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a b s t r a c t

The aim of this study was to develop an effective and non-destructive method for the selection of native
Mediterranean plants with phytoremediation potential based on their spontaneous recovery capacities.
The study site consisted in a mixed contaminated soils (As, Cu, Pb, Sb, Zn) in the vicinity of a former lead
smelting factory abandoned since 1925 in the Calanques National Park (Marseille, southeastern France).

We developed an integrated characterization approach that takes into account topsoil metal(loid)s
(MM) contamination, plant community composition and structure and mesologic parameters without
using destructive methods. From a statistical selection of significant environmental descriptors, plant
communities were described and interpreted as the result of spontaneous recovery under multiple
stresses and local conditions (both natural and anthropogenic). We collected phytoecological and MM
topsoil data using field monitoring and geographic information system (GIS) on a pollution hotspot
where natural plant communities occur.

The results of the multivariate analysis performed between species and descriptors indicated that a
century of MM pollution pressure produced a significant correlation with plant community dynamics in
terms of composition, diversity and structure, leading to the co-occurrence of different plant succession
stages. Thus, these successions seemed linked to the variability of anthropogenic disturbance regimes
within the study site.

We recorded high topsoil contamination heterogeneity at the scale both of the plot and of the whole
study area that suggested a heterogeneous MM distribution pattern dependent on the source of con-
taminants and site environmental variability. We identified 4 spontaneous plant communities co-
occurring through a MM contamination gradient that could be used later from degraded to reference
communities to define ecological restoration target combined to phytoremediation applications with
respect to local conditions. Our results suggested that some of the native plant species such as Coronilla
juncea and Globularia alypum might be tolerant to high mixed MM soil concentrations and they could
thus be used for phytostabilization purposes in polluted Mediterranean areas in regard to their life-traits.

Our non-destructive methodology led both to the selection of tolerant native plant species and
communities and identification of highly polluted priority intervention areas through the study site
where phytostabilization should be implemented. Furthermore, by analyzing succession dynamics linked
to contamination patterns throughout the area and spontaneous recovery of native tolerant vegetation,
our methodology opens up broad perspectives and research fields for ecological restoration for Medi-
terranean protected and contaminated areas based on ecosystem trajectories and new approaches for the
integrative management of polluted soils.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Metals and metalloids (MM) have been spread worldwide by
human activities, contaminating industrial, urban and natural soils
in the vicinity of metallurgical industry areas (Alkorta et al., 2004;
Khan et al., 2008;Wuana and Okieimen, 2011). Such soils with high
levels of MM increase the physico-chemical pressure on the envi-
ronment that often leads to sparse vegetation and extensive surface
areas of bare soil. Wind and water erosion is consequently more
extensive on these soils that can be transformed into sources of
pollution for surrounding environments (Affholder et al., 2014;
Testiati et al., 2013; Wong, 2003), increasing the risks of pollution
exposure. As an alternative to conventional soil reclamation tech-
niques such as excavation or containment, phytotechnologies and
more specifically phytostabilization applied to soil diffuse pollution
are sustainable and environmental-friendly techniques (Ali et al.,
2013) that can be used as ecological engineering methods to
restore polluted ecosystems (Li, 2006; Marchiol et al., 2013;
Suchkova et al., 2014). For natural contaminated soils in partic-
ular, located within protected areas where conventional techniques
could not be applied without extensive or total destruction of
ecosystems, phytotechnologies using local plant species represent
an integrative, ecological and sustainable solution for pollution
control. For this purpose, it is important to investigate the vegeta-
tion that grows spontaneously at these sites in order to select native
plant species adapted to local conditions, that can be used simul-
taneously for phytoremediation and ecological rehabilitation pur-
poses (to decrease soil erosion, increase biodiversity and/or
functionality and/or naturalness). According to Baker et al. (2010)
the tertiary metal and metalloid contaminated sites, which corre-
spond to naturally non-metal-enriched environments that have
been contaminated by industrial emissions, host tertiary plant
communities able to tolerate MM toxicity selected from the local
non-contaminated habitats. These plant species can also be
described as pseudo-metallophytes according to their capacity to
establish and grow in both non-contaminated and MM contami-
nated environments (Favas et al., 2014; Tordoff et al., 2000).
Furthermore, in the Mediterranean semi-arid context, local plant
species are able to tolerate strong water stress. These adaptations
are particularly required for the ecological rehabilitation of MM
polluted areas (Fr�erot et al., 2006; Mendez and Maier, 2008;
Moreno-Jim�enez et al., 2011). Moreover, within the context of
protected or sensitive habitats, it is important to avoid disturbances
linked to the introduction of exotic or invasive plant species in a
natural environment such as those routinely used in phytor-
emediation projects such as Miscanthus sp. (Mench et al., 2009;
Nsanganwimana et al., 2014). Screening the local spontaneous
plant communities is thus necessary in order to understand the
interactions between species, environment and disturbances
through the expression of different ecological functionalities
(Disante et al., 2010; P�arraga-Aguado et al., 2013). These parameters
are then determinant for the success of restoration projects for
polluted areas.

On the Mediterranean coast of Marseille, south-eastern France,
the former lead smelting factory of Escalette, which ceased activity
in 1925, is a brownfield to date still left unreclaimed. Its activities
strongly contributed to the mixed contamination of the surround-
ing area (Affholder et al., 2014; Testiati et al., 2013), which is located
within the first French peri-urban National Park, founded in 2012.
The particularity of this site is that within the same brownfield are
included urban and natural areas combining major anthropogenic
disturbances (urban and industrial pollution, trampling, erosion)
and biodiversity-richness, and consequently it is the focus of major
conservation issues (Affre et al., 2015). At this site, recent studies
have shown the capacity of certain native plants to grow
spontaneously on highly contaminated soils and their phytostabi-
lization potential (Affholder et al., 2013, 2014; Laffont-Schwob et al.,
2011; Testiati et al., 2013). These observations correspond indeed to
one century of spontaneous recovery of the tolerant native plant
communities after high industrial disturbances (Laffont-Schwob
et al., 2016). Previous results have also highlighted MM pollution
hotspots in the vicinity of the brownfield (Rabier et al., 2014),
including some occurring in particular in natural areas as the result
of slag and atmospheric deposits or ashes from former industrial
structures such as the horizontal chimney (Affholder et al., 2013;
Testiati et al., 2013). Accordingly, there is a need for more exten-
sive screening of local plants in relation with the diversity of
spontaneous plant communities, adapted to local heterogeneous
environmental conditions, whichmay be able to persist on the land
or be resilient for future phytoremediation applications.

In this study, we focused on the area which was under the in-
fluence of the smelter horizontal chimney, where both high mixed
contamination and spontaneous native vegetation occur, in order
to perform a precise and georeferenced characterization of this
particular ecosystem. Our aim was to assess changes in vegetation
structure and/or composition caused by contaminants and other
mesologic parameters to highlight the most MM-tolerant native
plant species throughout heterogeneous environment. We devel-
oped a protocol without using destructive methods, in conformity
with the regulations regarding this protected area that consisted in
X-ray fluorescence field equipment for soil MM analysis, coupled
with phytoecological monitoring relative to plant distribution and
cover and discriminant environmental parameters. We thus
developed an integrative methodology not based on plant MM
uptake but on plant distribution and assemblages, habitat charac-
terization and life-traits. The aim was to characterize plant com-
munities in a context of MM heavy contamination in order to
identify tolerant native plants that can be used to optimize the
phytostabilization potential of the vegetation (improvement of soil
quality by C and N soil input, creation of habitats for microorgan-
isms, erosion control, MM chelation) and to favor restoration of
contaminated protected areas while limiting future pollution
dispersion.

