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Abstract

The range of metals used for industrial purposes - electrical engineering, solar panels, batteries
- has increased substantially over the last twenty years. Some of these emerging metals are the
subject of geopolitical conflict and are considered critical as their unique properties make them
irreplaceable. Many of these elements are poorly studied and their biogeochemical cycles still
raise many questions. Aim of this study is to analyse the soil-to-plant transfer of some of these
chemical elements and to shed light on their uptake pathways.

For this purpose, the geological site of Jas Roux (France) was chosen as this alpine site is
naturally rich in critical and potentially toxic elements such as As, Sh, Ba and TI, but
nevertheless is host to a high diversity of plants. Elemental concentrations were analysed in the
topsoil and in 12 selected alpine plant species sampled in situ. Statistical tools were used to
detect species dependent characteristics in elemental uptake.

Our analyses revealed accumulation of rare earth elements by Saxifraga paniculata, selective
oxyanion absorption by Hippocrepis comosa, accumulation of Tl by Biscutella laevigata and
Galium corrudifolium and an exclusion strategy in Juniperus communis. These findings
advance our understanding of the environmental behaviour of critical metals and metalloids
suchas V, As, Y, Sh, Ce, Ba and Tl and might bare valuable information for phytoremediation

applications.
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1 Introduction

All over the world, emerging technologies require an increasingly diverse spectrum of chemical
elements with highly specific (photo-optical, catalytic, magnetic, etc.) properties (Celis et al.,
2020). Metals that have practically never been used before are now indispensable for many
industrial sectors and are thus the subject of soaring global demand. Due to their economic
importance and their supply risk, many of these metals are now classified as "critical™ for high
tech applications (European Commission, 2020), examples being Sb in lead-acid batteries and
semiconductors, As in cell phones and solar cells and rare earth elements (REES) in sensors,
displays and electric motors (Fortier et al., 2018; Mudd et al., 2018).

© 00 N o O B W N

10  Despite their increased use, the biogeochemical cycles of many of these critical metals are not
11  yet fully understood and predicting either their environmental behaviour or their ecotoxicity is
12 consequently impossible (Espejo et al., 2018). Aim of this study is to analyse the soil-to-plant
13 transfer of some of these metals and to shed light on their uptake pathways. Our findings might
14  bare valuable information for phytoremediation and promote plant-based remediation
15 techniques of metal-contaminated sites. Phytoremediation techniques are relying on the
16  capacity of certain plant species to limit the uptake of the toxic elements or to accumulate them
17 in designated compartments (e.g. phytostabilisation, phytoextraction) (Favas et al., 2014).
18  Exclusion and accumulation are the two main strategies of plants to maintain homeostasis in
19  metal-rich habitats. Both involve a series of adaptions such as modified membrane transport,
20  chelation and complexation, or rhizosphere interactions for example (Furini, 2012).

21  The ability of plants to accumulate metals in their aerial parts has received considerable
22  attention and many combinations of specific plant species tolerating or accumulating a
23  particular set of elements have been discovered (Baker et al., 2010; Pollard et al., 2014).
24 However, most studies have focused on "traditional™ metals such as Zn, Ni, Cd and Pb, whereas
25  the uptake pathways and metabolic impact of many elements, particularly emerging critical
26  metals, still raise many questions (Macnair, 2003; van der Ent et al., 2013).

27  Elemental uptake is influenced by chemical, physical, and biological factors. Plant species, root
28  system, root exudates, edaphic interactions, and transport mechanisms all play important roles
29 (Tangahu et al., 2011; Trakal et al., 2015; Yadav, 2010). Despite highly specialised proteins,
30 including transporters, pumps and channels, elemental selectivity remains challenging for
31 plants and each uptake mechanism is likely to let pass a range of ions due to chemical
32 similarities between the different ions (Tangahu et al., 2011). The huge number of factors and

33 complex interactions are impossible to reproduce in the laboratory, thus, to understand the
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uptake of poorly studied elements, such as critical metals, performing in-situ studies in a natural
environment is advantageous.

The geological site of Jas Roux, located in the Ecrins National Park (Hautes-Alpes, France),
was chosen for the study. The distinctive reddish colour of the Jas Roux outcrops (‘Roux’
means red) originates from a sulphosalt-forming hydrothermal mineralisation (Johan and
Mantienne, 2000). These sulphosalts are one of the reasons for the characteristic metal
concentrations of Jas Roux as they are rich in elements with a strong affinity for S, such as Pb,
Sn, Cu, Tl and As (Dittrich et al., 2009; Pierrot and Roger, 2018). Many of the elements found
in Jas Roux are used in high-tech applications and are considered to be critical for leading
technologies (Dittrich et al., 2009; Graedel et al., 2015). This site is thus a good proxy of chronic
contamination by a cocktail of metals and metalloids. As the site has never been disturbed by
any human activities and is located in the heart of the Ecrins National Parc, it offers ideal
conditions to study an established ecosystem with a plant community that has not undergone
human selection. The plant community can be seen as natural response to the local mineralogy
and may contain candidates for phytoremediation.

To identify such plant candidates and to study the environmental behaviour of critical metals,
we were guided by the following three questions:

To what extent are critical metals absorbed by plants?

Are there any species-related differences in elemental uptake?

Do correlations exist between critical metals and other elements in different plant parts?

The approach of this study was to conduct a large-scale screening of 12 plant species to identify
individual uptake patterns using chemical analysis, soil element extraction and statistical tools.
The large number of species analysed provided insights into the actual elemental

phytoavailability of a wide range of critical metals.
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2 Material and Methods
2.1 Sampling Site

The geological site of Jas Roux, located in the Ecrins National Park in the district of La
Chapelle-en-Valgaudemar (Hautes-Alpes, France), is situated at 2170 m a.s.l. (44°48' 45" N, 6°
19' 18" E; WGS84) on the right-hand side of the Chabournéou stream (Johan and Mantienne,
2000). Jas Roux is a hydrothermal stratiform deposit in dolomite limestone and has been
characterised as a sulphosalt site (Boulliard et al. 2010). The hydrothermal system was possibly
generated by volcanic activity involving relatively low temperatures (around 100 °C) and high
pressure (Johan and Mantienne, 2000). The particular Tl-rich composition of Jas Roux has
attracted many mineralogists and geologists, who have identified Zn, Sh, As, Tl, Ag, Hg, Pb
sulphides and sulphosalts including many new sulphosalt mineral species (Boulliard et al.,
2010; Guillemin et al., 1970; Mantienne, 1974; Topa et al. 2017, 2014).

The study zone is located below one of the reddish coloured outcrops identified by Mantienne
(Figure SM 1) (Mantienne, 1974). The metal-rich mineralisation is best developed in this
outcrop and forms a 3.8 m thick barite-rich zone (Johan and Mantienne, 2000). The study zone
measured 20 m x 5 m with a slope of approximately 45° (100%) (Figure SM 1).

Soil and plant samples were collected during two field trips, one in September 2017 and one in
June 2018. The steep slope, variable soil depth and the presence of large rocks impeded a
systematic sampling approach. Nevertheless, the samples were collected as evenly distributed
as possible. The soil samples were collected from 10 sampling points in the study zone and
consisted of 1 kg of topsoil each (< 15 cm). Among the 65 plant species identified in the study
zone, 12 were selected, taking into account occurrence, spatial distribution and family
affiliation (Table 1). For improved readability we attributed acronyms to each of the 12 species
throughout the paper (Table 1). Depending on their abundance, between 2 and 7 replicates of
each species were sampled, giving a total of 55 individuals (Table 1). All the samples were
stored at 4 °C in the dark.

2.2 Sample preparation

Roots and aerial parts were separated at the collar and cleaned with 18.2 MQ-cm ultrapure
water. The plant roots were additionally brushed and vortexed in ultrapure water to remove
adhering soil particles. The leaves of Sax were also brushed as they were partially covered with
a calcite crust. Plant samples were dried at 40 °C for 48 h. Soil samples were dried at 40 °C for

72 h and sieved at 2mm before analysis.
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All the soil and plant samples were ground at 20hz in a Retsch® Mixer Mill MM 400 for 2 min
to obtain a fine powder. Each sample (100mg) was solubilised in acid using a Milestone
UltraWAVE® microwave to complete mineralisation. The acids used for the digestion of the
plant samples were 4mL of HNOs and 2mL of H20.. For the soil samples, 3mL of HNOs, 3mL
of HCI and 0.5 mL of HF were used to measure the total metal concentrations. Soil pH and
conductivity were determined in a suspension of 1g of sieved soil (< 2mm) and 5mL of
ultrapure water according to the French standard X31-117 (NF X31-117, 1994). After 5 min of
agitation at 80 rpm and 2 h of rest, measurements were taken using a Hanna HI-2550 bench
meter. To estimate the mobile and phytoavailable elemental fractions in the soil, CaCl>
(0.001mol/L) and NH4NO3 (1mol/L) extractions have been conducted, according to standards
ISO 21268-2 and 1SO 19730 (ISO 19730:2008, 2009; NF X31-607-2, 2004). For the CaCl>
extraction, a liquid-solid ratio of 10:1 (20mL of ultrapure water and 2g of soil) was applied.
After 24 h of agitation at 10 rpm, the samples were centrifuged at 2500xG for 20 min, filtered
at 0.45 um and analysed in ICP-MS. For the NH4sNO3 extraction, 4g of soil were mixed with
10mL of ultrapure water, agitated for 2 h at 30 rpm, centrifuged at 1000xG for 15 min, filtered
at 0.45 um and analysed in ICP-MS.

Soil mineralogy was analysed by X-ray diffraction using the X’Pert Pro MPD (XRD) equipped
with a Cobalt x-ray tube (= 1.79A) running at 40 kV and 40 mA.

A mixture of three bulk samples of topsoil was sent to an outside laboratory (CIRAD — US49
Laboratoire d’analyse de Montpellier, France) for the determination of soil parameters. The soil
type was determined using 5 granulometric fractions according to the French standard X31-107
(NF X31-107, 2003), organic matter by combustion analysis (Dumas), labile P content using a
colorimetric method (Olsen) and cation exchange capacity by quantifying the dosing adsorption
agent [Co(NH3)s]Clz with inductively coupled plasma atomic emission spectroscopy according
to the French standard X31-130 (NF X31-130, 1999).

2.3 Chemical analyses

The samples were analysed by inductively coupled plasma mass spectrometry (ICP-MS, Perkin
Elmer Nexlon 300X). For the elements Mg, Al, P, K, Ca and S, the results of inductively
coupled plasma optical emission spectroscopy (ICP-OES) were occasionally used to reach
higher accuracy (Perkin Elmer 4300 DV). The calibration curves were established using multi-
solution standards CCS4, CCS5, CCS6 from Inorganic Ventures (New Jersey USA) diluted in
2% HNO3 solution. The internal standards were Rh103 for ICP-MS and Y for ICP-OES. Oak
leaves (\V464) provided by the French National Institute for Agriculture Food and Environment
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(INRAE) were used as the external reference for plant samples. For the soil, a rendzina sample
(ISA 979) provided by Wageningen Evaluating Programs for Analytical Laboratories
(WEPAL) was used. EnviroMAT drinking water EP-L-3 and subterranean water ES-H-2 (SCP
Sciences) were used as internal references and for quality control.

ICP analyses aimed to quantify critical elements (As, V, Y, Sb, Ba, Ce, Tl) and major soil
elements and nutrients (Mg, Al, P, S, K, Ca, Mn, Fe, Ni, Cu, Zn, Mo) present in Jas Roux. The
critical elements were chosen based on the study on the EU's list of critical raw materials and a
review of critical minerals and will be called critical metals throughout the manuscript
(European Commission, 2020; Hayes and McCullough, 2018). The detection limit for each
element was determined using handling blanks analysed at each ICP analysis (Table SM 1).
The coefficients of variances for all certified elements were calculated for the internal and
external standards (Table SM 1).

The translocation factor (TF) was calculated to identify the transfer strategies of the different
plant species. The TF is obtained by dividing the elemental concentrations in the aerial parts by
the concentrations in the roots (Radziemska et al., 2017). The TF was calculated for each plant
sample and averaged according to the respective plant species. A heatmap with adjusted

colormap breaks was used to illustrate the TF.

2.4 Statistical analysis

All statistical analyses were performed with the open-source software R studio. The complete
dataset for the plants contains 110 observations (aerial parts + roots) and 19 variables (chemical
elements). In the first step, a principal component analysis (PCA) was conducted on the aerial
parts and the roots separately to capture the essence of the datasets and to identify the features
that explain most of the variation in chemical composition. For this purpose, the packages
‘FactomineR’ and ‘factoextra’ were used (Kassambara, 2017a; Kassambara and Mundt, 2020;
Lé et al., 2008). Missing values were implemented using the package ‘missMDA’, which
reduced their influence on the PCA results to a minimum (Josse and Husson, 2016).

In the second step, an unsupervised clustering analysis was performed. The clustering tendency
of the two datasets (aerial parts + roots) was tested using the Hopkins test from the package
‘clustertend’ before performing portioning clustering (K-means) (YiLan and RuTong, 2015).
K-means is a clustering algorithm that returns the natural grouping of data points based on their
similarity (elemental concentrations), not on their identity (plant species). The determination of
the number of clusters as well as the clustering itself and the visualisation were performed using

the package ‘factoextra’ (Kassambara, 2017b; Kassambara and Mundt, 2020). Next, a
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PERMANOVA was performed on the complete dataset, using the package ‘vegan’ (Oksanen
et al., 2020) to examine to what degree the factors "plant species™ and "plant parts" influenced
the elemental concentrations in the plants. Statistical significance between species was assessed
using a Welch one-way ANOVA with a post hoc “Games-Howell” test (Games and Howell,
1976), which is part of the package ‘userfriendlyscience’ (Peters, 2019). The paired
comparisons were visualised using the algorithm for a letter-based comparison embedded in
the package ‘multcompView’ (Graves et al., 2019; Piepho, 2004). For statistical analyses, a p-
value < 0.05 was used as the cutoff for significance. Statistical difference is shown by a
sequence of letters within which the absence of matches indicates significant difference. All the

figures were created using a colour-blind-friendly colormap (Chang, 2013).

