 14 0 21 22
Allium guttatum ssp. sardoum 6 20 14 7 21 0
Xeranthemum annuum 6 14 14 11 11
Anchusa officinalis 5 29 0 21 11 0
Leontodon crispus 5 28 0 0 21 11
Trifolium cherleri 5 17 14 21 0 11
Minuartia recurva ssp. condensata 5 0 14 16 0
Cynodon dactylon 4 25 14 21 0 0
Cerastium pumilum ssp. glutinosum 4 14 7 5 11
Logfia arvensis 4 0 7 16 0
Logfia gallica 4 0 14 11 0
Taeniatherum caput-medusae 4 0 7 11 11
Bupleurum praealtum 3 35 0 0 5 22
Genista carinalis 3 35 0 0 5 22
Bellis perennis 3 14 0 11 0
Cuscuta approximata 3 0 0 11 11
Dactylis glomerata 3 0 0 11 11
Dasypyrum villosum 3 0 14 0 11
Moenchia mantica 3 14 5 0
Ornithogalum umbellatum 3 14 7 0 11
Petrorhagia illyrica ssp. haynaldiana 3 0 0 11 11
Salvia viridis 3 14 14 0 0
Scabiosa tenuis 3 0 14 0 11
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Fig. 2 DCA diagram of quadrats’ scores on the first two axes.
Eigenvalue and length of 1st axis: 0.401 and 3.331, respective-
ly; corresponding values of 2nd axis: 0.225 and 2.328; total
inertia: 2.975

In the forward selection seven variables were found
having a significant contribution to the explanation of
species data variance. These variables explain 28.2 %
of total variance (Table 5). In the CCA where the
coordinates were not included in the explanatory
variables set, eight variables were found with a
significant unique contribution to the explanation of
variance. In the latter CCA, 28.9 % of species data
variance was explained (Table 5). In this latter CCA
the clay percentage and the altitude were chosen as
the first two variables. Additionally, in the absence of
coordinates, K and Cr appear among the significant
variables. Conclusively, both CCAs reveal: a) a
spatial gradient that accounts for the variance not
represented by the measured variables as well as for
the differences in K and Cr content between the
subareas, b) a gradient related to soil texture, c)
another related to altitude and thus to climatic
parameters, and d) one or more gradients related to
nutrients (K, Zn, Na), the calcium deficiency (or
magnesium surplus), and the Cr content.

The analysis of species response to the measured
variables provides a more detailed picture of the
species-environment relations (Table 6). No species
were found significantly correlated with the variables
inclination, Mn and P. Several species are significant-
ly correlated to the coordinates, revealing a spatially
structured ecological differentiation. Potassium also
explains a significant proportion of variance for a
high number of species. Silt, although explaining
relatively small proportions of variance, does so for a
lot of species. The absolute differential species of the
assemblages 1 to 3 are infrequent in the data set and

therefore poorly represented in Table 6. The common
differential taxa of assemblages 1 and 2 are mainly
correlated to the coordinates and the K content. The
common differential taxa of the assemblages 3 and 4
have a significant proportion of their variance explained
by different variables. Moreover, three species (out of
six) are significantly related to the Y coordinate and two
species to the X coordinate, K and altitude. The absolute
differential taxa of the fourth group are significantly
correlated to organic matter, soil texture (positively to
clay and silt, and negatively to sand percentages), as
well as to nutrients such as Cu, Fe, Mg and Zn. From the

Table 3 Variance explained by each variable singly in CCA
and Kendall’s Tau correlation coefficients between sample
scores on the first two DCA axes, percentage of bare soil and
explanatory variables; two asterisks indicate significance at a=
0.01 and one asterisk at a=0.05

Variables VE DCA axisl DCA axis2 Bare Soil
DCA axisl -0.21*
DCA axis2 0.42%*
Bare Soil -0.21* 0.42%*

Cl 6.39 —0.53** —0.31**
Y 6.39 0.29**

Mg 5.38 —0.45%* -0.21*
Sa 5.38 0.38** 0.31**
X 4.71 -0.21*
Ca 4.37 —0.36** —0.26**
Fe 4.37 —0.44%* —0.30%**
K 437 —0.22% —0.26**
C 4.03 —0.42%* —0.32%*
Cu 4.03 —0.32%*

Zn 4.03 —0.30%** —0.31**
Alt 3.7

H" 3.7 —0.35%* —0.26**
N 3.7 —0.33**

Ni 3.7 —0.32%* —0.36**
Si 3.7 —0.22*
Mg/Ca 3.36

P 3.36

Rad 3.36 0.28**

Na 3.03 —0.30%**

Cr 2.69

Heat 2.69

Inc 2.02

Mn 1.68
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Fig. 3 Environmental variables (arrows) passively projected
into the DCA diagram of the first and second DCA axes; for
abbreviations of explanatory variables see Tables 2 and 4

remaining differential taxa as well as the common non-
differential species a high proportion (more than 20%)
of their variance is attributed to variables such as
altitude (Convolvulus cantabrica), Ca (Dichanthium
ischaemum), clay (Plantago lanceolata), K (Aegilops
triuncialis, Trifolium squamosum), Mg (Festuca
valesiaca), N (Festuca valesiaca), Na (Dichanthium
ischaemum), Ni (Geranium columbinum) and geo-
graphical coordinates (Potentilla detommasii, Trifolium
squamosum, Cynosurus elegans).