2. Materials and methods

2.1. Site description

The Escalette former lead smelting factory area (WGS84 co-
ordinates: N¼ 43.22578�, E¼ 5.35059�), located on the south coast
of Marseille, south-east France (Fig. 1), is a territory combining
housing, brownfield, slag heaps and natural Mediterranean land-
scapes. The factory, which was in operation from 1851 to 1925, has
to date not been reclaimed. Since 1925, MM pollution of the site
and its surroundings has been directly and indirectly caused by the
slag deposits in the vicinity and by dispersion of contaminants from
the polluted buildings, chimney ashes and dumps by weathering
and bioalteration processes (Testiati et al., 2013). The factory
structure is characterized by a horizontal chimney, built along a
ridge over approximately 300 m, culminating at an altitude of
140 m (Fig. 1). The horizontal smelter chimney area is one of the
most contaminated sites in the area, with high As, Cu, Pb, Sb and Zn
mixed-pollution (Affholder et al., 2014) due to ash deposits along
the chimney flue and their dispersion into the vegetation and soils
located nearby. However, from a phytomorphological point of view,
this area seems very similar to the Calanques natural landscapes,
characterized by a mosaic of spontaneous plant communities that
constitute calcareous xero-thermophilous shrublands (Mediterra-
nean matorral), grasslands and stands of Aleppo pine (interactive
Escalette map.kml).



Fig. 1. Location of Escalette study site in the urban area of Marseille in the Mediterranean basin (a), within the terrestrial area of the Calanques National Park (b). Location of the
experimental plots at the study site (c): transect 1 is represented by a yellow line, transect 2 by a green line, transect 3 by a blue line and transect 4 by a red line. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The bioclimate of this area is thermo-Mediterranean (Qu�ezel
and M�edail, 2003), on the basis of thermal criteria. According to
Aillaud and Crouzet (1988) this location should be considered in an
intermediary position between Mediterranean semi-arid and arid
area on the basis of pluviometry data recorded in the urban area of
Marseille (north of the study site) and at Cap Croisette (south of the
study site). Prevailing winds are north-north-easterly (Mistral) and
easterly, and contribute to increase water stress, especially the
Mistral which blows about 135 days a year. Substrate is dominated
by karstic limestone and calcareous bare rocks are frequent. Soils
are usually thin (less than 50 cm thick), oligotrophic, originating
from calcareous parent material (calcosoil with surface colluvia),
and ranging from leptosols to cambisols.

2.2. Sampling design

Soil and plant sampling conducted in previous studies in the
vicinity of the former factory highlighted the horizontal chimney
area (Fig. 1) as a pollution hotspot (Affholder et al., 2014; Guillamot
et al., 2014; Testiati et al., 2013). This area was also colonized by
spontaneous vegetation and was thus selected in this study for
phytoecological and soil MM monitoring. We considered that the
major sources of pollution in this zone, identified as the pipe and
the outlet of the horizontal chimney, could generate a pollution
gradient through the area. We therefore used the chimney pipe and
outlet as reference points for the monitoring transect design and
used 4 transects of 100m length from the chimney ruins, located on
contour lines, in order to take into account the effect of topography
on contaminant dispersion by runoff (Fig. 1). Preliminary floristic
inventories were conducted in spring 2012 (results not shown) to
define the minimum surface area by using successively larger size
sampling areas (Cain, 1938). Testiati and collaborators (2013)
showed that the soil Pb contamination varied between 12.8 g/kg
and 130 g/kg on a 50 m transect located on both sides of the
chimney. Thus, a compromise was decided on in order to take into
account the minimum sampling area, estimated at around 32 m2,
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and the expected heterogeneity of MM topsoil contamination
(Marchiol et al., 2013; Testiati et al., 2013) in order to achieve the
optimum sampling plot design according to an area of steep
terrain: a rectangular surface area of 32 m2, with an 8 m length in
the line of slope and 4 m width, considering that we could thus
reduce the contamination heterogeneity related to the drop in
altitude, compared to a square plot. We located 5 plots per transect
and an identification code was assigned to every plot as follows:
C1-2, with 1 coding for transect number 1, and 2 for plot number 2
(Fig. 1). It should be noted that it was impossible to select, at local
scale (Escalette) and even at the scale of the whole massif of the
Calanques, a control site free of any contamination (Affholder, 2013)
where our experimental design could have been replicated. The
selection of a distant control site in another of the peri-urban hills
of Marseille could have generated some bias because of significant
changes in the environmental parameters (slope, exposure,
bedrock, soil, local climate, etc.), land use history (former tradi-
tional land uses) which may have changed the composition and
spatial and temporal dynamics of the present vegetation in com-
parison with our study site (Knoerr, 1959).
2.3. Phytoecological sampling

Phytoecological inventories were conducted over the whole
surface area of the plots using the 'strata' protocol from the BASECO
model for floristic and mesologic data (Gachet et al., 2005). Plant
species were determined using the Fournier (1961), Pavon (2014)
and Rameau et al. (2008) flora. Compared to the model, the re-
cord sheet was adapted to the field characteristics by adding new
classes of strata. The covering percentage of rock, litter and each
vegetation stratum then each plant species were recorded using 6
coefficients coding for a semi-quantitative visual estimate of cover
(0: cover¼ 0%,1: cover < 10%, 2: cover¼ 10%e25%, 3: cover¼ 25%e
50%, 4: cover ¼ 50%e75%, 5: cover ¼ > 75%) (Table 1). Because of
the observation of several qualitative classes for stone cover (rocks,
blocks, stones) and vegetation vertical structure (herbaceous, low
shrubs, shrubs, high shrubs, trees), a synthetic index was calculated
to take into account both cover and class diversity of these two
variables (Table 1) for statistical analysis:Index ¼ n

Pn
i¼1Ci where n
Table 1
Descriptive statistics of environmental and pollution variables extracted from field sa
Fluorescence).

Environmental variables Units n Minimum

Species richness (S) (�) 24 7
Shannon Diversity Index (H0) (�) 24 1.78
Pielou Evenness Index (J) (�) 24 0.92
Soil depth cm 24 0
Light intensity index (�) 24 2.5
Stones cover index (�) 24 8
Litter cover coef. 24 2
Vegetation cover coef. 24 3
Vertical structure index (�) 24 18
Altitude m 24 122
Slope % 24 0
Chimney nearest distance m 24 2
Chimney outlet distance m 24 5
Chimney mean distance m 24 4
Chimney-plot height difference m 24 �3
Metals and metalloids in soils
Arsenic mg/kg 467 86
Copper mg/kg 467 90
Iron mg/kg 467 3120
Lead mg/kg 467 461
Antimony mg/kg 467 0
Tin mg/kg 467 0
Zinc mg/kg 467 233
is the number of represented classes within a sampling plot and C
the coefficient score for each class i (Table 1). Soil depth was
measured at the center (n¼ 1) and at each corner of the plot (n¼ 4)
after removal of surface stones and litter and using a steel rod and a
hammer until we reached the rock. The value conserved for further
analyses corresponds to the mean depth of the plot (n ¼ 5). Species
richness corresponded to the number of plant species per plot and
Shannon Index (Table 1) was calculated following the formula H0 ¼
�P½pi � logðpiÞ� where pi ¼ ni/N and ni ¼ abundance of species i
and N¼ total abundance of all species using the function “diversity”
of R 3.0.2 vegan package (Borcard et al., 2011; Oksanen et al., 2014).
We also calculated Pielou's evenness index J (Pielou, 1969) from
Shannon-Weaver H0 and species richness S: J ¼ H’/log (S), as sug-
gested by Oksanen and O'Hara in vegan package (function diversity,
R documentation, Oksanen et al., 2014). These indices were used as
descriptive (Table 1) but not as explanatory variables for multi-
variate analysis as they were calculated from species data.
2.4. Soil analysis