3 Results

3.1 Properties, parameters and elemental composition of the Jas Roux soil
The soil pH of the study zone was 6.8+0.3 (n=10) and conductivity was 58.4+12.6 uS/cm.
Analysis of the soil parameters identified the soil as a poorly carbonated (0.51%) sandy loam
containing 2.08% organic matter (Table SM 2). The cation exchange capacity was 6.1
mmolc/100 g (Table SM 2). The mineralogy of the topsoil was dominated by barite, calcite,
jarosite, kaolinite, muscovite, quartz and K-feldspar (Figure SM 2). Table 2 lists the mean
total concentrations in the soil (n=10) and standard deviations (SD) for the 19 selected elements
compared to average soil concentrations, as well as the results of the CaCl, and the NH4NOs
extractions. Except for Mg, Al, P, K, Mn, Fe, Ba and TI, the phytoavailable (NH4sNO3) fraction
was inferior to 1 mg/kg DW.

3.2 Elemental uptake of plants

3.2.1 Elemental concentrations in the roots and aerial plant parts

Figure 1 shows the range of elemental concentrations in the aerial parts and the roots of all
sampled individuals compared to total concentrations in the soil. With the exception of Ca, P
and Mg, the soil concentrations were higher than in the plant parts. The range of concentrations
of macronutrients (Mg, P, S, K, Ca) was similar in the roots and the aerial parts, whereas the
concentrations of trace elements were lower in the aerial parts than in the roots (Figure 1). The

variability was very strong among the 53 plant samples compared to variability in the soil.
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3.2.2 PCA based examination of correlations between critical metals and other elements in
different plant parts
Plant responses to high metal concentrations are species dependent and can even vary from one
population to another (Gonneau et al., 2014; Pos¢i¢ et al., 2013; Rajabpoor et al., 2019). In this
study, data analysis was performed at species and plant part levels to identify the different
strategies. In the first step, a PCA was performed to capture the essence of the datasets.
The PCA biplot (Figure 2) merges the score plot of the individuals, represented by species
dependant symbols, and the loading plot of the variables (elemental concentrations) represented
by arrows, for aerial plant parts (a) and roots (c). In the aerial parts, the two first dimensions
(Dim1 and Dim2) explained 61.2% of total variance (Figure 2a). A first group of positively
correlated variables, composed of Mg, Ca, Mn, Ni, Zn, Y, Ba and Ce concentrations, formed
Diml (33.3% of total variance) (Figure SM 3). A second group of positively correlated
variables, including Al, V, Fe, As, Mo and Sbh concentrations, contributed to Dim2 (27.9% of
total variance) (Figure SM 3). The score plot shows that all Sax individuals clustered together,
mainly contributed to Dim 1 and were associated with high concentrations of the first group of
elements. A cluster of Hip together with some single Glo, Dia and Gal individuals influenced
Dim2 (27.9% of total variance) and was characterised by higher concentrations of the second
group of elements.
In roots, 59.3% of total variance was explained by the first two dimensions (Figure 2c). Three
main groups of elements with strong positive intra-group correlations, were distinguished. The
first group was composed of Al, Ca, V, Mn, Ni, Zn, Y and Ce and contributed to Dim1 (42.8%
of total variance) (Figure SM 3). The second group was composed of P, S and Tl and mainly
contributed to Dim2 (16.5% of total variance). The third group comprised Fe, As, Sb and Ba
and influenced both Dim 1 and Dim2 (Figure SM 3).
All seven individuals of Sax and one individual of Gal were associated with the first group
while the second group of variables was connected by individuals of Eup and one individual of
Gal.
Isolated individuals of Dac and Eup were associated with the third group of variables.
Overall, the PCA shows that specific groups of chemical elements were decisive in explaining
the variance in roots and aerial plant parts driven by the individuals of Sax and Hip and by a
single individual each of Dia, Glo, Gal.
Cluster analysis confirmed the tendencies revealed by the PCA. Three clusters of individuals
were distinguished in the aerial plant parts based on their similar metal absorption patterns

(Figure 2b). The first group contained all seven individuals of Sax while the second group
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contained all three individuals of Hip as well as a single individual each of Glo, Gal and Dia.
The third group contained all other individuals showing proximity among Pil and Eup
individuals.

Only two clusters were distinguished in the roots (Figure 2d). Sax and Hip individuals were
part of the same cluster whereas all individuals of Pil, Bis, Dia, Ver and Jun formed the second

cluster. Individuals of Hip, Dac, Gal and Eup were part of both clusters.

3.2.3 Species related differences in uptake of critical metals

According to the PERMANOVA, the factor “plant species” explained 65.65% of the variance
in elemental concentrations while only 4.4% was explained by the factor "plant part" (Table
SM 3).

A Welch one-way ANOVA test combined with a Games-Howell post hoc test (Table 3, Table
4) showed that three species, Jun, Sax and Hip, stood out from the others.

Jun generally had lower elemental concentrations in its aerial parts than the other species.
Indeed, Jun contained the lowest mean concentrations of Mg, Al, S, K, V, Fe, Ni, Cu, Zn, As,
Y, Sh, Ce and TI. The concentrations of all these elements were significantly lower than in at
least one other species (Table 3). However, this tendency was not observed in the roots (Table
4),

In turn, Sax had the highest concentrations of many of the elements analysed. In the aerial parts,
significant differences in the concentrations of Mg, Ca, Mn, Ni, Y and Ce were found. The
concentrations of Ca, Mn, Ni and Y were significantly higher than in all the other species. In
the roots, the highly concentrated elements were very similar to those in the aerial parts. The
concentrations of Al, Ca, Mn, Ni, As and Ce were significantly higher than in at least three of
the other species.

The third species with characteristic elemental concentrations was Hip. The elements
accumulated in the aerial parts of Hip were Al, V, Fe, As, Sb and Mo. Differences in Al, V, Fe
and As were significantly higher than in the other species. Differences in the concentrations of
Sb and Mo were not significant. It should be noted that average concentrations of Mo in Hip
were about 5 times higher in roots (up to 26.9 mg/kg DW) and 30 times higher in the aerial
parts (up to 53.7 mg/kg DW), than in all the other species.

The significance between groups (species) depends on both the variability within each group
and between the groups. Species with highly variable concentrations are therefore not identified
as significantly differing from one another. For example, Bis and Gal had locally high

concentrations of Tl in their aerial parts, up to 541 mg/kg DW in Bis and up to 1091 mg/kg DW
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in Gal. Despite the fact that no individual of another species exceeded 100 mg/kg DW, the
differences were not significant. The concentrations of Ba in Sax are another example of non-
significant differences due to high variability. The maximum concentration measured in the
aerial parts was 5007 mg/kg, while in the other species 1445 mg/kg was the maximum

concentration measured.

3.2.4 Identification of candidates for phytoremediation applications

The translocation-factor (TF) is a useful tool to identify the transfer strategy of a plant. The
higher the factor, the larger the share of the element translocated to the aerial parts (Macnair,
2003).

Figure 3 is a heatmap of the mean TFs for the plant species and chemical elements investigated
with a colour spectrum ranging from pale yellow to dark red. The darker the colour of a box,
the higher the TF. The TF was low or highly variable in the majority of the twelve plant species.
Bis had the highest TF for many of the critical metals analysed (Mg, V, As, Y, Sb, Ce, Tl). In
particular, the translocation of Tl was very high (TF=19.4+17.2). A second species with a high
TF for Tl was Gal (TF=2.0+0.5). Dia also translocated many critical metals to the aerial parts
as shown by the high TF for Mg, V, As, Ce and TI. Hip, on the other hand, had the highest TF
for Mo (TF=3.8£4.4). In Sax, the TF was low for most of the critical metals (As, Y, Ce, Sb, Tl)
and the only elements that were preferably stored in the leaves were Mg (TF=1.3+0.2) and Ca
(TF=2.1£0.8). Jun only had low TFs.

4 Discussion

4.1 Jas Roux - A good site to study a plant community exposed to a cocktail

of metals and metalloids in a natural ecosystem

The Jas Roux outcrop has fairly been studied regarding its exceptional mineral composition
(Biagioni et al., 2015; Johan and Mantienne, 2000; Topa et al., 2014). However, the surrounding
ecosystem, including the soil and the plants has never been studied before.

The concentrations of Zn (602 mg/kg), As (2382 mg/kg), Mo (19.3 mg/kg), Sb (778 mg/kg),
Ba (27010 mg/kg) and TI (242 mg/kg) were far above ordinary soil concentrations (Table 2).
Soil concentrations in European topsoil of Zn are usually around 68 mg/kg, of As, 11 mg/kg,
of Mo, 0.9 mg/kg, of Sh, 1 mg/kg, of Ba, 400 mg/kg, and of Tl, 0.8 mg/kg (Table 2) (Salminen
et al., 2005). Except for Mo, all these elements have also been identified as elements associated
with the primary minerals in the Jas Roux outcrops, namely barite, quartz and pyrite, as well as
Zn, Sh, As, Tl, Ag, Hg and Pb sulphides and sulphosalts (Boulliard et al., 2010). In terms of
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mobility and phytoavailability Zn, As, Mo, Sb, Ba and Tl remained < 0.1% of the total
concentrations and only Ba exceeded 1 mg/kg with 16.0 mg/kg after CaCl. extraction and 199
mg/kg after NH4NOs3 extraction. These concentrations are comparable with those measured in
soils close to an active barite mining region in China with up to 111 mg/kg of phytoavailable
Ba (Lu et al., 2019). The mobility and phytoavailability of As, Sb and Zn were low compared
to those in contaminated soils with comparable total concentrations (Pueyo et al., 2004; Qasim
et al., 2015). This low mobility indicates the dominance of stable minerals in Jas Roux. Unlike
other sulphosalt sites, Jas Roux has not been disturbed by mining activities which generally
increase metal mobility (Resongles et al., 2014; Wei et al., 2018).

Even though many of the characteristic elements of Jas Roux are known to be toxic for plants
(As, Tl etc.), plant diversity is that of a classical alpine ecosystem (Landolt, 2015; Michalet et
al., 2002). It is possible that the relatively low phytoavailability of the metals helps the plants
to maintain their homeostasis in the short term (Table 2), but long-term exposure to low doses
can result in a high real exposition, to which plants need to adapt.

Plants use different strategies to adapt to high concentrations of toxic elements in the soil. Some
plants are able to exclude the metals and others to accumulate the elements in specific
compartments (Tremel-Schaub and Feix, 2005). Among the accumulating metallophytes,
metals are generally accumulated in the roots, but some species promote translocation to the
aerial plant parts (Krdmer, 2010). Different statistical approaches have been used to identify the
different adaption strategies and revealed characteristic uptake-patterns for the two plant

species Sax and Hip (Figure 2b).

4.2 Saxifraga paniculata - A cation accumulating species with an affinity for

REEs and alkaline earth metals

In terms of elemental concentration in roots and aerial parts Sax stood out among the 12 species
analysed (Figure 2). In the aerial parts, the PCA showed the individuals of Sax to be associated
with Mg, Ca, Mn, Ni, Zn, Y, Ba and Ce (Figure 2). Among these elements, the concentrations
of Ca, Mn, Ni, Y were significantly higher than in all the other species (Figure 2, Table 3). It
is worth noting that the majority of elements accumulated in the aerial parts of Sax are divalent
cations (Ba, Ni, Mn, Ca, Zn and Mg) while the three elements with the highest concentrations
(Mg, Ca and Ba) are alkaline earth elements. This set of accumulated elements could be caused
by overexpression of nonselective cation channels or increased activity of a single type of metal
cation transporter, as their selectivity is known to be rather low (Demidchik and Maathuis,
2007; Thomas et al., 2005).
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The genus Saxifraga comprises about 400 species and some of them have already been studied
regarding metal tolerance (Gornall, 1987). To give one example, Saxifraga oppositifolia,
Saxifraga cespitosa and Saxifraga azoides growing in Spitzbergen contained higher
concentrations of Pb and Zn in their aerial parts than concentrations in the soil (J6zwik and
Magierski, 1991). Further, a Cu tolerant population of Saxifraga stellaris growing on polluted
soils was identified in southern Germany, with concentrations up to 900 mg/kg DW (Adlassnig
et al., 2013; Ryszka et al., 2019; Sissolak, 1984).

Sax belongs to a specific taxonomic section (sect. Ligulatae) characterised by strong guttation
(Gornall, 1987). Gulttation is a process to regulate root pressure and nutrient flow by excreting
phloem and xylem sap through openings on the leaf surface and is observable in a wide range
of plant species, including many Saxifragaceae (Singh, 2014, 2013). The openings are called
hydathodes and, in contrast to stomata, remain permanently open (Singh, 2014). The guttation
process is thought to help plants expel excessive nutrient salts and harmful elements (Hossain
et al., 2017; Neumann et al., 1997; Singh, 2013; Stahl, 1919). In some species of Saxifraga,
including Sax, the repeated evaporation of guttation droplets leads to the formation of a calcite
crust on the leaf surface (Arnott and Pautard, 1970; Schmidt, 1930; Wightman et al., 2017).
These deposits appear to be the result of increased Ca uptake and might be a strategy to reduce
the cytotoxic effects of Ca while maintaining high flow rates (Nazrul Islam and Kawasaki,
2015). In the present study, the accumulation of Ca by Sax is reflected in the significantly higher
Ca-concentrations measured in the roots and the aerial parts (Table 3, Table 4) and the high
translocation factor (Figure 3).