Variance partitioning

From each group of explanatory variables at least two
variables were found with a significant unique
contribution to the explanation of variance. Both X
and Y coordinates were found significant in the group
of spatial variables; K, Ca and Fe were found
significant in the group of nutrients; altitude, sand
and clay from the group of physiographic variables;
and Mg and Ni from the group of metals. All these
variables explain 33.7 % of the total variance. The
results of variance partitioning showed that the high-
est proportions of variance were attributed to the
nutrients and physiographic variables (7.8 and 7.6%,
respectively), while 6.7 % of the variance is attribut-
able to geographical coordinates and 5.0% to metals.

@ Springer

The shared variances were small, and those which
explained more than 1% of variance were coordinates
and physiography (1.92 %), and nutrients, physiogra-
phy and metals (2.12 %).

Discussion

Alyssum chalcidicum, a species of the A. murale
complex, is a Ni-hyperaccumulator found with high
frequency and abundance in serpentine areas of North
Greece (Konstantinou 1992; Bergmeier et al. 2009). It
is the only obligate serpentinophyte occurring in the
four classified assemblages. The relatively strong
floristic differentiation of the four assemblages as
well as the considerable length of DCA axes reveal
high beta diversity in the study area, despite of its
small size. Harrison and Inouye (2002) found that
serpentine areas in California have a comparatively
high diversity of biotic communities, perhaps due to
climatic differences among the serpentine “islands”.
Whittaker (1954; 1960) also found a more rapid
turnover in species composition along an altitudinal
gradient in serpentine areas compared to non-
serpentine areas. Our findings suggest high sensitivity
of serpentine vegetation to other factors as well,
namely nutrients and disturbances.

The variance explained in both CCAs is relatively
small if we take into account the small size of the
study area. Chiarucci et al. (2001) found a similarly
small proportion of explained variance (around 20%),
which they attributed to stochastic variation of species
distribution. In our case, however, part of the
unexplained variance is possibly related to grazing
or other disturbance intensities as well as different
succession stages. The impact of grazing is partly
represented by the Y coordinate as the subareas 1 and
2 (assemblages 1 and 2) are more heavily grazed than
subarea 3 (assemblage 3). In the subareas 1 and 2
there are also patches much less disturbed by grazing,
where the quadrats of the fourth assemblage were
sampled. Grace et al. (2007) found that the second
axis of their ordination diagram for the serpentine
vegetation of California was not related to climatic or
soil variables, but expressed successional history and
in particular the histories of fire and livestock grazing.
The lack of any correlation of Tuscan garigues with
environmental factors was also attributed to the effect
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Table 5 Variables that entered the model in the forward
selection of CCA. In the first CCA, on the left, X and Y
coordinates were included in the explanatory data set, while in
the second one, on the right, coordinates were excluded from the
analysis. AVE: additional proportion of variance that each

variable explains at the time of its inclusion in the model, P:
significance level of variables, F: F-ratio, TVE: proportion of
total variance explained by the significant explanatory variables,
Or: inclusion order of variables in the model

Variable AVE P F Or AVE P F Or
Y 6.39 0.001 3.22 1

Cl 5.38 0.001 2.73 2 6.39 0.001 3.22 1
Alt 4.03 0.002 2.19 3 4.03 0.005 1.98 2
Zn 3.36 0.005 1.94 4 3.70 0.006 1.9 4
Mg/Ca 3.36 0.004 1.74 5 3.03 0.028 1.54 5
Na 2.69 0.024 1.58 6 2.69 0.029 1.57 8
Sa 3.03 0.013 1.61 7 2.69 0.008 1.65 6
K 3.36 0.008 1.91 3
Cr 3.03 0.015 1.59 7
TVE 28.24 28.91

of human disturbance (Chiarucci et al. 1998b;
Chiarucci 2003).