We performed soil MM analyses in the field using a portable X-
Ray Fluorescence (pXRF) analyzer (Niton® XLt 792W, Thermo Sci-
entific) with the probe placed directly on the soil surface (Table 1).
Use of this non-destructive field apparatus is of particular interest
in the context of a protected natural park where samples of organic
and inorganic materials are strictly controlled. Moreover, pXRF
analysers are recognized as a way of measuring soil contaminants
as they offer rapid and simultaneous multi-elemental analysis in
solid conditions with minimum sample treatments and with suit-
able limits of detection (Horta et al., 2015; Martin-Peinado et al.,
2010; Paulette et al., 2015; Weindorf et al., 2013). In order to take
into account the wide heterogeneity of MM surface soil contami-
nation (e.g.: Sb soil concentrations ranging from 1280 to 9030 mg/
kg in a transect of 50 m on either side of the damaged chimney
(Testiati et al., 2013)), we measured MM at 24 points per plot, each
1m-distant each and 0.5m from the plot edge. At each point, stones
and litter were removed to perform analysis on bare topsoil sam-
ples (5 cm max deep) and to reduce heterogeneity under field
conditions. The pXRF analyses were performed during 120 s per
mpling and GIS data (GIS: Geographic Information System, pXRF: portable X-Ray

Maximum Mean Median SD Data sources

25 19 19 4 Sampling
3.18 2.83 2.88 0,30 Sampling
0.99 0.98 0.98 0.01 Sampling
41 14 12 11 Sampling
4.0 3.5 3.5 1 Sampling
24 19 21 5 Sampling
5 3.0 3 1 Sampling
5 3.4 3 0.7 Sampling
60 30 26 13 Sampling
140 133 132 6 GIS
42 23 24 11 GIS
102 35 33 26 GIS
103 44 42 22 GIS
103 39 38 23 GIS
15 5 6 5 GIS

72,473 6069 8998 2876 pXRF
3089 616 346 523 pXRF
166,704 26,330 12,512 24,628 pXRF
272,877 27,480 34,824 15,138 pXRF
18,988 1557 2437 670 pXRF
4446 451 605 253 pXRF
142,723 11,262 16,469 5554 pXRF
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point, which corresponded to a maximum measurement time for
this equipment and reduced the detection limits as far as possible
(Kalnicky and Singhvi, 2001).

2.5. Geographic information system data

After field monitoring, additional variables were added to the
plot data using Quantum GIS versions 1.8.0 Lisboa and 2.2 Valmiera
completed by GRASS open source software. We used GIS to create a
local Digital Elevation Model (DEM) in order to extract altitude and
slope data at the center of the sampling plots (Table 1). We calcu-
lated precise distances between plot centers and different pre-
sumed sources of MM pollution or anthropogenic disturbances.
These parameters, such as nearest distance to the horizontal
chimney or distance from the chimney outlet (Table 1), were used
to estimate the plot spatial location through the expected
contamination gradients represented by topsoil MM
concentrations.

2.6. Statistical analysis

For each MM XRF sampling point, equipment relative error was
calculated to obtain a mean value of the relative error for each
element based on all the measurements. We only kept MM con-
centrations reported in Table 1 for which the equipment mean
relative error was �20% (results not shown), as this value corre-
sponds to the precision required to consider quantitative results for
field environmental applications (Kalnicky and Singhvi, 2001).
Thereafter, means, medians, standard deviations of selected MM
soil concentrations per plot (n ¼ 24, except when missing data)
were used for further statistical treatments. We calculated the MM
dispersion ranges of each experimental plot using JMP (JMP Pro 10)
to characterize the contamination heterogeneity within the study
area.

We performed linear regression and multivariate analyses
using R 3.0.2. software (R Core Team, 2014) along with stats,
vegan and ade4 packages (Dray et al., 2007; Oksanen et al., 2014).
As a first step, explanatory variables were treated separately: we
computed environmental data (Table 1) in a canonical con-
strained ordination for forward selection of the relevant explan-
atory variables using the ordistep function (Blanchet et al., 2008)
(Table 2). All the MM previously selected were retained for the
second step since identified as relevant industrial contamination
descriptors (Table 2). We also calculated Spearman correlation
coefficients r from the environmental variables to estimate vari-
ables redundancy and help with their selection (results not
shown). A principal component analysis (PCA) was performed on
these variables to obtain a graphical representation of variable
correlations.

In order to avoid the rare plant species to have too much in-
fluence on the canonical analysis, we used a Hellinger trans-
formation on the species dataset (Borcard et al., 2011; Legendre and
Gallagher, 2001). Then, we used a redundancy analysis (RDA) on all
Table 2
List of the variables successively retained by forward selection (999 permutations) based o
� 0.001, 0.01 and 0.05). AIC: Akaike Information Criterion. F: F-test value.

Explanatory variables for RDA AIC

Chimney distance �18
Chimney distance þ Vertical structure �19
Chimney distance þ Vertical structure þ Stone cover �19
Chimney distance þ Vertical structure þ Stone cover þ Altitude �19

Chimney distance þ Vertical structure þ Stone cover þ Altitude þ Arsenic �19
selected variables (both environmental and MM data) compiled
within the same table to describe relationships between plant
species composition and environmental and pollution descriptors
observed at the scale of the sampling plots. We used permutation
tests to test the significance of RDA results and canonical axes
(a ¼ 0.001) (Legendre et al., 2011). K-means partitioning (Hartigan
and Wong, 1979) was used on RDA species scores to delineate
clusters corresponding to groups of species on the first two prin-
cipal directions. The most relevant number of groups was deter-
mined following a between-group variance criterium as proposed
by Brewer et al. (2007).

We calculated contamination factors (CF) from topsoil MM
concentrations measured in this study and the results obtained by
Affholder et al. (2013, 2014) for the local background (CF ¼ mean
MM topsoil concentration on a plot/mean MM topsoil concentra-
tion of the local background). Then, these CF were used to estimate
a multi-contamination level corresponding to a pollution load in-
dex

�
PLI ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CFAs � CFCu � CFPb � CFSb � CFZn5
p �

(Rashed, 2010).

3. Results

3.1. Metal and metalloid distribution

For each element, the results showed a wide heterogeneity of
the topsoil MM concentrations, both within each plot and between
plots (Fig. 2). This variability was greater on plots where the highest
MM mean concentrations occurred. We recorded a significant
decrease of As, Cu, Pb, Sb, Sn and Zn concentrations with increasing
distance from the chimney (p-value < 0.01, Table 3). Nevertheless,
as there was no significant linear regression between contamina-
tion and position of the plots along the transect (results not shown),
we considered plots as independent replicates for further
interpretation.

When looking closely to spatial representation of As and Pb
classes of mean concentrations by plot, values appeared greater
when closer to the chimney (Fig. 3). Because of the high variability
within the plots, these differences were only significant when
looking at plots C1-1, C2-1 and C2-2, which are more contaminated
in As than C1-2 to C1-5, C2-4 to C2-5, C3-5, C4-2 to C4-3 (p < 0.01,
supplementary material 1). On the basis of Pb concentrations, C1-1,
C2-1 and C2-2 were more contaminated than C1-2 to C1-5, C2-4 to
C2-5, C3-5 and C4-3 (p < 0.01, supplementary material 1). These
tendencies are quite similar for the other industrial MM (supple-
mentary material 1). Considering As, Cu, Pb, Sb and Sn (Fig. 2), the
hotspot of pollution was identified as plot C2-2 which is the closest
plot to chimney outlet to be located downstream (Figs. 1 and 3) and
showed significantly higher values for these elements compared to
all the other plots (p < 0.01, supplementarymaterial 1). For Fe as for
Zn, C2-2 mean concentrations were not significantly different than
those recorded in C1-1 and C3-3 which were respectively located
upstream and downstream of C2-2 (Fig. 3, supplementary material
1). On the upmost transect (C1), the most contaminated plot C1-1
considering all recorded MM corresponds to the creeping
n Akaike Information Criterion (Akaike,1973). ***, **,* respectively coding for p-value