This increased Ca uptake could also explain the higher concentrations of REEs (Y, Ce) in Sax
compared to those in the other species, as REEs are probably absorbed through the same
pathway as Ca because of their similar ionic radius (Carpenter et al., 2015; Kastori et al., 2010;
Rengel, 1994; van der Ent et al., 2017). Ozaki et al. (1997) observed increased REE-
concentrations combined with higher Ca and Ba uptake in several REE-accumulating fern
species and suspected a possible link between these elements.

The accumulation of REEs is of particular interest for this study as REEs are crucial for modern
technologies. Compared to the average concentration in the soil (4.22+1.04 mg/kg) the roots of
Sax individuals contained nearly twice as much Y (7.37+£3.24 mg/kg) (Figure 4). This raises
the question of how Sax is able to absorb such a high ratio of Y (Figure SM 4). Y soil
mineralogy in Jas Roux soil has not been studied so far. Y can be associated with several
mineral phases, but one common soil mineral based on Y is Xenotime (YPO4) (Ramos et al.,

2016). Xenotime has low solubility and phosphate minerals are generally difficult for plants to
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access (Darcy et al., 2018; Liu and Byrne, 1997; Tropper et al., 2011). However, there are some
exceptions - like white lupin or cassava - which can take up a fraction of soil P that is not
accessible to other plant species. In the case of cassava, the mechanisms allowing the increased
P-uptake are strong mycorrhization (Zaag et al., 1979). In white lupin, on the other hand,
increased root exudation is combined with a cluster root system (Braum and Helmke, 1995). In
the case of Sax, root exudates are more likely to play an important role, as the plant is able to
grow in very extreme habitats, in high altitudes and with little organic matter (Burga et al.,
2004; Neuner et al., 1999).

4.3 Hippocrepis comosa - A oxyanion accumulating species with a particular

affinity for Mo
The second plant species showing a characteristic pattern in elemental uptake was Hip (Figure
2b). In the aerial parts, all three individuals were positively correlated with the elements As,
Fe, Sb, Mo, V and Al (Figure 2) with a particularly high TF for Mo (TF=3.8+4.4) (Figure 3).
The fact that none of these elements accumulated in the aerial parts of Sax led to two easily
distinguishable groups, separating the two species (Figure 2b).
Among the elements accumulated by Hip typical elemental correlations became visible. Due to
their geochemical similarities, As and Sb (for example) are considered to be related elements
(Herath et al., 2017). A positive correlation between these two elements has already been
observed in plants and increased Sb uptake is presumed to be the result of damaged cell
membrane integrity caused by As (Feng et al., 2013; Miller et al., 2013).
There is also a strong link between the uptake mechanisms of Mo and Fe (Bittner, 2014). Most
Mo-enzymes also require Fe-containing redox groups and many studies reported increased Mo
uptake in the presence of Fe and vice versa (Bittner, 2014; Kannan and Ramani, 1978; Zimmer
and Mendel, 1999).
Three major hypotheses are proposed to explain the characteristic uptake pattern of Hip:
I) One hypothesis is a characteristic modification of the rhizosphere that would influence the
redox potential. This modification could locally increase phytoavailability of the accumulated
elements, as, except for Al, all are redox sensitive elements (As, Fe, Sb, Mo, and V).
I1) The second hypothesis concerns the uptake pathway of the elements. It is known that As,
Sb, Mo, and V are usually absorbed as oxyanions by plants (Hossain et al., 2018; Kabata-
Pendias, 2011). Vanadate (VO4*) and arsenate (AsO4*) enter the plant through P transporters,
due to similarities in structure and charge (Chen et al., 2021; Meharg and Hartley-Whitaker,
2002, Han et al., 2016). Antimonate, on the other hand, is more likely to be absorbed through
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less selective anion transporters, such as those for CI" and NOs", or an incompletely sealed or
damaged Casparian strip (Feng et al., 2013; Tschan et al., 2009b, 2009a). However, little is
known about Mo uptake by roots. Because of structural and behavioural similarities between
molybdate (MoQ4?) and sulphate (SO4%), it is plausible that sulphate transporters are involved
(Bittner, 2014; Zimmer and Mendel, 1999).

Overexpression or increased activity of so many different transporters, responsible for the
particular elemental concentrations found in Hip, is unlikely. Nevertheless, a very unselective
anion transporter, able to transport phosphate, sulphate, nitrate and chlorate, could be involved.
Such a transporter was identified in barley by Preuss et al. (2010), for example.

I11) The third hypothesis is based on the N fixing property of Hip, as Mo and Fe are known to
play an essential role as cofactors during symbiotic N fixation (Hossain et al., 2018). For this
reason, legume plants like Hip have a higher demand for Mo than non-N fixing plants (Kabata-
Pendias, 2011). It is plausible that Hip is able to promote Mo absorption in order to guarantee
N fixation under Mo deficient conditions. However, in Mo rich soils like Jas Roux (19.9+3.71
mg/kQ), this property might lead to an increased uptake and thus explain the comparatively high
Mo concentrations in Hip (Figure 4). It is worth mentioning that VV may also interfere during
N fixation by replacing Mo in the nitrogenase enzyme (Hernandez et al., 2009).

Individually, none of the three hypotheses explains all the elemental concentrations observed
in Hip. Nevertheless, a combination of the mechanisms could be a valid explanation. Al is the
only element whose accumulation by Hip remains difficult to explain, as this species is
generally found in Ca rich sites and is sensitive to high Al concentrations (Michalet et al., 2002).
Concentrations of Al > 1000 mg/kg, like those we measured in aerial parts of Hip (1336 mg/kg
DW), are rare in higher plants and are considered as Al accumulation (Kabata-Pendias, 2011).
The tolerance of toxic elements (Al, As) makes Hip an interesting candidate for remediation of
polluted soils as its ability to fix N thereby improving soil fertility could be an additional

advantage (Pajuelo et al 2008).

4.4 Translocation factor reveals specific plant strategies

The differentiation of Hip and Sax from the other species was mainly caused by high
concentrations of a particular set of elements that made both species stand out in the PCA and
the cluster analysis. However, this statistical approach failed to detect affinities for single
elements, or adaption strategies associated with particularly low concentrations. The
translocation factor in combination with the mean elemental concentrations, revealed further

adaption strategies and species-related tendencies in elemental uptake (Figure 3).
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For instance, Bis and Dia did not form a distinct group in the PCA or in the cluster analysis but
both had TFs > 1 for a large number of critical metals (Mg, V, Mn, As, Y, Sb, Ba, Ce, Tl). In
particular, the TF of Bis for Tl was remarkably high (TF=19.4+17.2) indicating Tl accumulation
(256+224 mg/kg) (Figure 4). While no explanation was found in the literature for the high TF
of Dia, Bis belongs to the Brassicaceae family, which includes many hyperaccumulating
species (Babula et al., 2008; van der Ent et al., 2013). Bis itself has already been mentioned as
a Tl accumulating species (LaCoste et al., 1999; Pos¢i¢ et al., 2013). But Bis was not the only
Tl accumulating species, as Gal, which has never previously been associated with metalliferous
sites, also showed high concentrations of Tl in its aerial parts (254+410 mg/kg) and high
translocation (TF=2.0+0.5).

Another species that did not stand out in the statistical analysis was Jun. Nevertheless, Jun had
the lowest concentrations of the elements Mg, Al, S, K, V, Fe, Ni, Cu, Zn, As, Y, Sh, Ce and
Tl in its aerial parts (Table 3). This exclusion strategy seems to consist in limited translocation
to the aerial parts, as the TF was low for all elements (Figure 3). Given that Jun is the only
lignifying plant among the 12 species we analysed, its exclusion capacity might be due to
different plant-internal barriers or reduced flow rates due to its small leaf surface area. Even
though no studies have demonstrated metal exclusion in Juniperus species, metal concentrations
in other conifers (Pinales) have already been reported. For example, Mingorance et al. (2007)
found Pinus pinea growing in an industrial area was able to exclude Al, Ba, Cr, Fe, and Pb. In
light of the results of our study, Jun could be an interesting candidate for phytostabilisation
thanks to its high resistance to metal contamination, its widespread occurrence and its

ruggedness (Saladin, 2015).
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5 Conclusions

Among 12 plant species exposed to a cocktail of metals and metalloids in an entirely natural
environment, two species stood out: Hippocrepis comosa and Saxifraga paniculata, each of
which accumulated an individual set of elements. Saxifraga paniculata preferably absorbed
divalent cations, but also the REEs Y and Ce. This uptake pattern could be explained by the Ca
accumulation property of Saxifraga paniculata. The affinity to Ca might cause an increased
absorption of other elements with a similar ionic radius like Y and Ce, or similar ionic charge
like Mn and Ba. Hippocrepis comosa, on the other hand, preferably absorbed oxyanions,
perhaps due to overexpression or increased activity of a non-selective anion transporter.
Furthermore, Hippocrepis comosa is an interesting candidate for phytoremediation of polluted
soils, as its ability to fix N2 improves soil fertility and could thus facilitate the establishment of
other species.

Different tolerance strategies were identified among the studied plant species. Biscutella
laevigata and Dianthus sylvestris favoured translocation of multiple critical metals to their
aerial parts while, Juniperus communis avoided translocation and used an exclusion strategy.
Particularly high concentrations of Tl were found in Biscutella laevigata and Galium
corrudifolium. While hyperaccumulation of Tl has already been reported in Biscutella
laevigata, it is a new discovery in Galium corrudifolium. The exclusion capacity of Juniperus
communis subsp. nana might represent a potential for phytostabilisation applications. Erosion
of a polluted soil could be prevented in the long term with no risk of transfer into the food chain
because Juniperus communis subsp. nana prevents elemental translocation and the shrub is not
consumed by grazing animals.

These results advance our understanding of soil-to-plant transfer of poorly studied but
increasingly used critical metals and point to the potential of several plant species for future

phytoremediation techniques.
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Revised manuscript with changes marked

1 Introduction

All over the world, emerging technologies require an increasingly diverse spectrum of chemical
elements with highly specific (photo-optical, catalytic, magnetic, etc.) properties (Celis et al.,
2020). Metals that have practically never been used before are now indispensable for many
industrial sectors and are thus the subject of soaring global demand. Due to their economic
importance and their supply risk, many of these metals are now classified as "critical™ for high
tech applications (European Commission, 2020), examples being Sb in lead-acid batteries and
semiconductors, As in cell phones and solar cells and rare earth elements (REES) in sensors,
displays and electric motors (Fortier et al., 2018; Mudd et al., 2018).

theirextraction,—use—and-dispesal—HeweverDespite their increased use, the biogeochemical

cycles of many of these critical metals are not yet fully understood and predicting either their

environmental behaviour or their ecotoxicity is consequently impossible (Espejo et al., 2018).

Fhis-knowledge-hewever;Aim of this study is essential-to choeseanalyse the rightremediation
techniguesoil-to-plant transfer of some of these metals and to shed light on their uptake

pathways. Our findings might bare valuable information for peHuted—sies—r—recent
years;phytoremediation and promote plant-based remediation techniques {phytoremediation)

have-become-afeasible-and-environmentallyfriendly-solution-to-treatof metal-contaminated

Phytoremediation techniques are relying on the capacity of certain plant species to limit the
uptake of the toxic elements or to accumulate them in designated compartments (e.q.

phytostabilisation, phytoextraction—):) (Favas et al., 2014). Exclusion and accumulation are

the two main strategies of plants to maintain homeostasis in metal-rich habitats. Both involve
a series of adaptions such as modified membrane transport, chelation and complexation, or
rhizosphere interactions for example (Furini, 2012).

The ability of plants to accumulate metals in their aerial parts has received considerable
attention and many combinations of specific plant species tolerating or accumulating a
particular set of elements have been discovered (Baker et al., 2010; Pollard et al., 2014).
However, most studies have focused on "traditional™ metals such as Zn, Ni, Cd and Pb, whereas
the uptake pathways and metabolic impact of many elements, particularly emerging critical
metals, still raise many questions (Macnair, 2003; van der Ent et al., 2013).

Elemental uptake is influenced by chemical, physical, and biological factors. Plant species, root
system, root exudates, edaphic interactions, and transport mechanisms all play important roles
(Tangahu et al., 2011; Trakal et al., 2015; Yadav, 2010). Despite highly specialised proteins,
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including transporters, pumps and channels, elemental selectivity remains challenging for
plants and each uptake mechanism is likely to let pass a range of ions due to chemical
similarities between the different ions (Tangahu et al., 2011). The huge number of factors and
complex interactions are impossible to reproduce in the laboratory, thus, to understand the
uptake of poorly studied elements, such as critical metals, performing in-situ studies in a natural
environment is advantageous.

The geological site of Jas Roux, located in the Ecrins National Park (Hautes-Alpes, France),
was chosen for the study. The distinctive reddish colour of the Jas Roux outcrops (‘Roux’
means red) originates from a sulphosalt-forming hydrothermal mineralisation (Johan and
Mantienne, 2000). These sulphosalts are one of the reasons for the characteristic metal
concentrations of Jas Roux as they are rich in elements with a strong affinity for stdphu+S, such

as lead-antimeny-copper-thathumPb, Sn, Cu, Tl and arsenicAs (Dittrich et al., 2009; Pierrot

and Roger, 2018). Many of the elements found in Jas Roux are used in high-tech applications

and are considered to be critical for leading technologies (Dittrich et al., 2009; Graedel et al.,
2015). This site is thus a good proxy of chronic contamination by a cocktail of metals and
metalloids. As the site has never been disturbed by any human activities and is located in the
heart of the Ecrins National Parc, it offers ideal conditions to study an established ecosystem
with a plant community that has not undergone human selection. The plant community can be
seen as natural response to the local mineralogy and may contain candidates for
phytoremediation.