The CCA results revealed that among the most
important soil variables influencing the floristic
composition of the assemblages are those concerning
the soil texture. Clay percentage presents also the
highest correlation to the second DCA axis. Finer soil
texture increases the water holding capacity as well as
the cation exchange capacity (clay and silt are
positively correlated to most of the measured
nutrients; see Table 4). Important factors affecting
species composition in serpentine areas are drought
(Walker 1954; Proctor and Woodell 1975; Kruckeberg
2002; Chiarucci et al. 1998b; Chiarucci 2003; Gram
et al. 2004) and nutrient deficiency (Proctor and Nagy
1992; Chiarucci et al. 2001). Small additional
amounts of N, P and K induced vegetation cover
and biomass production and in some cases a
substantial change in species composition (Huenneke
et al. 1990; Proctor and Nagy 1992; Chiarucci et al.
1998a; 1999). The combined effect of drought and
nutrient deficiency has been considered an important
limiting factor in serpentine soils (Chiarucci 2003).
Higher nutrient availability may alleviate the effects
of drought (Grime 1990). Chiarucci and Maccherini
(2007) observed that the dry Mediterranean climate of
Tuscany affects species richness and vegetation cover
of serpentine communities only in fertilized plots,
while it has non-significant effects in unfertilized
ones. Our study corroborates findings that serpentine

@ Springer

communities are subject to a combination of climatic
and nutritional stress which prevents, or delays,
succession.

The soil conditions of the most evolved assem-
blage (4) in our study area affect in a combined way
soil water and nutrients availability. As the soil is
moister in this assemblage, plant growth is stimulated.
This increases the deposition of dead organic matter
and soil organic content, thus improving soil water
holding capacity. Furthermore, wetter conditions and
humus decay cause soil acidification. Indeed, the pH
in the fourth assemblage is somewhat lower than in
the other assemblages. The increase of organic matter
content provides a bigger nutrients pool and the
decrease of pH increases nutrients availability (Angelone
et al. 1993; Chiarucci 2003).

Another interesting finding of this study is that the
concentration of toxic metals is higher in the soils of
the more evolved assemblages. For instance, magne-
sium is significantly higher in assemblages 1 and 4
(see Table 2), and nickel is also higher in these
assemblages (see Fig. 3), albeit not significantly. Both
these two metals are significantly and positively
correlated to the concentration of hydrogen cations
(Table 4). This corroborates annotations of Chiarucci
(1998b), Chiarucci et al. (2001) and Chiarucci (2003)
that the available fraction of metals is higher in the
soils under the more developed and structured
communities. Note, however, that the available Cr
does not follow the same pattern.
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From the variables considered responsible for
toxicity effects (Ni, Mg, Cr, Mg/Ca), Mg explains
the highest proportion of variance in the CCA.
However, as mentioned above this element presents
the highest concentration in the more developed
assemblages. In the forward selection procedure the
variable explaining a significant, unique proportion of
variance is the ratio Mg/Ca. This variable was not
found significantly different among the four assemb-
lages and among the three subareas. Additionally, the
ratio is relatively small in our study area compared to
what is given in other serpentine areas of the world
(Brooks 1987; Chiarucci 2003). Chromium, although
explaining a small proportion of variance in the CCA,
was found to explain a significant unique proportion of
variance in the CCA without coordinates. This element
is significantly lower in subarea 1 in comparison to the
other two subareas. Several authors noticed the limited
importance of metal toxicity for the serpentine factor
(e.g. Carter et al. 1987; Kruckeberg 1992), and Proctor
and Nagy (1992) mentioned that many assumptions
about the importance of nickel in determining the
serpentine vegetation were unfounded.

A more detailed picture of the dependence of
species distribution is obtained by the analysis of
species response to the measured variables. Mainly
positive correlations with species occurrences were
found for both Mg and Ni, and thus we may not
assume toxic effects of these elements. Chromium
shows negative correlations with some species, but it
explains a low proportion of their variance. Plantago
bellardii is an exception. This small annual occurs
almost exclusively in subarea 1 where chromium is
least concentrated. Also the remaining species corre-
lated negatively with chromium occur mainly in this
subarea or are more abundant there.

Another interesting finding is that there is good
congruence in the response of species within the
differential species groups. Huenneke et al. (1990)
observed individualistic responses within species
groups (e.g. groups of growth form) to the addition
of nutrients. The results of this study, and specifically
the fact that the common differential taxa of assemb-
lages 1 and 2 as well as the absolute differential taxa
of assemblage 4, showed similar responses to com-
mon explanatory variables, indicate that a generaliza-
tion of certain species responses to environmental
factors in serpentine areas may be possible through
differential species groups obtained by classification.

@ Springer

The results of variance partitioning provide a direct
answer to the question of which factors are main
drivers of the vegetation differentiation in the study
area. The combined use of explanatory variables and
covariables reveals the unique proportion of variance
that each group of variables explains (Borcard et al.
1992; Legendre and Legendre 1998; @kland 2003).
We conclude that a combination of factors is
responsible for the vegetation differentiation at a local
scale, notably soil properties and climatic parameters,
together with variation in disturbance and succession.
Our results show that nutrients and physiographic
variables are chiefly responsible for vegetation differ-
entiation, but the other two groups of variables
(coordinates and concentration of metals) are also
responsible for notable proportions of explained
variance. In the group of physiographic variables soil
texture plays the major role, while in the group of
nutrients, K and Ca were found to be relatively more
important. Explorative and explanatory studies at
different scales are essential to improve our under-
standing of ecological phenomena in serpentine areas.
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