F p-value Abbreviation Decision

.42 2.79 0.001*** Chimney_D selected

.04 2.37 0.001*** Veg_struct selected

.32 1.93 0.004** Stones_cov selected

.44 1.67 0.018* Alt selected

.37 1.42 0.086 As excluded



Fig. 2. Boxplots of soil MM distribution ranges within the experimental plots. Each transect is represented by a different color (C1: orange, C2: green, C3: blue, C4: red). MM
concentrations are given in mg/kg. Mean, 1st and 3rd quartiles were used to build the boxes. The vertical line within the box represents the median sample value. The ends of the
box represent the 3rd and 1st quartile, respectively. The whiskers are determined by the upper and lower data point values (not including outliers). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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chimney outlet (p < 0.01, supplementary material 1). Then, the MM
concentrations were significantly lower on transect C1 from the
second plot. The same pattern were observed on C2 for the plots
located below the ridge, corresponding to C2-3 to C2-5 that showed
significantly lower concentrations, except for Fe, compared to C2-1
and C2-2 (p < 0.01, supplementary material 1). C3-5 was
significantly less contaminated in Pb and Sb than the other plots on
transect C3. Considering the location of the plots from upstream to
downstream below the chimney outlet (Fig. 3), there were no sig-
nificant difference of As and Pb contamination between C2-3, C3-1
to C3-4, C4-1 to C4-2 and C4-3 to C4-4 (p < 0.01, supplementary
material 1).



Table 3
Coefficients of the linear regressions performed between MM and distance from the
chimney (Chimney_D data). Only significant results are presented.

MM Multiple R-squared Adjusted R-squared p-value

As 0.39 0.36 0.003
Cu 0.40 0.37 0.003
Pb 0.39 0.36 0.003
Sb 0.41 0.38 0.002
Sn 0.44 0.41 0.001
Zn 0.37 0.33 0.004
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Fig. 4. Correlation circle of the PCA performed on environmental variables (Cumula-
tive projected inertia ¼ 60% on the two first axes). Alt: Altitude, Chimney_D: chimney-
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ney_outlet_D: chimney outlet-plot nearest distance, Chimney_ElevDif: chimney-plot
height difference, Exp: Light Intensity Index, Litter: Litter cover, Stones_cov: stone
cover, Veg_cov: plant cover, Vert_struc: Vertical plant structure.
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3.2. Environmental variables

The two first axes of the PCA of environmental variables were
considered. PCA1 and PCA2 explained respectively 46% and 14% of
the total variance. On the first axis of the PCA correlation circle
(Fig. 4), the industrial MM markers As, Cu, Pb, Sb, Sn and Zn (pos-
itive part of axis 1) were highly correlated between them and
negatively correlated with increasing distances from the chimney
(negative part of axis 1). The graphic representation also high-
lighted the positive correlation existing between Cu and As, Pb, Sb,
Sn and Zn (0.87 � r � 0.96, p-value < 0.001). On the positive part of
axis 2, the vertical structure of vegetation seemed to be correlated
with slope, litter and vegetation cover, as indicators of the closing of
the vegetation by scrubs and trees. When looking at Spearman
coefficients, it appeared that this correlation was only significant
for vertical structure and litter (r ¼ 0.54, p-value < 0.05).
Fig. 3. Spatial distribution of lead (Pb) and arsenic (As) mean soil concentrations (n ¼ 24).
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3.3. Vegetation composition and structure in relation with
environmental variables and MM contamination

The RDA analysis showed a statistically significant relation be-
tween selected descriptors (Table 2) and vegetation community (p-
value of the model < 0.001) explaining 31% of the total variance on
the two first canonical axes (with RDA1 and RDA2 explaining
respectively 17% and 14% of the total inertia; p-value of the
axis ¼ 0.004 and 0.003 respectively) (Fig. 5). K-means analysis
highlighted four groups of species based on RDA species scores.
Clusters 1, 2, 3 and 4 contained respectively 23, 7, 14 and 4 plant
species (Fig. 5). The negative part of RDA axes 1 and 2 seemed to be
related to the closure degree of the vegetation highlighted by the
vegetation structure variable. The closest habitats are characterized
by species corresponding mostly to group 4 of the cluster analysis
composed by the tree species Pinus halepensis and shrub species as
Rhamnus alaternus, Asparagus acutifolius and Smilax aspera (Fig. 5
and supplementary material 2). In contrast, the positive part of
axis 1 was represented by native shrubs and herbaceous species
that belonged to groups 1 and 2 of the cluster analysis and char-
acterized by higher stone cover percentage andmore open habitats.
Both first and second axes showed a gradient of pollution as highest
MM concentrations were located on the negative part of axis 1 and
the positive part of axis 2 and negatively correlated with greater
distance from the chimney (�0.91 � r � �0.81; p-value < 0.001),
which appeared clearly as the principal source of MM (Fig. 5). Thus,
species scores along these axes could be used to classify them ac-
cording to their tolerance to high levels of pollution. When taking
into account the species mean scores on both axis 1 and axis 2
(results not shown), it appeared then that the native shrub species
Coronilla juncea, Coris monspelliensis and Globularia alypum were
the most positively correlated with MM concentrations. Similarly,
Avenula bromoides, Bromus madritensis, Linaria supina, Lobularia
maritima, Lysaria arvensis, Reichardia picroides, Piptatherum caer-
ulescens and Plantago lagopus were the herbaceous species the
most positively correlated with MM concentrations. The tree spe-
cies Pinus halepensis was also among the most MM correlated
species. In contrast, the species with the least representative scores
were typical Matorral shrubland species such as Allium acutiflorum,
Cistus albidus, Fumana leavipes, Quercus coccifera, Rosmarinus offi-
cinalis and Thymus vulgaris. These species belonged to group 2 of
the cluster analysis, which seemed positively correlated with
increasing distance from the pollution source.

4. Discussion

4.1. Spatial heterogeneity of the soil contamination

Topsoil of the site was highly contaminated by MM, as some
metallic species mean values were as high as 1 to 10 percent of the
soil mass (Fig. 2). In previous studies (Affholder et al., 2013, 2014)
the local background of soil contamination in the Calanques massif
was estimated at 5, 7.5, 43, 3 and 66mg/kg for As, Cu, Pb, Sb and Zn,
respectively (no data for Sn, Table 4). Results for the studied area
clearly evidenced high contamination of soils, with mean values
(Table 5) up to 1200, 80, between 500 and 600 and up to 170 times
the respective local background concentration for As, Cu, Pb, Sb,
and Zn, respectively. In relation to threshold values under French
legislation for contaminated soils (Table 4), mean values of the
study area soils were up to 209 times higher for As, up to 6 times
higher for Cu, up to 275 times higher for Pb and up to 55 times
higher for Zn (Table 4). In the absence of values for France, the
Belgian “intervention values” for industrial soils were considered
(Table 4). They are defined as the soil concentrations in the case of
which an intervention will be systematically carried out. The study
area soil mean concentrations were up to 20, 1.2, 20 and 9 times
higher for As, Cu, Pb and Zn, respectively (Table 1). Furthermore, the
PLI showed important values on the study area (Table 5). In com-
parison, the highest PLI obtained by Affholder et al. (2014) was
120 at the site considered then as the site contamination hotspot.
These concentration levels were characteristic of the smelter ac-
tivity pollution mostly caused by particular and direct ash deposits
in the vicinity of the factory (Marchiol et al., 2013; Regvar et al.,
2010). They highlighted the extent of the soil diffuse contamina-
tion through the natural areas in the vicinity of the Escalette former
smelter (Tables 4 and 5) and the need to manage the pollution in
conformity with polluted site and soil legislation.