To identify such plant candidates and to study the environmental behaviour of critical metals,
we were guided by the following three questions:

To what extent are critical metals absorbed by plants?

Are there any species-related differences in elemental uptake?

Do correlations exist between critical metals and other elements in different plant parts?

The approach of this study was to conduct a large-scale screening of 12 plant species to identify
individual uptake patterns using chemical analysis, soil element extraction and statistical tools.
The large number of species analysed provided insights into the actual elemental

phytoavailability of a wide range of critical metals.
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2 Material and Methods
2.1 Sampling Site

The geological site of Jas Roux, located in the Ecrins National Park in the district of La
Chapelle-en-Valgaudemar (Hautes-Alpes, France), is situated at 2170 m a.s.l. (44°48' 45" N, 6°
19' 18" E; WGS84) on the right-hand side of the Chabournéou stream (Johan and Mantienne,
2000). Jas Roux is a hydrothermal stratiform deposit in dolomite limestone and has been
characterised as a sulphosalt site (Boulliard et al. 2010). The hydrothermal system was possibly
generated by volcanic activity involving relatively low temperatures (around 100 °C) and high
pressure (Johan and Mantienne, 2000). The particular thathiumTI-rich composition of Jas Roux
has attracted many mineralogists and geologists, who have identified Zn, Sb, As, Tl, Ag, Hg,
Pb sulphides and sulphosalts including many new sulphosalt mineral species (Boulliard et al.,
2010; Guillemin et al., 1970; Mantienne, 1974; Topa et al. 2017, 2014).

The study zone is located below one of the reddish coloured outcrops identified by Mantienne
(Figure SM 1) (Mantienne, 1974). The metal-rich mineralisation is best developed in this
outcrop and forms a 3.8 m thick barite-rich zone (Johan and Mantienne, 2000). The study zone
measured 20 m x 5 m with a slope of approximately 45° (100%) (Figure SM 1).

Soil and plant samples were collected during two field trips, one in September 2017 and one in

June 2018. The steep slope, variable soil depth and the presence of large rocks impeded a

systematic sampling approach. Nevertheless, the samples were collected as evenly distributed

as possible. The soil samples were collected from 10-evenhy-distributed sampling points in the
study zone and consisted of 1 kg of topsoil each (< 15 cm). Among the 65 plant species

identified in the study zone, 12 were selected, each-belongingto-a-different plant-famiby-(TFable

1)-taking into account occurrence, spatial distribution and family affiliation (Table 1). For

improved readability we attributed acronyms to each of the 12 species throughout the paper

(Table 1). Depending on their abundance, between 2 and 7 replicates of each species were
sampled, giving a total of 55 individuals-_(Table 1). All the samples were stored at 4 °C in the
dark.

2.2 Sample preparation

Roots and aerial parts were separated at the collar and cleaned with 18.2 MQ-cm ultrapure
water. The plant roots were additionally brushed and vortexed in ultrapure water to remove
adhering soil particles. The leaves of Saxifraga-paniculataSax were also brushed as they were
partially covered with a calcite crust. Plant samples were dried at 40 °C for 48 h. Soil samples

were dried at 40 °C for 72 h and sieved at 2mm before analysis.
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All the soil and plant samples were ground at 20hz in a Retsch® Mixer Mill MM 400 for 2 min
to obtain a fine powder. Each sample (100mg) was solubilised in acid using a Milestone
UltraWAVE® microwave to complete mineralisation. The acids used for the digestion of the
plant samples were 4mL of HNOs and 2mL of H20.. For the soil samples, 3mL of HNOs, 3mL
of HCI and 0.5 mL of HF were used to measure the total metal concentrations. Soil pH and
conductivity were determined in a suspension of 1g of sieved soil (< 2mm) and 5mL of
ultrapure water according to the French standard X31-117 (NF X31-117, 1994). After 5 min of
agitation at 80 rpm and 2 h of rest, measurements were taken using a Hanna HI-2550 bench
meter. To estimate the mobile and phytoavailable elemental fractions in the soil, CaCl>
(0.001mol/L) and NH4NO3 (1mol/L) extractions have been conducted, according to standards
ISO 21268-2 and 1SO 19730 (ISO 19730:2008, 2009; NF X31-607-2, 2004). For the CaCl>
extraction, a liquid-solid ratio of 10:1 (20mL of ultrapure water and 2g of soil) was applied.
After 24 h of agitation at 10 rpm, the samples were centrifuged at 2500xG for 20 min, filtered
at 45pm0.45 um and analysed in ICP-MS. For the NH4NO3 extraction, 4g of soil were mixed
with 10mL of ultrapure water, agitated for 2 h at 30 rpm, centrifuged at 1000xG for 15 min,
filtered at 0.45 um and analysed in ICP-MS.

Soil mineralogy was analysed by X-ray diffraction using the X’Pert Pro MPD (XRD) equipped
with a Cobalt x-ray tube (= 1.79A) running at 40 kV and 40 mA.

A mixture of three bulk samples of topsoil was sent to an outside laboratory (CIRAD — US49
Laboratoire d’analyse de Montpellier, France) for the determination of soil parameters. The soil
type was determined using 5 granulometric fractions according to the French standard X31-107
(NF X31-107, 2003), organic matter by combustion analysis (Dumas), labile phesphorousP
content using a colorimetric method (Olsen) and cation exchange capacity by quantifying the
dosing adsorption agent [Co(NH3)s]Cls with inductively coupled plasma atomic emission
spectroscopy according to the French standard X31-130 (NF X31-130, 1999).

2.3 Chemical analyses

The samples were analysed by inductively coupled plasma mass spectrometry (ICP-MS, Perkin
Elmer Nexlon 300X). For the elements Mg, Al, P, K, Ca and S, the results of inductively
coupled plasma optical emission spectroscopy (ICP-OES) were occasionally used to reach
higher accuracy (Perkin Elmer 4300 DV). The calibration curves were established using multi-
solution standards CCS4, CCS5, CCS6 from Inorganic Ventures (New Jersey USA) diluted in
2% HNO3 solution. The internal standards were Rh103 for ICP-MS and Y for ICP-OES. Oak
leaves (\V464) provided by the French National Institute for Agriculture Food and Environment
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(INRAE) were used as the external reference for plant samples. For the soil, a rendzina sample
(ISA 979) provided by Wageningen Evaluating Programs for Analytical Laboratories
(WEPAL) was used. EnviroMAT drinking water EP-L-3 and subterranean water ES-H-2 (SCP
Sciences) were used as internal references and for quality control.

ICP analyses aimed to quantify critical metalselements (As, V, Y, Sbh, Ba, Ce, Tl) and major
soil elements and nutrients (Mg, Al, P, S, K, Ca, Mn, Fe, Ni, Cu, Zn, Mo) present in Jas Roux.

The critical elements were chosen based on the study on the EU's list of critical raw materials

and a review of critical minerals and will be called critical metals throughout the manuscript

(European Commission, 2020; Hayes and McCullough, 2018). The detection limit for each

element was determined using handling blanks analysed at each ICP analysis:_ (Table SM 1).

The coefficients of variances for all certified elements were calculated for the internal and
external standards (Table SM 1).

The translocation factor (TF) was calculated to identify the transfer strategies of the different
plant species. The TF is obtained by dividing the elemental concentrations in the aerial parts by
the concentrations in the roots (Radziemska et al., 2017). The TF was calculated for each plant
sample and averaged according to the respective plant species. A heatmap with adjusted

colormap breaks was used to illustrate the TF.

2.4 Statistical analysis

All statistical analyses were performed with the open-source software R studio. The complete
dataset for the plants contains 110 observations (aerial parts + roots) and 19 variables (chemical
elements). In the first step, a principal component analysis (PCA) was conducted on the aerial
parts and the roots separately to capture the essence of the datasets and to identify the features
that explain most of the variation in chemical composition. For this purpose, the packages
‘FactomineR’ and ‘factoextra’ were used (Kassambara, 2017a; Kassambara and Mundt, 2020;
Lé et al., 2008). Missing values were implemented using the package ‘missMDA’, which
reduced their influence on the PCA results to a minimum (Josse and Husson, 2016).

In the second step, an unsupervised clustering analysis was performed. The clustering tendency
of the two datasets (aerial parts + roots) was tested using the Hopkins test from the package
‘clustertend’ before performing portioning clustering (K-means) (YiLan and RuTong, 2015).
K-means is a clustering algorithm that returns the natural grouping of data points based on their
similarity (elemental concentrations), not on their identity (plant species). The determination of
the number of clusters as well as the clustering itself and the visualisation were performed using

the package ‘factoextra’ (Kassambara, 2017b; Kassambara and Mundt, 2020). Next, a
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PERMANOVA was performed on the complete dataset, using the package ‘vegan’ (Oksanen
et al., 2020) to examine to what degree the factors "plant species™ and "plant parts" influenced
the elemental concentrations in the plants. Statistical significance between species was assessed
using a Welch one-way ANOVA with a post hoc “Games-Howell” test (Games and Howell,
1976), which is part of the package ‘userfriendlyscience’ (Peters, 2019). The paired
comparisons were visualised using the algorithm for a letter-based comparison embedded in
the package ‘multcompView’ (Graves et al., 2019; Piepho, 2004). For statistical analyses, a p-
value < 0.05 was used as the cutoff for significance. Statistical difference is shown by a
sequence of letters within which the absence of matches indicates significant difference. All the

figures were created using a colour-blind-friendly colormap (Chang, 2013).

3 Results

3.1 Properties, parameters and elemental composition of the Jas Roux soil
The soil pH of the study zone was 6.8+0.3 (n=10) and conductivity was 58.4+12.6 uS/cm.
Analysis of the soil parameters identified the soil as a poorly carbonated (0.51%) sandy loam
containing 2.08% organic matter (Table SM 2). The cation exchange capacity was 6.1
mmolc/100 g (Table SM 2). The mineralogy of the topsoil was dominated by barite, calcite,
jarosite, kaolinite, muscovite, quartz and K-feldspar (Figure SM 2). Table 2 lists the mean
total concentrations in the soil (n=10) and standard deviations (SD) for the 19 selected elements
compared to average soil concentrations, as well as the results of the CaCl, and the NH4NOs
extractions. Except for Mg, Al, P, K, Mn, Fe, Ba and TI, the phytoavailable (NH4sNO3) fraction
was inferior to 1 mg/kg DW.

3.2 Elemental uptake of plants

3.2.1 Elemental concentrations in the roots and aerial plant parts

Figure 1 shows the range of elemental concentrations in the aerial parts and the roots of all
sampled individuals compared to total concentrations in the soil. With the exception of Ca, P
and Mg, the soil concentrations were higher than in the plant parts. The range of concentrations
of macronutrients (Mg, P, S, K, Ca) was similar in the roots and the aerial parts, whereas the
concentrations of trace elements were lower in the aerial parts than in the roots (Figure 1). The

variability was very strong among the 53 plant samples compared to variability in the soil.
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3.2.2 PCA based examination of correlations between critical metals and other elements in
different plant parts
Plant responses to high metal concentrations are species dependent and can even vary from one
population to another (Gonneau et al., 2014; Pos¢i¢ et al., 2013; Rajabpoor et al., 2019). In this
study, data analysis was performed at species and plant part levels to identify the different
strategies. In the first step, a PCA was performed to capture the essence of the datasets.
The PCA biplot (Figure 2) merges the score plot of the individuals, represented by species
dependant symbols, and the loading plot of the variables (elemental concentrations) represented
by arrows, for aerial plant parts (a) and roots (c). In the aerial parts, the two first dimensions
(Dim1 and Dim2) explained 61.2% of total variance (Figure 2a). A first group of positively
correlated variables, composed of Mg, Ca, Mn, Ni, Zn, Y, Ba and Ce concentrations, formed
Diml (33.3% of total variance) (Figure SM 3). A second group of positively correlated
variables, including Al, V, Fe, As, Mo and Sb concentrations, contributed to Dim2 (27.9% of
total variance) (Figure SM 3). The score plot shows that all Sax individuals clustered together,
mainly contributed to Dim 1 and were associated with high concentrations of the first group of
elements. A cluster of Hip together with some single Glo, Dia and Gal individuals influenced
Dim2 (27.9% of total variance) and was characterised by higher concentrations of the second
group of elements.
In roots, 59.3% of total variance was explained by the first two dimensions (Figure 2c). Three
main groups of elements with strong positive intra-group correlations, were distinguished. The
first group was composed of Al, Ca, V, Mn, Ni, Zn, Y and Ce and contributed to Dim1 (42.8%
of total variance) (Figure SM 3). The second group was composed of P, S and Tl and mainly
contributed to Dim2 (16.5% of total variance). The third group comprised Fe, As, Sb and Ba
and influenced both Dim 1 and Dim2 (Figure SM 3).
All seven individuals of Sax and one individual of Gal were associated with the first group
while the second group of variables was connected by individuals of Eup and one individual of
Gal.
Isolated individuals of Dac and Eup were associated with the third group of variables.
Overall, the PCA shows that specific groups of chemical elements were decisive in explaining
the variance in roots and aerial plant parts driven by the individuals of Sax and Hip and by a
single individual each of Dia, Glo, Gal.
Cluster analysis confirmed the tendencies revealed by the PCA. Three clusters of individuals
were distinguished in the aerial plant parts based on their similar metal absorption patterns

(Figure 2b). The first group contained all seven individuals of Sax while the second group
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contained all three individuals of Hip as well as a single individual each of Glo, Gal and Dia.
The third group contained all other individuals showing proximity among Pil and Eup
individuals.