The highest contamination levels were recorded at plots directly
influenced by flying ash and contaminated materials coming from
the chimney ruined pipe, according to Testiati et al. (2013).
Although the results confirmed that the horizontal chimney and
especially the outlet downstream area were the principal source of
MM throughout the study area, leading to a metal gradient corre-
lated with pipe distance (p < 0.01, Table 3), the soil contamination
was very heterogeneous both at study site (5000 m2) and plot
scales (32 m2) (Table 1 and Fig. 2). This spatial heterogeneity of the
MM soil content could be linked to the variability of the topography
and substrates, such as rocky outcrops providing protection against
contamination in some cases or increased MM pollution by
generating preferential runoff flows in others (Affholder et al.,
2014). The transect lower contamination levels from plot C1-2 to
C1-5 compared to C1-1 were certainly linked to the topographic
situation of these plots, located along the ridge line and protected
from the past and present source by a rocky outcrop corresponding
to C1-1 location (Figs. 1 and 3). Furthermore, the last plots of
transects C2 (from C2-3) and C3 (C3-5) showed lower levels of
contamination and could thus be considered as less directly influ-
enced by ash deposits from the chimney as they were also located
below the rocky outcrop.

On the other hand, the results highlighted the plot located just
down of the chimney exit (C2-2) as the most contaminated in As,
Cu, Pb, Sb and Zn. Similarly, the plots located downstream from the
chimney outlet showed similar high MM levels that highlighted a
contamination pattern which could be linked to preferential runoff
promoting MM transfers, especially for As (Vangronsveld et al.,
2009). Thus, in the context of steep slope (plots mean
slope ¼ 24%, Table 1) and highly polluted environment, this study
could suggest an interesting approach to selecting priority areas to
restore in order to reduce the runoff by the use of local native plants
(De Baets et al., 2007; Dur�an-Zuazo et al., 2004). The distribution
pattern observed was less visible for Fe, meaning that the distri-
bution of this element could be linked both to local background, for
which concentrations were estimated around 10 g kg�1 DM
(Affholder et al., 2013), and anthropogenic sources such as indus-
trial use of pyrites (FeS2) and chalcopyrites (CuFeS2) (Laffont-
Schwob et al., 2016). In this way, it could provide additional re-
sults to use spatial and topographic analyses such as LIDAR data
(Dassot et al., 2011) and GIS in order to better understand
contamination patterns throughout the area by 3D representations
of the MM distribution heterogeneity.

4.2. Ecosystem recovery and metal tolerance

Despite the heavy MM soil contamination, there was an
important recovery of the local ecosystem in the form of a spon-
taneous colonization of the polluted study area by local native
plants in a secondary plant succession series (Fig. 5, supplementary
material 2). The multivariate analysis emphasized the vegetation
heterogeneity at the scale of study area as well as at the smaller
scale of the plot (several tens of square meters): the cluster analysis
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Table 4
MMconcentrations in soils of the study site local background (Affholder et al., 2013, 2014), reference values in French (Darmendrail et al., 2000) and Belgian soils and threshold
MM soil concentrations under French and Belgian legislation (Arrêt�e ministeriel 08/01/1998 in Journal Officiel 26, 1998 of the French Government; Afnor NF-U-44-041, 1985;
D�ecret relatif �a la gestion des sols 08/12/2008 of Wallon Parliament). All concentration values are in mg/kg of soil dry mass (DM).

Metals and metalloids in soils (mg/kg DM) As Cu Pb Sb Zn

Local background MM soil concentrations (n ¼ 5)
5 7.5 43 3 66

MM soil concentrations reference values in France
n e 787 790 e 804
Total concentrations in French soils (min-max) e <2 to 107 2 to 3088 e <5 to 3820
Median e 13 34 e 80
Mean e 15 65 e 149
Threshold values authorized in soils 29 100 100 e 300
MM soil concentrations reference values in Belgium
Reference values in natural soils/industrial soils 12/12 14/14 25/25 e 67
Threshold values in natural soils/industrial soils 30/50 40/120 120/385 e 120/320
Intervention values in natural soils/industrial soils 220/300 80/500 170/1360 e 215/1300

Table 5
Contamination factors (CF) and pollution load index (PLI) based on As, Cu, Pb, Sb and Zn topsoil mean concentrations at the plot and local background. For min and max values
of CF and PLI, the plot where these values were recorded is specified in subscript.

CFAs CFCu CFPb CFSb CFZn PLI (nETMM ¼ 5)

Min 81C1-3 50C3-5 56C1-3 13C1-3 12C1-3 33C1-3
Moy ± SD 1228 ± 1285 82 ± 30 636 ± 575 497 ± 569 169 ± 186 340 ± 313
Max 5647C2-2 174C2-2 2576C2-2 2397C2-2 828C2-2 1381C2-2
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performed on RDA species scores revealed 4 plant clusters char-
acterized by plant species of different biological type (Raunkier,
1934) and strategies (Grime, 1977), that showed the variability
through each community. If these results made interpretation of
the vegetation occurrence through environmental gradients com-
plex and could be an explanation for the low explanatory per-
centage of the redundancy analysis first axes, the four clusters
could be linked to several plant communities corresponding to
successional stages that developed through the study area envi-
ronmental heterogeneity (Fig. 5).

Cluster 3 contained a majority of MM tolerant species based on
mean species scores on axes 1 (negative part) and 2 (positive part).
This group was composed of a majority of small stress-tolerant
species which could correspond to a highly constrained habitat
with specialized and pioneer species such as the leguminous
Coronilla juncea. As some ubiquitous and ruderal species were also
represented within this group, such as Centranthus sp., Lobularia
maritima, Lysaria arvensis and Reichardia picroides, it could be
considered as a habitat highly disturbed by high levels of pollution
and soil artificialization caused by the proximity of the horizontal
chimney, as shown by analysis of the soil composition performed
by Testiati et al. (2013). Globularia alypum, an early-successional
stage native shrub (Maestre and Cortina, 2004), was also part of
group 3 as one of the most MM tolerant shrub species. This cluster
was composed both of open environment species (positive part of
axis 2) and forest environment species (negative part of axis 2),
depending on their position on RDA2.

Group 4 was representative of a young spontaneous forest
community characterized by Pinus halepensis, Rhamnus alaternus,
Asparagus acutifolius and Pistacia lentiscus from the most MM
tolerant species to the least (Fig. 5). The species richness of this
group was low, suggesting strong competition for light between
species that could be linked to the dominant presence of Pinus
halepensis (Maestre and Cortina, 2004).

Group 1 was composed of both herbaceous and shrub species
which could represent transitional habitats between highly
tolerant communities (group 3) and typical Matorral shrubland
species that seemed less tolerant of MM pollution on the basis of
their RDA scores (group 2). Plants of this group were mostly
representative of open, heterogeneous and disturbed environments
as shown by the co-presence of species with different life strategies
(Gachet et al., 2005; Grime, 1977). This habitat, that contained few
shrubs (Erica multiflora, Juniperus phoenicea), could thus represent a
mid-successional stage towards a ruderal scrubland characterized
by stress-tolerant and chamaephyte-type species such as those
mainly found within group 2. As groups 3, 1 and 2 were composed
both of pioneer and middle-successional species, they could
correspond to a transitional stage of young scrub habitats, with
group 2 corresponding to a more advanced successional stage and
less disturbed habitats.We cannot exclude that the habitats close to
the chimney could also have been more disturbed by human
presence and disturbances as the chimney was regularly cleaned
out during smelter operation. Nowadays, the chimney is still a
frequented area as confirmed by the presence of numerous hunting
trails, hides and cartridges throughout this area. Cluster 2 like
cluster 4 could also correspond to more homogeneous and
specialized habitats, as they were represented by only a few species
(respectively 7 and 4). In this context of heavy MM contamination,
these transitional stages could provide some reference trajectories
for contaminated ecosystem restoration (Clewell and Aronson,
2013) from the highly disturbed communities of groups 3 and 1,
to target communities represented by group 2.