Only two clusters were distinguished in the roots (Figure 2d). Sax and Hip individuals were
part of the same cluster whereas all individuals of Pil, Bis, Dia, Ver and Jun formed the second

cluster. Individuals of Hip, Dac, Gal and Eup were part of both clusters.

3.2.3 Species related differences in uptake of critical metals

According to the PERMANOVA, the factor “plant species” explained 65.65% of the variance
in elemental concentrations while only 4.4% was explained by the factor "plant part" (Table
SM 3).

A Welch one-way ANOVA test combined with a Games-Howell post hoc test (Table 3, Table
4) showed that three species, Jun, Sax and Hip, stood out from the others.
Juniperus-communis-{Jun} generally had lower elemental concentrations in its aerial parts than
the other species. Indeed, Jun contained the lowest mean concentrations of Mg, Al, S, K, V, Fe,
Ni, Cu, Zn, As, Y, Sb, Ce and TI. The concentrations of all these elements were significantly
lower than in at least one other species (Table 3). However, this tendency was not observed in
the roots (Table 4).

In turn, Saxiraga—panieulata{Sax} had the highest concentrations of many of the elements
analysed. In the aerial parts, significant differences in the concentrations of Mg, Ca, Mn, Ni, Y
and Ce were found. The concentrations of Ca, Mn, Ni and Y were significantly higher than in
all the other species. In the roots, the highly concentrated elements were very similar to those
in the aerial parts. The concentrations of Al, Ca, Mn, Ni, As and Ce were significantly higher
than in at least three of the other species.

The third species with characteristic elemental concentrations was Hippeerepis-cemosa{Hip)-.
The elements accumulated in the aerial parts of Hip were Al, V, Fe, As, Sb and Mo. Differences
in Al, V, Fe and As were significantly higher than in the other species. Differences in the
concentrations of Sb and Mo were not significant. It should be noted that average concentrations
of Mo in Hip were about 5 times higher in roots (up to 26.9 mg/kg DW) and 30 times higher in
the aerial parts (up to 53.7 mg/kg DW), than in all the other species.

The significance between groups (species) depends on both the variability within each group
and between the groups. Species with highly variable concentrations are therefore not identified
as significantly differing from one another. For example, Bis and Gal had locally high

concentrations of Tl in their aerial parts, up to 541 mg/kg DW in Bis and up to 1091 mg/kg DW
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in Gal. Despite the fact that no individual of another species exceeded 100 mg/kg DW, the
differences were not significant. The concentrations of Ba in Sax are another example of non-
significant differences due to high variability. The maximum concentration measured in the
aerial parts was 5007 mg/kg, while in the other species 1445 mg/kg was the maximum

concentration measured.

3.2.4 Identification of candidates for phytoremediation applications

The translocation-factor (TF) is a useful tool to identify the transfer strategy of a plant. The
higher the factor, the larger the share of the element translocated to the aerial parts (Macnair,
2003).

Figure 3 is a heatmap of the mean TFs for the plant species and chemical elements investigated
with a colour spectrum ranging from pale yellow to dark red. The darker the colour of a box,
the higher the TF. The TF was low or highly variable in the majority of the twelve plant species.
Bis had the highest TF for many of the critical metals analysed (Mg, V, As, Y, Sb, Ce, Tl). In
particular, the translocation of Tl was very high (TF=19.4+17.2). A second species with a high
TF for Tl was Gal (TF=2.0+0.5). Dia also translocated many critical metals to the aerial parts
as shown by the high TF for Mg, V, As, Ce and TI. Hip, on the other hand, had the highest TF
for Mo (TF=3.8£4.4). In Sax, the TF was low for most of the critical metals (As, Y, Ce, Sb, Tl)
and the only elements that were preferably stored in the leaves were Mg (TF=1.3+0.2) and Ca
(TF=2.1£0.8). Jun only had low TFs.

4 Discussion

4.1 Jas Roux - A good site to study a plant community exposed to a cocktail

of metals and metalloids in a natural ecosystem

The Jas Roux outcrop has fairly been studied regarding its exceptional mineral composition
(Biagioni et al., 2015; Johan and Mantienne, 2000; Topa et al., 2014). However, the surrounding
ecosystem, including the soil and the plants has never been studied before.

The concentrations of Zn (602 mg/kg), As (2382 mg/kg), Mo (19.3 mg/kg), Sb (778 mg/kg),
Ba (27010 mg/kg) and TI (242 mg/kg) were far above ordinary soil concentrations (Table 2).
Soil concentrations_in European topsoil of Zn are usually around 68 mg/kg, of As, 11 mg/kg,
of Mo, 0.9 mg/kg, of Sh, 1 mg/kg, of Ba, 400 mg/kg, and of Tl, 0.8 mg/kg (Table 2) (Salminen

et al., 2005). Except for Mo, all these elements have also been identified as elements associated

with the primary minerals in the Jas Roux outcrops, namely barite, quartz and pyrite, as well as
Zn, Sh, As, Tl, Ag, Hg and Pb sulphides and sulphosalts (Boulliard et al., 2010). In terms of

9
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mobility and phytoavailability Zn, As, Mo, Sb, Ba and Tl remained < 0.1% of the total
concentrations and only Ba exceeded 1 mg/kg with 16.0 mg/kg after CaCl» extraction and 199
mg/kg after NH4NOs3 extraction. These concentrations are comparable with those measured in
soils close to an active barite mining region in China with up to 111 mg/kg of phytoavailable
Ba (Lu et al., 2019). The mobility and phytoavailability of As, Sb and Zn were low compared
to those in contaminated soils with comparable total concentrations (Pueyo et al., 2004; Qasim
et al., 2015). This low mobility is-due-teindicates the fact-thatdominance of stable minerals in

Jas Roux-is-a—natural-ecosystem-that. Unlike other sulphosalt sites, Jas Roux has not been

disturbed by mining activities thatwhich generally increase metal mobility- (Resongles et al.,
2014; Wei et al., 2018).

Even though many of the characteristic elements of Jas Roux are known to be toxic for plants
(As, Tl etc.), plant diversity is that of a classical alpine ecosystem (Landolt, 2015; Michalet et
al., 2002). It is possible that the relatively low phytoavailability of the metals helps the plants
to maintain their homeostasis in the short term (Table 2), but long-term exposure to low doses
can result in a high real exposition, to which plants need to adapt.

Plants use different strategies to adapt to high concentrations of toxic elements in the soil. Some
plants are able to exclude the metals and others to accumulate the elements in specific
compartments (Tremel-Schaub and Feix, 2005). Among the accumulating metallophytes,
metals are generally accumulated in the roots, but some species promote translocation to the
aerial plant parts (Kramer, 2010). Different statistical approaches have been used to identify the

different adaption strategies and revealed characteristic uptake-patterns for the two plant

species Saxifraga-paniculata-and-Hippocrepis-comesaSax and Hip (Figure 2b).

4.2 Saxifraga paniculata - A cation accumulating species with an affinity for

REEs and alkaline earth metals
In terms of elemental concentration in roots and aerial parts Saxifraga-panicttataSax stood out
among the 12 species analysed (Figure 2). In the aerial parts, the PCA showed the individuals
of Sax to be associated with Mg, Ca, Mn, Ni, Zn, Y, Ba and Ce (Figure 2). Among these
elements, the concentrations of Ca, Mn, Ni, Y were significantly higher than in all the other

species (Figure 2, Table 3). It is worth noting that the majority of elements accumulated in the

10
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aerial parts of Saxifraga-paniculataSax are divalent cations (Ba, Ni, Mn, Ca, Zn and Mg) while
the three elements with the highest concentrations (Mg, Ca and Ba) are alkaline earth elements.
This set of accumulated elements could be caused by overexpression of nonselective cation
channels or increased activity of a single type of metal cation transporter, as their selectivity is
known to be rather low (Demidchik and Maathuis, 2007; Thomas et al., 2005).

The genus Saxifraga comprises about 400 species and some of them have already been studied
regarding metal tolerance (Gornall, 1987). To give one example, Saxifraga oppositifolia,
Saxifraga cespitosa and Saxifraga azoides growing in Spitzbergen contained higher
concentrations of Pb and Zn in their aerial parts than concentrations in the soil (J6zwik and
Magierski, 1991). Further, a Cu tolerant population of Saxifraga stellaris growing on polluted
soils was identified in southern Germany, with concentrations up to 900 mg/kg DW (Adlassnig
et al., 2013; Ryszka et al., 2019; Sissolak, 1984).
Saxifraga—paniculata-the-species-analysed-in-this-study.Sax belongs to a specific taxonomic
section (sect. Ligulatae) characterised by strong guttation (Gornall, 1987). Guttation is a
process to regulate root pressure and nutrient flow by excreting phloem and xylem sap through
openings on the leaf surface and is observable in a wide range of plant species, including many
Saxifragaceae (Singh, 2014, 2013). The openings are called hydathodes and, in contrast to
stomata, remain permanently open (Singh, 2014). The guttation process is thought to help plants
expel excessive nutrient salts and harmful elements (Hossain et al., 2017; Neumann et al., 1997,
Singh, 2013; Stahl, 1919). In some species of Saxifraga, including Saxifraga-paniculataSax,
the repeated evaporation of guttation droplets leads to the formation of a calcite crust-efcaleium
earbonate on the leaf surface (Arnott and Pautard, 1970; Schmidt, 1930; Wightman et al., 2017).
These deposits appear to be the result of increased Ca uptake and might be a strategy to reduce

the cytotoxic effects of Ca while maintaining high flow rates (Nazrul Islam and Kawasaki,
2015). In the present study, the accumulation of Ca by Saxifraga-paniculataSax is reflected in
the significantly higher Ca-concentrations measured in the roots and the aerial parts (Table 3,
Table 4) and the high translocation factor (Figure 3).

This increased Ca uptake could also explain the higher concentrations of REEs (Y, Ce) in
Saxiraga-panicultataSax compared to those in the other species, as REEs are probably absorbed
through the same pathway as Ca because of their similar ionic radius (Carpenter et al., 2015;
Kastori et al., 2010; Rengel, 1994; van der Ent et al., 2017). Ozaki et al. (1997) observed
increased REE-concentrations combined with higher Ca and Ba uptake in several REE-

accumulating fern species and suspected a possible link between these elements.
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The accumulation of REES is of particular interest for this study as REESs are crucial for modern
technologies. Compared to the average concentration in the soil (4.22+1.04 mg/kg) the roots of
Saxiraga—panietlataSax individuals contained nearly twice as much Y (7.37+3.24 mg/kg)
(Figure 4). This raises the question of how SaxiragapanicutataSax is able to absorb such a
high ratio of Y (Figure SM 4). Fhe-mestY soil mineralogy in Jas Roux soil has not been studied
so far. Y can be associated with several mineral phases, but one common soil mineral based on
Y is Xenotime (YPOj4) which(Ramos et al., 2016). Xenotime has low solubility {Lit-and-Byrne;

1997; Ramos et al., 2016; Tropper et al., 2011). However, and phosphate chemistry in iron-rich

ispossible—Phesphate-minerals are generally difficult for plants to access (Darcy et al., 2018)-;
Liu and Byrne, 1997; Tropper et al., 2011). However, there are some exceptions - like white

lupin or cassava - which can take up a fraction of soil P that is not accessible to other plant
species. In the case of cassava, the mechanisms allowing the increased P-uptake are strong
mycorrhization (Zaag et al., 1979). In white lupin, on the other hand, increased root exudation
is combined with a cluster root system (Braum and Helmke, 1995). In the case of Saxifraga
paniedlataSax, root exudates are more likely to play an important role, as the plant is able to
grow in very extreme habitats, in high altitudes and with little organic matter (Burga et al.,
2004; Neuner et al., 1999).

4.3 Hippocrepis comosa - A oxyanion accumulating species with a particular

affinity for Mo

The second plant species showing a characteristic pattern in elemental uptake was Hippecrepis
eemosaHip (Figure 2b). In the aerial parts, all three individuals were positively correlated with
the elements As, Fe, Sb, Mo, V and Al (Figure 2) with a particularly high TF for Mo
(TF=3.8+4.4) (Figure 3). The fact that none of these elements accumulated in the aerial parts
of SaxiragapanicttataSax led to two easily distinguishable groups, separating the two species
(Figure 2b).

Among the elements accumulated by Hippeerepis-cemosaHip typical elemental correlations
became visible. Due to their geochemical similarities, As and Sb (for example) are considered
to be related elements (Herath et al., 2017). A positive correlation between these two elements
has already been observed in plants and increased Sb uptake is presumed to be the result of
damaged cell membrane integrity caused by As (Feng et al., 2013; Mller et al., 2013).

There is also a strong link between the uptake mechanisms of Mo and Fe (Bittner, 2014). Most

Mo-enzymes also require Fe-containing redox groups and many studies reported increased Mo
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uptake in the presence of Fe and vice versa (Bittner, 2014; Kannan and Ramani, 1978; Zimmer
and Mendel, 1999).

Three major hypotheses are proposed to explain the characteristic uptake pattern of Hippecrepis
I) One hypothesis is a characteristic modification of the rhizosphere that would influence the
redox potential. This modification could locally increase phytoavailability of the accumulated
elements, as, except for Al, all are redox sensitive elements (As, Fe, Sb, Mo, and V).