The visual estimation of plant cover ranged between 25% and
>75% on sampling plots, reflecting the plant community recovery
since about one century (Laffont-Schwob et al., 2016). The lack of
bare soils and the absence of a significant correlation between plant
cover and contamination level highlighted the presence of native
non-metalliferous plant tolerance mechanisms (Ernst, 2006) that
enabled the natural implementation of re-colonization processes
independently of the MM soil contamination. It is also expected,
that resilience capacities of native plant communities could have
been conditioned by the time gap needed for soil spontaneous
recovery (Schaeffer et al., in press), which corresponds to the
improvement of their quality and functioning, after the end of
disturbances linked to toxicity caused by acid deposits (Laffont-
Schwob et al., 2016). That highlights the need for further
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investigation to assess the local plant-soil-microorganism in-
teractions occurring within the mycorhizosphere in order to pro-
vide ecologically effective solutions to manage the MM soil
contamination (Khan, 2005) throughout the Calanques national
park, especially in a Mediterranean context (Barea et al., 2011).

4.3. Plant strategies, life-traits and MM tolerance

Previous studies in Mediterranean metal-enriched areas have
already shown the interest of using spontaneous native plants for
phytoremediation and restoration purposes (Boukhris et al., 2015;
Mendez and Maier, 2008; P�arraga-Aguado et al., 2014), as they
developed metal-tolerance and are already adapted to local con-
ditions (Baker et al., 2010; Marchiol et al., 2013). At our study site,
plant communities were mostly composed of perennial native
Mediterranean plants corresponding to different biological types
(Raunkier, 1934) and life strategy (Grime, 1977) on the basis of the
BASECO database (Gachet et al., 2005). By using life-traits and
excluding the annual species (therophytes), a selection grid can be
obtain and lead to selection of native plants with phytostabilization
potential (Table 6).

In our study, some native plant species, such as Coronilla juncea
and Globularia alypum for shrubs, and Biscutella leavigata, Lobularia
maritima, Piptatherum caerulescens, Silene vulgaris for perennial
grass and forbs, showed significant positive correlations with the
MM contamination level that suggested their higher tolerance to
pollution compared to the other plants of the community (e.g.
Cistus albidus, Rosmarinus officinalis, Thymus vulgaris). C. juncea is a
leguminous shrub that has been already used in Mediterranean
ecological restoration projects, and has proved of interest for soil
recovery both in non-contaminated (Padilla et al., 2009) and
metals-contaminated areas (Alguacil et al., 2011; Carrasco et al.,
2011). Another study carried out on Mediterranean metal-
contaminated soils assessed the effects of organic amendments
Table 6
Species life-traits and native plant tolerance to MM at study site C. Abbreviations: Fami
LAM ¼ Lamiaceae, PLA ¼ Plantaginaceae, POA ¼ Poaceae, PRI ¼ Primulaceae. Biologica
NPh ¼ nanophanerophyte; Th ¼ therophyte. Strategies (Grime, 1977): C ¼ competit
Baro¼ barochore; Zoo¼ zoochore. MM tolerance: based on “species” scores from RDA an
collected from Baseco database (Gachet et al., 2005) and Fournier (1961), Pavon (2014),

Plant species Family Biological
type

Strategy Habitat Seed

Biscutella laevigata BRA H S Rocky environments,
shrublands etc.

Anem

Lobularia maritima BRA Ch (H ou
Th)

RS Dry environments Anem

Cistus albidus CAR Ch (NPh) CSR Shrublands Anem
Dianthus

caryophyllus
CAR H S Dry grasslands, rocky

environments
Anem

Silene vulgaris CAR H (Ch) R Diverse environments (dry to
humid)

Anem

Coronilla juncea FAB NPh SC Thermophile shrublands Zoo/

Rosmarinus
officinalis

LAM NPh SC Shrublands Baro
Octo

Teucrium polium LAM Ch SC Shrublands, dry grasslands, etc. Baro
Globularia alypum PLA Ch (NPh) SC Shrublands, pine-forests Anem

Avenula bromoides POA H SR Rocky grasslands and
shrublands

Anem

Brachypodium
retusum

POA G (H) CS Dry grasslands, shrublands,
pine-forests

Anem

Piptatherum
caerulescens

POA H CS Rocky shrublands of coastal
massifs

Anem

Coris monspeliensis PRI Ch (H) SR Rocky environments,
shrublands, etc.

Anem
on the phytostabilization capacity of the native plants C. juncea and
Oloptum miliaceum (syn. Piptatherum miliaceum) (Kholer et al.,
2014). Previous studies in the Escalette factory area were con-
ducted on the phytoremediation capacity of G. alypum and
concluded that this native shrub is a good candidate for MM phy-
tostabilization with regard to bioaccumulation (BCF) and trans-
location factors (TF) (Testiati et al., 2013). Testiati et al. (2013)
showed a restriction of TF when root concentrations were higher
and that BCF were �1 and TF < 1 for As, Cu, Pb and Zn. Biscutella
leavigata and Silene vulgariswere identified as heavy metal tolerant
species in the literature (Ernst, 2006), with metallophyte pop-
ulations found in mining areas (Bringezu et al., 1999), and the
former is more specifically known as a metal hyperaccumulator
(Anderson et al., 1999; Wenzel and Jockwer, 1999; Wierzbicka and
Pielichowska, 2004). The genus Linaria was also reported in the
literature to be metal tolerant with some species growing on
serpentine Cr and Ni rich soils (Freitas et al., 2004). More generally,
native plants identified in Table 6 mostly belong to Car-
yophyllaceae, Brassicaceae, Poaceae and Fabaceae, families which
are well known in the literature for their MM tolerance (Kabata-
Pendias and Pendias, 2001).

In order to avoid too much competition between species, we
should be careful to not introduce species with invasiveness po-
tential, that have a greater ability to grow on disturbed soils and
could become a threat for less competitive native species. Among
the selected tolerant native species, some of them, especially those
with a reduced MM translocation, such as the fast-growing her-
baceous and small shrubs, could be used as nurse species or
ecosystem engineers (Jones et al., 1994) in order to promote the
later establishment of a more diverse plant community (Markham
et al., 2011; P�arraga-Aguado et al., 2014). These engineer species
should thus be used to improve soil quality by nutrient and/or
organic matter input occurring within the rhizosphere where soil-
plant-microorganisms interactions take place (Barea et al., 2011;
ly: AST ¼ Asteraceae, BRA ¼ Brassicaceae, CAR ¼ Caryophyllaceae, FAB ¼ Fabaceae,
l types (Raunkier, 1934): Ch ¼ chamephyte; G ¼ geophyte; H ¼ hemicryptophyte;
or; R ¼ ruderal; S ¼ stress-tolerant. Seed dispersal type: Anem ¼ anemochore;
alysis,þþþ¼1st quartile;þþ¼ 2nd quartile;þ¼ 3rd quartile; -¼ 4th quartile. Data
Rameau et al. (2008) flora.

dispersal type/flowering Substrat Study area C

As, Cu, Pb, Sb, Sn, Zn
tolerance

K-means
group

/May to August Alkaline to lightly
acid

þþ 1

/March to September Neutral to
alkaline

þþþ 3

-Zoo/May to June Variable e 2
/June to September ? þ 1

/June to August Neutral þþ 1

April to June Neutral to
alkaline

þþþ 3

-Zoo/January, April, July,
ber

Alkaline to lightly
acid

e 2

/May to August Alkaline e 1
-Zoo/April to June Alkaline to

neutral
þþþ 3

-Zoo/May to July Alkaline to
neutral

þþ 1

-Zoo/May to July Alkaline to acid þ 1

/April to June Alkaline to
neutral

þþ 1

-baro/April to July Alkaline to
neutral

þþþ 3
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Cortina et al., 2011; Krumins et al., 2015; Ottenhof et al., 2007;
Wenzel et al., 1999; Wong, 2003). Some others species could pro-
vide a MM filter by reducing the leaching and runoff and thus their
availability for less tolerant species. This approach would later
promote the establishment of less tolerant but phytostabilization-
competent shrubs such as Rosmarinus officinalis (Affholder et al.,
2013, 2014; Testiati et al., 2013), after soil quality improvement.

5. Conclusion

In natural protected areas, it is important to target certain spe-
cific plant species for further analysis without causing an additional
environmental impact during the first steps of a research project
that focuses on MM tolerant plant species selection. The non-
destructive and cost-effective field methodology we have devel-
oped, combined with life-traits data, represents a good compro-
mise that allowed more extensive screening of the spontaneous
vegetationwith phytostabilization potential andwas less restrictive
than usual initial studies on contaminated areas that were based on
a few species MM plant-uptake characterizations (Conesa et al.,
2007; Marchiol et al., 2013). The agreement between the results
of multivariate analysis and the data found in the literature vali-
dates these methods concerning the identification of native plants
with phytoremediation potential; and communities characteriza-
tion and life-traits allow to refine the plants selection. The results
provides original data about some Mediterranean native plant
abilities to grow in a heavy MM mixed contamination, with CF and
PLI reaching record level in natural areas surrounding Escalette
factory. In the context of the ecological restoration of MM
contaminated areas, the characterization of plant communities
throughout variable local conditions provides critical informations
in order to identify an ecosystem reference trajectory for achieving
the restoration objective. Thus, to ensure the effectivemanagement
of soil contamination, it is important to combine two approaches,
based on native plant metal tolerance and life-traits on one hand,
and the analysis of successional stages and plant assemblages on
the other hand. Our results have shown the capacity of native
plants to establish on a MM polluted area, and highlight that some
particular species were more tolerant to heavy MM contamination,
but involving different mechanims (e.g. phytoaccumulation, phy-
tostabilization). In order to achieve a targeted selection of native
plants, further analyses are needed based on plant life-traits and
plant-soil-microorganism interactions linked to their metal-
tolerance. These experiments are already in progress concerning
two identified tolerant native shrubs i.e. C. juncea and G. alypum.
Further field trials will give an assessment of this plant selection
methodology in regard to restoration objectives. This highlights the
importance of both community and species ecology characteriza-
tion in order to achieve an effective selection of the most suitable
native plants to use with regard to the restoration objective and
MM management strategy. In the complex study site context, only
projects that take into account both ecological restoration aspects
(biodiversity, functional diversity, reference ecosystem and trajec-
tory) and pollution management objectives (reduction of contam-
inant transfers) should be considered in order to achieve the
effective rehabilitation of the protected and polluted areas.

Acknowledgements

This work has been carried out thanks to the support of the
Mars�eco project (ANR Mars�eco 2008 CESA 018) and the A*MIDEX
project (n� ANR-11-IDEX-0001-02), funded by the Investissements
d’Avenir French Government programme, managed by the French
National Research Agency (ANR).

This research was supported by a CIFRE grant (no. 2012/0175)
for Alma Heckenroth PhD, from the Association Nationale de la
Recherche et de la Technologie and the ORTEC G�en�erale de
D�epollution company.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.jenvman.2016.09.029.

References

Aillaud, G.J., Crouzet, A., 1988. Un milieu difficile, des plantes adapt�ees : la
v�eg�etation littorale du Sud du golfe de Marseille. Centre R�egional de Docu-
mentation P�edagogique, Marseille, p. 50.

Affholder, M.C., 2013. Approche des m�ecanismes de tol�erance du romarin aux
�el�ements traces m�etalliques et m�etalloïdes: perspectives pour une phytosta-
bilisation des sols m�editerran�eens pollu�es. PhD thesis. Aix-Marseille University,
p. 288.

Affholder, M.C., Prudent, P., Masotti, V., Coulomb, B., Rabier, J., Nguyen-The, B.,
Laffont-Schwob, I., 2013. Transfer of metals and metalloids from soil to shoots in
wild rosemary (Rosmarinus officinalis L.) growing on a former lead smelter site:
human exposure risk. Sci. Total Environ. 454e455, 219e229.

Affholder, M.C., Pricop, A.D., Laffont-Schwob, I., Coulomb, B., Rabier, J., Borla, A.,
Demelas, C., Prudent, P., 2014. As, Pb, Sb, and Zn transfer from soil to root of
wild rosemary: do native symbionts matter? Plant Soil 382, 219e236.

Affre, L., Dumas, P.J., Dumas, E., Laffont-Schwob, I., Tatoni, T., 2015. Regard
�ecologique sur le recul strat�egique : atouts et risques pour la diversit�e v�eg�etale
p�eri-urbaine marseillaise. In: Vertigo, Hors-s�erie 21, avril 2015, Droit des risques
littoraux et changement climatique: connaissance, anticipation et innovation,
p. 13.

Akaike, H., 1973. Information theory and the maximum likelihood principle. In:
Petrov, B.N., Csaki, F. (Eds.), 2nd International Symposium on Information
Theory. Akademiai Kiado, Budapest, pp. 267e281.

Alguacil, M.M., Torrecillas, E., Caravaca, F., Fernandez, D.A., Azcon, R., Roldan, A.,
2011. The application of an organic amendment modifies the arbuscular
mycorrhizal fungal communities colonizing native seedlings grown in a heavy-
metal-polluted soil. Soil Biol. Biochem. 43, 1498e1508.

Ali, H., Khan, E., Sajad, M.A., 2013. Phytoremediation of heavy metals e concepts
and applications. Chemosphere 91, 869e881.

Alkorta, I., Hernandez-Allica, J., Becerril, J.M., Amezaga, I., Albizu, I., Garbisu, C.,
2004. Recent findings on the phytoremediation of soils contaminated with
environmentally toxic heavy metals and metalloids such as zinc, cadmium,
lead, and arsenic. Rev. Environ. Sci. Biotechnol. 3, 71e90.

Anderson, C.W.N., Brooks, R.R., Chiarucci, A., La Coste, C.J., Leblanc, M.,
Robinson, B.H., Simcock, R., Stewart, R.B., 1999. Phytomining for nickel, thallium
and gold. J. Geochem. Explor. 67, 407e415.

Baker, A.J.M., Ernst, W.H.O., Van Der Ent, A., Malaisse, F., Ginocchio, R., 2010. Met-
allophytes: the unique biological resource, its ecology and conservational status
in Europe, central Africa and Latin America. In: Batty, L.C., Hallberg, K.B. (Eds.),
Ecology of Industrial Pollution. Cambridge University Press, Cambridge, UK,
pp. 21e40. British Ecological Society 2010.

Barea, J.M., Palenzuela, J., Cornejo, P., S�anchez-Castro, I., Navarro-Fern�andez, C.,
Lop�ez-García, A., Estrada, B., Azc�on, R., Ferrol, N., Azc�on-Aguilar, C., 2011.
Ecological and functional roles of mycorrhizas in semi-arid ecosystems of
Southeast Spain. J. Arid. Environ. 75, 1292e1301.

Blanchet, F.G., Legendre, P., Borcard, D., 2008. Forward selection of explanatory
variables. Ecology 89 (9), 2623e2632.

Borcard, D., Gillet, F., Legendre, P., 2011. Numerical Ecology with R. Springer, New
York, Dordrecht, London, Heidelberg. http://dx.doi.org/10.1007/978-1-4419-
7976-6.

Boukhris, A., Laffont-Schwob, I., Mezghani, I., El Kadri, L., Prudent, P., Pricop, A.,
Tatoni, T., Chaieb, M., 2015. Screening biological traits and fluoride contents of
native vegetations in arid environments to select efficiently fluoride-tolerant
native plant species for in-situ phytoremediation. Chemosphere 119, 217e223.