I1) The second hypothesis concerns the uptake pathway of the elements. It is known that As,
Sh, Mo, and V are usually absorbed as oxyanions by plants (Hossain et al., 2018; Kabata-
Pendias, 2011). Vanadate (H2M02)V0,*) and arsenate (H2AsO2AsO.>) enter the plant through
phesphereusP transporters, due to similarities in structure and charge (Chen et al., 2021,
Meharg and Hartley-Whitaker, 2002)., Han et al., 2016). Antimonate, on the other hand, is more

likely to be absorbed through less selective anion transporters, such as those for ClI- and NOs',
or an incompletely sealed or damaged Casparian strip (Feng et al., 2013; Tschan et al., 2009b,
2009a). However, little is known about mehybdenumMo uptake by roots. Because of structural
and behavioural similarities between molybdate (HMeO:Mo00.%) and sulphate (HSO4S042), it
is plausible that sulphate transporters are involved (Bittner, 2014; Zimmer and Mendel, 1999).
Overexpression or increased activity of so many different transporters, responsible for the
particular elemental concentrations found in HippeerepiscemesaHip, is unlikely. Nevertheless,
a very unselective anion transporter, able to transport phosphate, sulphate, nitrate and chlorate,
could be involved. Such a transporter was identified in barley by Preuss et al. (2010), for
example.

I11) The third hypothesis is based on the ritregenN fixing property of Hippecrepis-comesaHip,
as Mo and Fe are known to play an essential role as cofactors during symbiotic nitregenN
fixation (Hossain et al., 2018). For this reason, legume plants like Hippoerepis-comesaHip have
a higher demand for Mo than non-ritregenN fixing plants (Kabata-Pendias, 2011). It is
plausible that Hippeerepis-comesaHip is able to promote Mo absorption in order to guarantee
nitregenN fixation under Mo deficient conditions. However, in Mo rich soils like Jas Roux
(19.9£3.71 mg/kg), this property might lead to an increased uptake and thus explain the
comparatively high Mo concentrations in Hippecrepis—comesaHip (Figure 4). It is worth
mentioning that varaditmV may also interfere during nitregenN fixation by replacing Mo in
the nitrogenase enzyme (Hernandez et al., 2009).

Individually, none of the three hypotheses explains all the elemental concentrations observed
in Hippoerepiscomesa-Hip. Nevertheless, a combination of the mechanisms could be a valid
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explanation. AluminiumAl is the only element whose accumulation by Hippeerepis-cemesaHip
remains difficult to explain, as this species is generally found in Ca rich sites and is sensitive to
high Al concentrations (Michalet et al., 2002). Concentrations of Al > 1000 mg/kg, like those
we measured in aerial parts of Hippoerepis-comesaHip (1336 mg/kg DW), are rare in higher
plants and are considered as Al accumulation (Kabata-Pendias, 2011). The tolerance of toxic
elements (Al, As) makes HippoerepiscemesaHip an interesting candidate for remediation of
polluted soils as its ability to fix nitregenN thereby improving soil fertility could be an
additional advantage (Pajuelo et al 2008).

4.4 Translocation factor reveals specific plant strategies

The differentiation of Hippecrepiscomosa-and-SaxifragapanicutataHip and Sax from the other
species was mainly caused by high concentrations of a particular set of elements that made both
species stand out in the PCA and the cluster analysis. However, this statistical approach failed
to detect affinities for single elements, or adaption strategies associated with particularly low

concentrations.  The translocation factor in combination with the mean elemental

concentrations, revealed further adaption strategies and species-related tendencies in elemental

uptake (Figure 3).

For instance, BiseuteHa-laevigataBis and Bianthus-sylvestrisDia did not form a distinct group
in the PCA or in the cluster analysis but both had TFs > 1 for a large number of critical metals
(Mg, V, Mn, As, Y, Sh, Ba, Ce, TI). In particular, the TF of BisecuteHa-laevigataBis for Tl was
remarkably high (TF=19.4+17.2) indicating Tl accumulation (256+224 mg/kg) (Figure 4).
While no explanation was found in the literature for the high TF of Bianthus—sylvestris;
BiseuteHa—taevigataDia, Bis belongs to the Brassicaceae family, which includes many

hyperaccumulating species (Babula et al.,, 2008; van der Ent et al., 2013). BiseuteHa
taevigataBis itself has already been mentioned as a Tl accumulating species (LaCoste et al.,
1999; Posci¢ et al., 2013). But BiseuteHa-laevigataBis was not the only Tl accumulating species,
as Gahlium-corrudifeliumGal, which has never previously been associated with metalliferous
sites, also showed high concentrations of Tl in its aerial parts (254410 mg/kg) and high
translocation (TF=2.0£0.5).

Another species that did not stand out in the statistical analysis was Juniperus-communis-subsp-

nrana-Jun. Nevertheless, Juniperus-communis-subsp—hanalun had the lowest concentrations of

14



469
470
|471
472
473
474
475
476
|477
478
479
480

the elements Mg, Al, S, K, V, Fe, Ni, Cu, Zn, As, Y, Sh, Ce and Tl in its aerial parts (Table 3).
This exclusion strategy seems to consist in limited translocation to the aerial parts, as the TF
was low for all elements (Figure 3). Given that Juniperdus-communis-subsp—hanadun is the only
lignifying plant among the 12 species we analysed, its exclusion capacity might be due to
different plant-internal barriers or reduced flow rates due to its small leaf surface area. Even
though no studies have demonstrated metal exclusion in Juniperus species, metal concentrations
in other conifers (Pinales) have already been reported. For example, Mingorance et al. (2007)
found Pinus pinea growing in an industrial area was able to exclude Al, Ba, Cr, Fe, and Pb. In
light of the results of our study, Juniperus-communis-subsp—nanalun could be an interesting
candidate for phytostabilisation thanks to its high resistance to metal contamination, its
widespread occurrence and its ruggedness (Saladin, 2015).
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5 Conclusions

Jas Roux is a unique site to understand the soil-to-Among 12 plant transfer of critical metals in
an—ecosystemspecies exposed to a cocktail of metals and metalloids in an entirely natural

environment-that-has-hever-beenaffected-by-human-activities—The-sta al-approach-tsed

species that-stood out-were: Hippocrepis comosa and Saxifraga paniculata, each of which

accumulated an individual set of elements.

axifraga paniculata
preferably absorbed divalent cations, but also the REEs Y and Ce. TFhe-ionic+adius—of-beth

elementsresembles-that-of caleium-which-was-stronghy-aceumulated This uptake pattern could

be explained by the Ca accumulation property of Saxifraga paniculata. The affinity to Ca might

cause an increased absorption of other elements with a similar ionic radius like Y and Ce, or

similar_ionic charge like Mn and Ba. Hippocrepis comosa, on the other hand, preferably

absorbed oxyanions, perhaps due to overexpression or increased activity of a non-selective

anion transporter. In-turn-this-anion-affinity-is-probably-tinked-to-the-nitrogen-fixation activity

1
= ITaYaYa ala alaala' pvhich 1n a\ a 1te_ damand a ala allaYa a a NLO % N
SivAw v v,

Pendias; 2011 Zimmer-and-Mendel-1999).Furthermore, Hippocrepis comosa is an interesting

candidate for phytoremediation of polluted soils, as its ability to fix N> improves soil fertility

and could thus facilitate the establishment of other species.
Further—differentDifferent tolerance strategies were identified among the 12studied plant

species.-On-the-one-hand; Biscutella laevigata and Dianthus sylvestris favoured translocation
of multiple critical metals to their aerial parts while, en-the-ether-hand;-Juniperus communis
avoided translocation and used an exclusion strategy. Particularly high concentrations of Tl
were found in Biscutella laevigata and Galium corrudifolium. While hyperaccumulation of Tl
has already been reported in Biscutella laevigata, it is a new discovery in Galium corrudifolium.
LikewisetheThe exclusion capacity of Juniperus communis subsp. nana-has-neverprevioushy
been-documented-and might represent a potential for phytostabilisation applications. Erosion
of a polluted soil could be prevented in the long term with no risk of transfer into the food chain

because Juniperus communis subsp. nana prevents elemental translocation and the shrub is not

consumed by grazing animals.

of this-study-These results advance our understanding of soil-to-plant transfer of poorly studied
but increasingly used critical metals and point to the potential of several plant species for future

phytoremediation and-phyteextraction-techniques.

16



515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542

Acknowledgements:
We thank the Ecrins national park for permission to sample and the support provided

throughout the study.

Funding:

This study was supported by the French INSU-CNRS programs "Ecosphere Continentale et
Cotiere” (EC2CO, RHIZOMET project). Funding for this research was also provided by the
research federation ECosystéemes COntinentaux et Risques EnVironnementaux (ECCOREV,
CNRS — Aix Marseille University) through the TRANSPLANTECH (TRANSferts sol-PLANTe
d’élements métalliques « high TECH ») project.

Abbreviations:

ANOVA............. Analysis Of Variance

asl oo Above Sea Level

DW ... Dry Weight

ICP-MS .............. Inductively Coupled Plasma Mass Spectrometry
ICP-OES ............ Inductively Coupled Plasma Optical Emission Spectroscopy
PCA ... Principal Component Analysis
PERMANOVA..... Permutational Multivariate Analysis Of Variance
PGMs ................ Platinum Group Metals

REES ......ccevnn Rare Earth Elements

SD i, Standard Deviation

SUDSP. .evviiaiiinns Subspecies

TF oo, Translocation Factor

XRD ..o, X-Ray Diffraction

17



543

544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574

6 References

Adlassnig, W., Sassmann, S., Lendl, T., Wernitznig, S., Hofhansl, F., Lang, I., Lichtscheidl,
I.K., 2013. Metal contamination and retention of the former mining site Schwarzwand
(Salzburg, Austria). Appl. Geochem. 35, 196-206.
https://doi.org/10.1016/j.apgeochem.2013.04.012

Arnott, H.J., Pautard, F.G.E., 1970. Calcification in Plants, in: Schraer, H. (Ed.), Biological
Calcification: Cellular and Molecular Aspects. Springer US, Boston, MA, pp. 375—
446. https://doi.org/10.1007/978-1-4684-8485-4 8

Babula, P., Adam, V., Opatrilova, R., Zehnalek, J., Havel, L., Kizek, R., 2008. Uncommon
heavy metals, metalloids and their plant toxicity: a review. Environ. Chem. Lett. 6,
189-213. https://doi.org/10.1007/s10311-008-0159-9

Baker, A.J.M., Ernst, W.H., van der Ent, A., Malaisse, F., Ginocchio, R., 2010.

Metallophytes: the unique biological resource, its ecology and conservational status in

Europe, central Africa and Latin America, in: Ecology of Industrial Pollution. pp. 7—
40.

Biagioni, C., Moélo, Y., Favreau, G., Bourgoin, V., Boulliard, J.-C., 2015. Structure of Pb-
rich chabournéite from Jas Roux, France. Acta Crystallogr. Sect. B Struct. Sci. Cryst.
Eng. Mater. 71, 81-88. https://doi.org/10.1107/S2052520614028157

Bittner, F., 2014. Molybdenum metabolism in plants and crosstalk to iron. Front. Plant Sci. 5.
https://doi.org/10.3389/fpls.2014.00028

Boulliard, J.-C., Bourgoin, V., Farvreau, G., Morin, G., 2010. Minerals of Jas-Roux (France):

an update. Presented at the 20th General Meeting of the International Mineralogical
Association, Budapest.

Braum, S.M., Helmke, P.A., 1995. White lupin utilizes soil phosphorus that is unavailable to
soybean. Plant Soil 176, 95-100. https://doi.org/10.1007/BF00017679

Burga, C.A., Frauenfelder, R., Ruffet, J., Hoelzle, M., K&ab, A., 2004. Vegetation on Alpine
rock glacier surfaces: a contribution to abundance and dynamics on extreme plant
habitats. Flora - Morphol. Distrib. Funct. Ecol. Plants 199, 505-515.
https://doi.org/10.1078/0367-2530-00179

Carpenter, D., Boutin, C., Allison, J.E., Parsons, J.L., Ellis, D.M., 2015. Uptake and Effects
of Six Rare Earth Elements (REES) on Selected Native and Crop Species Growing in
Contaminated Soils. PLoS ONE 10. https://doi.org/10.1371/journal.pone.0129936

18


https://doi.org/10.1016/j.apgeochem.2013.04.012
https://doi.org/10.1007/978-1-4684-8485-4_8
https://doi.org/10.1007/s10311-008-0159-9
https://doi.org/10.1107/S2052520614028157
https://doi.org/10.3389/fpls.2014.00028
https://doi.org/10.1007/BF00017679
https://doi.org/10.1078/0367-2530-00179
https://doi.org/10.1371/journal.pone.0129936

575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599

601
602
603
604
605
606
607
608

Celis, J.E., Espejo, W., Gonzalez- Acufia, D., 2020. Chemical elements of emerging
technologies are being increasingly demanded worldwide: a possible menace for
wildlife conservation? Anim. Conserv. 23, 3-6. https://doi.org/10.1111/acv.12515

Chang, W., 2013. R graphics cookbook. O’Reilly, Beijing Cambridge Farnham Koln
Sebastopol Tokyo.