Brewer, S., Guiot, J., Torre, F., 2007. Mid-Holocene climate change in Europe: a data-
model comparison. Clim. Past. 3 (3), 499e512.

Bringezu, K., Lichtenberger, O., Leopold, I., Neumann, D., 1999. Heavy metal toler-
ance of Silene vulgaris. J. Plant. Physiol. 154, 536e546.

Cain, S.A., 1938. The species-area curve. Am. Midl. Nat. 19 (3), 573e581.
Carrasco, L., Azc�on, R., Kohler, J., Rold�an, A., Caravaca, F., 2011. Comparative effects of

native filamentous and arbuscular mycorrhizal fungi in the establishment of an
autochthonous, leguminous shrub growing in a metal-contaminated soil. Sci.
Total Environ. 409, 1205e1209.

Clewell, A.F., Aronson, J., 2013. Ecological Restoration: Principles, Values, and
Structure of an Emerging Profession. Island Press, Washington, p. 339.

Conesa, H.M., Faz, A., Arnaldos, R., 2007. Initial studies for the phytostabilization of a
mine tailing from the Cartagena-La Union Mining District (SE Spain). Chemo-
sphere 66, 38e44.

Cortina, J., Amat, B., Castillo, V., Fuentes, D., Maestre, F.T., Padilla, F.M., Rojo, L., 2011.
The restoration of vegetation cover in the semi-arid Iberian southeast. J. Arid.
Environ. 75, 1377e1384.

http://dx.doi.org/10.1016/j.jenvman.2016.09.029
http://dx.doi.org/10.1016/j.jenvman.2016.09.029
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref1
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref2
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref3
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref3
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref3
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref3
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref3
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref3
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref4
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref4
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref4
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref4
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref5
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref6
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref6
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref6
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref6
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref7
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref7
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref7
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref7
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref7
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref8
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref8
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref8
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref8
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref9
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref9
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref9
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref9
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref9
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref10
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref10
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref10
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref10
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref11
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref11
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref11
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref11
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref11
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref11
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref12
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref13
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref13
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref13
http://dx.doi.org/10.1007/978-1-4419-7976-6
http://dx.doi.org/10.1007/978-1-4419-7976-6
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref15
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref15
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref15
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref15
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref15
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref16
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref16
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref16
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref17
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref17
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref17
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref18
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref18
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref19
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref20
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref20
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref21
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref21
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref21
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref21
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref22
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref22
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref22
http://refhub.elsevier.com/S0301-4797(16)30678-8/sref22


A. Heckenroth et al. / Journal of Environmental Management 183 (2016) 850e863862
Darmendrail, D., Baize, D., Barbier, J., Freyssinet, P., Mouvet, C., Salp�eteur, I.,
Wavrer, P., 2000. Fonds g�eochimique naturel: Etat des connaissances �a l'�echelle
nationale, p. 93. BRGM/RP-50158-FR.

Dassot, M., Constant, T., Fournier, M., 2011. The use of terrestrial LiDAR technology
in forest science: application fields, benefits and challenges. Ann. For. Sci. 68 (5),
959e974.

De Baets, S., Poesen, J., Knapen, A., Barber�a, G.G., Navarro, J.A., 2007. Root charac-
teristics of representative Mediterranean plant species and their erosion-
reducing potential during concentrated runoff. Plant Soil 294, 169e183.

Disante, K.B., Fuentes, D., Cortina, J., 2010. Sensitivity to zinc of Mediterranean
woody species important for restoration. Sci. Total Environ. 408, 2216e2225.

Dray, S., Dufour, A.B., Chessel, D., 2007. The ade4 package-II: two-table and K-table
methods. R. News 7 (2), 47e52.

Dur�an-Zuazo, V.H., Francia-Martínez, J.R., Martínez Raya, A., 2004. Impact of
vegetative cover on runoff and soil erosion at hillslope scale in Lanjaron, Spain.
Environmentalist 24, 39e48.

Ernst, W.H.O., 2006. Evolution of metal tolerance in higher plants. For. Snow Landsc.
Res. 80 (3), 251e274.

Favas, P.J.C., Pratas, J., Varun, M., D'Souza, R., Paul, M.S., 2014. Phytoremediation of
soils contaminated with metals and metalloids at mining areas: potential of
native flora. In: Hernandez-Soriano, M.C. (Ed.), Environmental Risk Assessment
of Soil Contamination. InTech, Rijeka, Croatia, pp. 485e517.

Fournier, P. (Ed.), 1961. Les quatre flores de France Corse comprise : G�en�erale,
Alpine, M�editerran�eenne, Littorale. Lechevalier, Paris, France.

Freitas, H., Prasad, M.N.V., Pratas, J., 2004. Analysis of serpentinophytes from north-
east of Portugal for trace metal accumulation e relevance to the management of
mine environment. Chemosphere 54, 1625e1642.

Fr�erot, H., Lef�ebvre, C., Gruber, W., Collin, C., Dos Santos, A., Escarr�e, J., 2006. Specific
interactions between local metallicolous plants improve the phytostabilization
of mine soils. Plant Soil 282, 53e65.

Gachet, S., V�ela, E., Tatoni, T., 2005. BASECO: a floristic and ecological database of
Mediterranean French flora. Biodivers. Conserv. 14, 1023e1034.

Grime, J.P., 1977. Evidence for the existence of three primary strategies in plants and
its relevance to ecological and evolutionary theory. Am. Nat. 111, 1169e1194.

Guillamot, F., Calvert, V., Millot, M.V., Criquet, S., 2014. Does antimony affect mi-
crobial respiration in Mediterranean soils? A microcosm experiment. Pedo-
biologia 57, 119e121.

Hartigan, J.A., Wong, M.A., 1979. A K-means clustering algorithm. Appl. Stat. 28,
100e108.

Horta, A., Malone, B., Stockmann, U., Minasny, B., Bishop, T.F.A., McBratney, A.B.,
Pallaser, R., Pozza, L., 2015. Potential of integrated field spectroscopy and spatial
analysis for enhanced assessment of soil contamination: a prospective review.
Geoderma 241e242, 180e209.

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as ecosystem engineers.
Oikos 69, 373e386.

Kabata-Pendias, A., Pendias, H., 2001. Trace Elements in Soils and Plants, third ed.
CRC Press LCC, Boca Raton, London, New York, Washington D.C., p. 403

Kalnicky, D.J., Singhvi, R., 2001. Field portable XRF analysis of environmental sam-
ples. J. Hazard. Mater 83, 93e122.

Khan, A.G., 2005. Role of soil microbes in the rhizospheres of plants growing on
trace metal contaminated soils in phytoremediation. J. Trace Elem. Med. Bio 18,
355e364.

Khan, S., Cao, Q., Zheng, Y.M., Huang, Y.Z., Zhu, Y.G., 2008. Health risks of heavy
metals in contaminated soils and food crops irrigated with wastewater in
Beijing, China. Environ. Pollut. 152, 686e692.

Kholer, J., Caravaca, F., Azc�on, R., Díaz, G., Rold�an, A., 2014. Selection of plant species-
organic amendment combinations to assure plant establishment and soil mi-
crobial function recovery in the phytostabilization of a metal-contaminated soil.
Water Air Soil Pollut. 225 (5), 13.

Knoerr, A., 1959. Le milieu, la flore, la v�eg�etation, la biologie des halophytes, dans
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d�epartement des Bouches-du-Rhône. Bull. la Soci�et�e linn�eenne Provence,
Num�ero Sp�ec. 18, 248.

Pielou, E.C., 1969. An Introduction to Mathematical Ecology. Wiley-Interscience,
New York.

Qu�ezel, P., M�edail, F. (Eds.), 2003. Ecologie et biog�eographie des forêts du bassin
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