Chen, L., Liu, J., Hu, W., Gao, J., Yang, J., 2021. Vanadium in soil-plant system: Source,
fate, toxicity, and bioremediation. Journal of Hazardous Materials 405, 124200.
https://doi.org/10.1016/j.jhazmat.2020.124200

Darcy, J.L., Schmidt, S.K., Knelman, J.E., Cleveland, C.C., Castle, S.C., Nemergut, D.R.,
2018. Phosphorus, not nitrogen, limits plants and microbial primary producers
following glacial retreat. Sci. Adv. 4. https://doi.org/10.1126/sciadv.aaq0942

Demidchik, V., Maathuis, F.J.M., 2007. Physiological roles of nonselective cation channels in
plants: from salt stress to signalling and development. New Phytol. 175, 387-404.
https://doi.org/10.1111/j.1469-8137.2007.02128.x

Dittrich, H., Stadler, A., Topa, D., Schimper, H.-J., Basch, A., 2009. Progress in sulfosalt
research. Phys. Status Solidi A 206, 1034-1041.
https://doi.org/10.1002/pssa.200881242

Espejo, W., Galban-Malagon, C., Chiang Merimoyu, G., 2018. Risks from technology-critical
metals after extraction. Nature 557, 492—492. https://doi.org/10.1038/d41586-018-
05234-6

European Commission, 2020. Study on the EU’s list of critical raw materials (2020): final
report. Publications Office. https://doi.org/10.2873/11619

Favas, P.J.C., Pratas, J., Varun, M., D’Souza, R., Manoj S. Paul, 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. https://doi.org/10.5772/57469

Feng, R., Wei, C., Tu, S., Ding, Y., Wang, R., Guo, J., 2013. The uptake and detoxification of
antimony by plants: A review. Environ. Exp. Bot. 96, 28-34.
https://doi.org/10.1016/j.envexpbot.2013.08.006

Fortier, S.M., Nassar, N.T., Lederer, G.W., Brainard, J., Gambogi, J., McCullough, E.A.,
2018. Draft critical mineral list—Summary of methodology and background

information—U.S. Geological Survey technical input document in response to
Secretarial Order No. 3359 (Report No. 2018-1021), Open-File Report. Reston, VA.
https://doi.org/10.3133/0fr20181021

19


https://doi.org/10.1111/acv.12515
https://doi.org/10.1016/j.jhazmat.2020.124200
https://doi.org/10.1126/sciadv.aaq0942
https://doi.org/10.1111/j.1469-8137.2007.02128.x
https://doi.org/10.1002/pssa.200881242
https://doi.org/10.1038/d41586-018-05234-6
https://doi.org/10.1038/d41586-018-05234-6
https://doi.org/10.2873/11619
https://doi.org/10.5772/57469
https://doi.org/10.1016/j.envexpbot.2013.08.006
https://doi.org/10.3133/ofr20181021

609
610
611
612

13

14
615
616
617
618
619
620
621
622
623
624
625
626
627
528

6530
531
532

634
635
636
637
638
639
640
641
642

Furini, A. (Ed.), 2012. Plants and heavy metals, Springer Briefs in molecular science.

Biometals. Springer, Dordrecht ; New York.

Games, P.A., Howell, J.F., 1976. Pairwise Multiple Comparison with unequal N’s and/or
Variances: A Monte Carlo Study. J. Educ. Stat. 1, 13.

Gonneau, C., Genevois, N., Frérot, H., Sirguey, C., Sterckeman, T., 2014. Variation of
trace metal accumulation, major nutrient uptake and growth parameters and their
correlations in 22 populations of Noccaea caerulescens. Plant Soil 384, 271-287.
https://doi.org/10.1007/s11104-014-2208-4

Gornall, R.J., 1987. An outline of a revised classification of Saxifraga L. Bot. J. Linn. Soc.
95, 273-292. https://doi.org/10.1111/j.1095-8339.1987.th01860.x

Graedel, T.E., Harper, E.M., Nassar, N.T., Nuss, P., Reck, B.K., 2015. Criticality of metals
and metalloids. Proc. Natl. Acad. Sci. 112, 4257-4262.
https://doi.org/10.1073/pnas.1500415112

Graves, S., Piepho, H.-P., Dorai-Raj, L.S. with help from S., 2019. multcompView:

Visualizations of paired comparisons.
Guillemin, C., Johan, Z., Laforét, C., Picot, P., 1970. La pierrotite TI2 (Sb, As)10 S17, une
nouvelle espéce minérale. Bulmi 93, 66—71. https://doi.org/10.3406/bulmi.1970.6429
Han, Y.-H., Yang, G.-M., Fu, J.-W., Guan, D.-X., Chen, Y., Ma, L.Q., 2016. Arsenic-induced
plant growth of arsenic-hyperaccumulator Pteris vittata: Impact of arsenic and
phosphate rock. Chemosphere 149, 366-372.
https://doi.org/10.1016/j.chemosphere.2016.01.118

Hayes, S.M., McCullough, E.A., 2018. Critical minerals: A review of elemental trends in

comprehensive criticality studies. Resources Policy 59, 192-199.
https://doi.org/10.1016/j.resourpol.2018.06.015
Herath, 1., Vithanage, M., Bundschuh, J., 2017. Antimony as a global dilemma:

Geochemistry, mobility, fate and transport. Environ. Pollut. 223, 545-559.
https://doi.org/10.1016/j.envpol.2017.01.057
Hernandez, J.A., George, S.J., Rubio, L.M., 2009. Molybdenum Trafficking for Nitrogen
Fixation. Biochemistry 48, 9711-9721. https://doi.org/10.1021/bi901217p
Hossain, M.A., Kamiya, T., Burritt, D.J., Tran, L.-S.P., Fujiwara, T. (Eds.), 2018. Plant

micronutrient use efficiency: molecular and genomic perspectives in crop plants. AP,

Academic Press, an imprint of Elsevier, London.

20


https://doi.org/10.1007/s11104-014-2208-4
https://doi.org/10.1111/j.1095-8339.1987.tb01860.x
https://doi.org/10.1073/pnas.1500415112
https://doi.org/10.3406/bulmi.1970.6429
https://doi.org/10.1016/j.chemosphere.2016.01.118
https://doi.org/10.1016/j.resourpol.2018.06.015
https://doi.org/10.1016/j.envpol.2017.01.057
https://doi.org/10.1021/bi901217p

643
644
645

46

47

48
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667

68

69

70
671
672
673
674
675
676

Hossain, Md.B., Sawada, A., Noda, K., Kawasaki, M., 2017. Hydathode function and changes
in contents of elements in eddo exposed to zinc in hydroponic solution. Plant Prod.
Sci. 20, 423-433. https://doi.org/10.1080/1343943X.2017.1383167

Thallium-rich mineralization at Jas Roux, Hautes-Alpes, France: A complex
epithermal, sediment-hosted, ore-forming system. J. Geosci. 45, 63-77.
Josse, J., Husson, F., 2016. missMDA: A Package for Handling Missing Values in
Multivariate Data Analysis. J. Stat. Softw. 70. https://doi.org/10.18637/jss.v070.i01
Jozwik, Z., Magierski, J., 1991. Heavy metals in plants and soil of West Spitsbergen

(Bellsund region). Wyprawy Geogr. Na Spitsbergen.

Kabata-Pendias, A., 2011. Trace elements in soils and plants, 4. ed. ed. CRC Press, Boca
Raton, Fla.

Kannan, S., Ramani, S., 1978. Studies on Molybdenum Absorption and Transport in Bean and
Rice. Plant Physiol. 62, 179-181. https://doi.org/10.1104/pp.62.2.179

Kassambara, A., 2017a. Practical Guide To Principal Component Methods in R, 2 edition. ed.

CreateSpace Independent Publishing Platform.

Kassambara, A., 2017b. Practical guide to cluster analysis in R: unsupervised machine
learning, Edition 1. ed, Multivariate analysis. STHDA, Frankreich.

Kassambara, A., Mundt, F., 2020. factoextra: Extract and visualize the results of multivariate
data analyses.

Kastori, R., Maksimovic, 1., Zeremski-Skoric, T., Putnik-Delic, M., 2010. Rare earth
elements: Yttrium and higher plants. Zb. Matice Srp. Za Prir. Nauke 87-98.
https://doi.org/10.2298/ZMSPN1018087K

MineralPetrel-84,-189- 212 -Kramer, U., 2010. Metal Hyperaccumulation in Plants.
Annu. Rev. Plant Biol. 61, 517-534. https://doi.org/10.1146/annurev-arplant-042809-

112156

LaCoste, C., Robinson, B., Brooks, R., Anderson, C., Chiarucci, A., Leblanc, M., 1999. The
Phytoremediation Potential of Thallium-Contaminated Soils Using Iberis and
Biscutella Species. Int. J. Phytoremediation 1, 327-338.
https://doi.org/10.1080/15226519908500023

21


https://doi.org/10.1080/1343943X.2017.1383167
https://doi.org/10.18637/jss.v070.i01
https://doi.org/10.1104/pp.62.2.179
https://doi.org/10.2298/ZMSPN1018087K
https://doi.org/10.1146/annurev-arplant-042809-112156
https://doi.org/10.1146/annurev-arplant-042809-112156
https://doi.org/10.1080/15226519908500023

677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709

Landolt, E., 2015. Unsere Alpenflora: ein Pflanzenfihrer fur Wanderer und Bergsteiger, 9.
Uberarbeitete Auflage. ed, Ausbildung. SAC Verlag, Bern.

Lé, S., Josse, J., Husson, F., 2008. FactoMineR: An R Package for Multivariate Analysis. J.
Stat. Softw. 25. https://doi.org/10.18637/jss.v025.i01

Liu, X., Byrne, R.H., 1997. Rare earth and yttrium phosphate solubilities in aqueous solution.
Geochim. Cosmochim. Acta 61, 1625-1633. https://doi.org/10.1016/S0016-
7037(97)00037-9

Lu, Q., Xu, X., Liang, L., Xu, Z., Shang, L., Guo, J., Xiao, D., Qiu, G., 2019. Barium

concentration, phytoavailability, and risk assessment in soil-rice systems from an

active barium mining region. Applied Geochemistry 106, 142—-148.
https://doi.org/10.1016/j.apgeochem.2019.05.010

Macnair, M.R., 2003. The Hyperaccumulation of Metals by Plants. Adv. Bot. Res. 40, 43.
https://doi.org/DOI: 10.1016/S0065-2296(05)40002-6

Mantienne, J., 1974. La Minéralisation thallifére de Jas Roux (Hautes-Alpes)- Alpes

francaises (PhD Thesis). Université Pierre et Marie Curie - Paris V1.

Meharg, A.A., Hartley-Whitaker, J., 2002. Arsenic uptake and metabolism in arsenic resistant
and nonresistant plant species: Tansley review no. 133. New Phytol. 154, 29-43.
https://doi.org/10.1046/j.1469-8137.2002.00363.x

Michalet, R., Gandoy, C., Joud, D., Pageés, J.-P., Choler, P., 2002. Plant Community

Composition and Biomass on Calcareous and Siliceous Substrates in the Northern

French Alps: Comparative Effects of Soil Chemistry and Water Status. Arct. Antarct.
Alp. Res. 34, 102-113. https://doi.org/10.1080/15230430.2002.12003474
Mingorance, M.D., Valdés, B., Oliva, S.R., 2007. Strategies of heavy metal uptake by plants

growing under industrial emissions. Environ. Int. 33, 514-520.
https://doi.org/10.1016/j.envint.2007.01.005

Mudd, G.M., Werner, T.T., Weng, Z.-H., Yellishetty, M., Yuan, Y., McAlpine, S.R.B.,
Skirrow, R., Czarnota, K., 2018. Critical minerals in Australia: a review of

opportunities and research needs. Geoscience Australia.
https://doi.org/10.11636/Record.2018.051

Miller, K., Daus, B., Mattusch, J., Vetterlein, D., Merbach, 1., Wennrich, R., 2013. Impact of
arsenic on uptake and bio-accumulation of antimony by arsenic hyperaccumulator
Pteris vittata. Environ. Pollut. 174, 128-133.
https://doi.org/10.1016/j.envpol.2012.10.024

22


https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1016/S0016-7037(97)00037-9
https://doi.org/10.1016/S0016-7037(97)00037-9
https://doi.org/10.1016/j.apgeochem.2019.05.010
https://doi.org/DOI:%2010.1016/S0065-2296(05)40002-6
https://doi.org/10.1046/j.1469-8137.2002.00363.x
https://doi.org/10.1080/15230430.2002.12003474
https://doi.org/10.1016/j.envint.2007.01.005
https://doi.org/10.11636/Record.2018.051
https://doi.org/10.1016/j.envpol.2012.10.024

710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742

Nazrul Islam, M., Kawasaki, M., 2015. Evaluation of Calcium Regulating Roles of Guttation
and Calcium Oxalate Crystals in Leaf Blades and Petioles of HydroponicallyGrown
Eddo. Plant Prod. Sci. 18, 11-21. https://doi.org/10.1626/pps.18.11

Neumann, D., zur Nieden, U., Schwieger, W., Leopold, I., Lichtenberger, O., 1997. Heavy

metal tolerance of Minuartia verna. J. Plant Physiol. 151, 101-108.
https://doi.org/10.1016/S0176-1617(97)80044-2
Neuner, G., Braun, V., Buchner, O., Taschler, D., 1999. Leaf rosette closure in the alpine rock

species Saxifraga paniculata Mill.: significance for survival of drought and heat under
high irradiation: Survival of drought and heat under high irradiation through leaf
rosette closure in an alpine rosette plant. Plant Cell Environ. 22, 1539-1548.
https://doi.org/10.1046/j.1365-3040.1999.00508.x

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., Minchin,
P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E.,

Wagner, H., 2020. vegan: Community ecology package.

Ozaki, T., Enomoto, S., Minai, Y., Ambe, S., Ambe, F., Tominaga, T., 1997. Determination
of lanthanides and other trace elements in ferns by instrumental neutron activation
analysis. J. Radioanal. Nucl. Chem. 217, 117-124.
https://doi.org/10.1007/BF02055359

Pajuelo, E., Rodriguez-Llorente, 1.D., Dary, M., Palomares, A.J., 2008. Toxic effects of

arsenic on Sinorhizobium—Medicago sativa symbiotic interaction. Environmental
Pollution 154, 203-211. https://doi.org/10.1016/].envpol.2007.10.015

Peters, G.-J., 2019. Userfriendlyscience (UFS). https://doi.org/10.17605/OSF.1I0/TXEQU

Piepho, H.-P., 2004. An Algorithm for a Letter-Based Representation of All-Pairwise
Comparisons. J. Comput. Graph. Stat. 13, 456-466.
https://doi.org/10.1198/1061860043515

Pierrot, R., Roger, G., 2018. Sulfures et sulfosels naturels. Encycl. Universalis.

Pollard, A.J., Reeves, R.D., Baker, A.J.M., 2014. Facultative hyperaccumulation of heavy
metals and metalloids. Plant Sci. 217-218, 8-17.
https://doi.org/10.1016/j.plantsci.2013.11.011

Posci¢, F., Marchiol, L., Schat, H., 2013. Hyperaccumulation of thallium is population-

specific and uncorrelated with caesium accumulation in the thallium
hyperaccumulator, Biscutella laevigata. Plant Soil 365, 81-91.
https://doi.org/10.1007/s11104-012-1384-3

23


https://doi.org/10.1626/pps.18.11
https://doi.org/10.1016/S0176-1617(97)80044-2
https://doi.org/10.1046/j.1365-3040.1999.00508.x
https://doi.org/10.1007/BF02055359
https://doi.org/10.1016/j.envpol.2007.10.015
https://doi.org/10.17605/OSF.IO/TXEQU
https://doi.org/10.1198/1061860043515
https://doi.org/10.1016/j.plantsci.2013.11.011
https://doi.org/10.1007/s11104-012-1384-3

743  Preuss, C.P., Huang, C.Y., Gilliham, M., Tyerman, S.D., 2010. Channel-Like Characteristics

744 of the Low-Affinity Barley Phosphate Transporter PHT1;6 When Expressed in

745 Xenopus Oocytes. Plant Physiol. 152, 1431-1441.

746 https://doi.org/10.1104/pp.109.152009

747  Pueyo, M., Lépez-Sanchez, J.F., Rauret, G., 2004. Assessment of CaCl2, NaNO3 and

748 NH4NQO3 extraction procedures for the study of Cd, Cu, Pb and Zn extractability in
749 contaminated soils. Analytica Chimica Acta 504, 217-226.

750 https://doi.org/10.1016/j.aca.2003.10.047

751  Qasim, B., Motelica-Heino, M., Joussein, E., Soubrand, M., Gauthier, A., 2015. Potentially
752 toxic element phytoavailability assessment in Technosols from former smelting and
753 mining areas. Environ Sci Pollut Res 22, 5961-5974. https://doi.org/10.1007/s11356-
754 014-3768-9

755  Radziemska, M., Vaverkova, M., Baryta, A., 2017. Phytostabilization—Management Strategy
756 for Stabilizing Trace Elements in Contaminated Soils. Int. J. Environ. Res. Public.
757 Health 14, 958. https://doi.org/10.3390/ijerph14090958

758  Rajabpoor, S., Ghaderian, S.M., Schat, H., 2019. Antimony tolerance and accumulation in a
759 metallicolous and a non-metallicolous population of Salvia spinosa L. Plant Soil 437,
760 11-20. https://doi.org/10.1007/s11104-019-03961-x

761  Ramos, S.J., Dinali, G.S., Oliveira, C., Martins, G.C., Moreira, C.G., Siqueira, J.O.,

762 Guilherme, L.R.G., 2016. Rare Earth Elements in the Soil Environment. Curr. Pollut.
763 Rep. 2, 28-50. https://doi.org/10.1007/s40726-016-0026-4

764  Rengel, Z., 1994. Effects of Al, Rare Earth Elements, and Other Metals on Net 45Ca2+

765 Uptake by Amaranthus Protoplasts. J. Plant Physiol. 143, 47-51.

766 https://doi.org/10.1016/S0176-1617(11)82096-1

767  Resongles, E., Casiot, C., Freydier, R., Dezileau, L., Viers, J., Elbaz-Poulichet, F., 2014.
768 Persisting impact of historical mining activity to metal (Pb, Zn, Cd, Tl, Hg) and

769 metalloid (As, Sb) enrichment in sediments of the Gardon River, Southern France.
770 Science of The Total Environment 481, 509-521.

771 https://doi.org/10.1016/j.scitotenv.2014.02.078

772  Ryszka, P., Lichtscheidl, 1., Tylko, G., Turnau, K., 2019. Symbiotic microbes of Saxifraga
773 stellaris ssp. alpigena from the copper creek of Schwarzwand (Austrian Alps) enhance
774 plant tolerance to copper. Chemosphere 228, 183-194.

775 https://doi.org/10.1016/j.chemosphere.2019.04.084

24


https://doi.org/10.1104/pp.109.152009
https://doi.org/10.1016/j.aca.2003.10.047
https://doi.org/10.1007/s11356-014-3768-9
https://doi.org/10.1007/s11356-014-3768-9
https://doi.org/10.3390/ijerph14090958
https://doi.org/10.1007/s11104-019-03961-x
https://doi.org/10.1007/s40726-016-0026-4
https://doi.org/10.1016/S0176-1617(11)82096-1
https://doi.org/10.1016/j.scitotenv.2014.02.078
https://doi.org/10.1016/j.chemosphere.2019.04.084

776
77
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807

Saladin, G., 2015. Phytoextraction of Heavy Metals: The Potential Efficiency of Conifers, in:
Sherameti, I., Varma, A. (Eds.), Heavy Metal Contamination of Soils, Soil Biology.
Springer International Publishing, Cham, pp. 333-353. https://doi.org/10.1007/978-3-
319-14526-6_18

Salminen, R., Vos, W.D., Tarvainen, T., 2005. Geochemical atlas of Europe - Part 1:

Background information, methodology and maps. Geological Survey of Finland,
Espoo.

Schmidt, H., 1930. Zur Funktion der Hydathoden von Saxifraga. Planta 10, 314-344.
https://doi.org/10.1007/BF01911458

Singh, S., 2014. Guttation : New Insights into Agricultural Implications, in: Advances in
Agronomy. Elsevier, pp. 97-135. https://doi.org/10.1016/B978-0-12-802139-2.00003-
2

Singh, S., 2013. Guttation: path, principles and functions. Aust. J. Bot. 61, 497.
https://doi.org/10.1071/BT12308

Sissolak, M., 1984. Okophysiologische Untersuchung an Pflanzen an kupferbelasteten und

unbelasteten Standorten im Gebiet von Huittschlag (Salzburg). Universitat Wien,
Vienna.

Soil quality - Chemical methods - Determination of cationic exchange capacity (CEC) and
extractible cations (Standard No. NF X31-130:1999-12-01), 1999. , Qualité des sols -
Pédologie. AFNOR Association francaise de normalisation, La Plaine Saint-Denis.

Soil quality - Determination of pH (Standard No. NF X31-117:1994-11-05), 1994. , Qualité
des sols - Pédologie. AFNOR Association francaise de normalisation, La Plaine Saint-
Denis.

Soil quality — Extraction of trace elements from soil using ammonium nitrate solution
(Standard No. DIN 1SO 19730:2009-07), 2009. , Handbuch der Bodenuntersuchung:
Terminologie, Verfahrensvorschriften und Datenblétter ; physikalische, chemische,
biologische Untersuchungsverfahren ; gesetzliche Regelwerke. DIN Deutsches Institut
far Normung e.V., Berlin. https://dx.doi.org/10.31030/1517786

Soil quality — Leaching procedures for subsequent chemical and ecotoxicological testing of

soil and soil-like materials — Part 2: Batch test using a liquid to solid ratio of 10 I/kg
dry matter (Standard No. NF X31-607-2:2004-09-20), 2004. , Qualité des sols -
Pedologie. AFNOR Association francaise de normalisation, La Plaine Saint-Denis.

25


https://doi.org/10.1007/978-3-319-14526-6_18
https://doi.org/10.1007/978-3-319-14526-6_18
https://doi.org/10.1007/BF01911458
https://doi.org/10.1016/B978-0-12-802139-2.00003-2
https://doi.org/10.1016/B978-0-12-802139-2.00003-2
https://doi.org/10.1071/BT12308
https://dx.doi.org/10.31030/1517786

808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834
835
836
837
838
839
840

Soil quality - Particle size determination by sedimentation - Pipette method (Standard No. NF
X31-107:2003-09-01), 2003. , Qualité des sols - Pédologie. AFNOR Association
francaise de normalisation, La Plaine Saint-Denis.

Stahl, E., 1919. Zur Physiologie und Biologie der Exkrete. Flora Oder Allg. Bot. Ztg. 113, 1-
132. https://doi.org/10.1016/S0367-1615(17)32419-9

Tangahu, B.V., Sheikh Abdullah, S.R., Basri, H., Idris, M., Anuar, N., Mukhlisin, M., 2011.
A Review on Heavy Metals (As, Pb, and Hg) Uptake by Plants through
Phytoremediation. Int. J. Chem. Eng. 2011, 1-31.
https://doi.org/10.1155/2011/939161

Thomas, S., Mahammedi, D., Clairotte, M., Benedetti, M.F., Castrec-Rouelle, M., Persin, F.,

Peu, P., Martinez, J., Hinsinger, P., 2005. Bioavailability and extractability of copper
and zinc in a soil amended with pig slurry: Effect of iron deficiency in the rhizosphere
of two grasses, in: Biogeochemistry of Trace Elements in the Rhizosphere. Elsevier,
pp. 337—-363. https://doi.org/10.1016/B978-044451997-9/50013-1

Topa, D., Makovicky, E., Favreau, G., Bourgoin, V., Boulliard, J.-C., Zagler, G., Putz, H.,

2014. Jasrouxite, a new Pb-Ag-As-Sb member of the lillianite homologous series from
Jas Roux, Hautes-Alpes, France. Eur. J. Mineral. 25, 1031-1038.
https://doi.org/10.1127/0935-1221/2013/0025-2336

Topa, D., Kolitsch, U., Makovicky, E., Stanley, C., 2017. Ecrinsite, AgTI3Pb4As11Sb9S36, a
new thallium-rich homeotype of baumhauerite from the Jas Roux sulphosalt deposit,
Parc national des Ecrins, Hautes-Alpes, France. EJM 29, 689—700.
https://doi.org/10.1127/ejm/2017/0029-2639

Trakal, L., Martinez-Fernandez, D., Vitkova, M., Komarek, M., 2015. Phytoextraction of

Metals: Modeling Root Metal Uptake and Associated Processes, in: Ansari, A.A., Gill,
S.S., Gill, R., Lanza, G.R., Newman, L. (Eds.), Phytoremediation. Springer
International Publishing, Cham, pp. 69-83. https://doi.org/10.1007/978-3-319-10395-
2.6

Tremel-Schaub, A., Feix, I., 2005. Contamination des sols: transferts des sols vers les plantes.
EDP Sciences, Les Ulis.

Tropper, P., Manning, C.E., Harlov, D.E., 2011. Solubility of CePO4 monazite and YPO4
xenotime in H20 and H20—NaCl at 800°C and 1GPa: Implications for REE and Y
transport during high-grade metamorphism. Chem. Geol. 282, 58-66.
https://doi.org/10.1016/j.chemgeo0.2011.01.009

26


https://doi.org/10.1016/S0367-1615(17)32419-9
https://doi.org/10.1155/2011/939161
https://doi.org/10.1016/B978-044451997-9/50013-1
https://doi.org/10.1127/0935-1221/2013/0025-2336
https://doi.org/10.1127/ejm/2017/0029-2639
https://doi.org/10.1007/978-3-319-10395-2_6
https://doi.org/10.1007/978-3-319-10395-2_6
https://doi.org/10.1016/j.chemgeo.2011.01.009

841
842
843
844
845
846
847
848
849
850

51

52

53
854
855
856
857
858
859
860
861
862
863
864
865
866

Tschan, M., Robinson, B.H., Nodari, M., Schulin, R., 2009a. Antimony uptake by different
plant species from nutrient solution, agar and soil. Environ. Chem. 6, 144.
https://doi.org/10.1071/EN08103

Tschan, M., Robinson, B.H., Schulin, R., 2009b. Antimony in the soil - plant system - a
review. Environ. Chem. 6, 106. https://doi.org/10.1071/EN08111

van der Ent, A., Baker, A.J.M., Reeves, R.D., Pollard, A.J., Schat, H., 2013.
Hyperaccumulators of metal and metalloid trace elements: Facts and fiction. Plant Soil
362, 319-334. https://doi.org/10.1007/s11104-012-1287-3

van der Ent, A., Echevarria, G., Baker, A.J.M., Morel, J.L., 2017. Agromining: Farming for

metals. Springer Berlin Heidelberg, New York, NY.

Wei, W., Ma, R., Sun, Z., Zhou, A., Bu, J., Long, X., Liu, Y., 2018. Effects of Mining
Activities on the Release of Heavy Metals (HMs) in a Typical Mountain Headwater
Region, the Qinghai-Tibet Plateau in China. IJERPH 15, 1987.
https://doi.org/10.3390/ijerph15091987

Wightman, R., Wallis, S., Aston, P., 2017. Hydathode pit development in the alpine plant
Saxifraga cochlearis. Flora 233, 99-108. https://doi.org/10.1016/j.flora.2017.05.018

Yadav, S.K., 2010. Heavy metals toxicity in plants: An overview on the role of glutathione

and phytochelatins in heavy metal stress tolerance of plants. South Afr. J. Bot. 76,
167-179. https://doi.org/10.1016/j.sajb.2009.10.007

YiLan, L., RuTong, Z., 2015. clustertend: Check the clustering tendency.

Zaag, P.V., Fox, R.L., De La Pena, R.S., Yost, R.S., 1979. P nutrition of cassava, including
mycorrhizal effects on P, K, S, Zn and Ca uptake. Field Crops Res. 2, 253-263.
https://doi.org/10.1016/0378-4290(79)90027-3

Zimmer, W., Mendel, R., 1999. Molybdenum Metabolism in Plants. Plant Biol. 1, 160-168.
https://doi.org/10.1111/j.1438-8677.1999.tb00239.x

27


https://doi.org/10.1071/EN08103
https://doi.org/10.1071/EN08111
https://doi.org/10.1007/s11104-012-1287-3
https://doi.org/10.3390/ijerph15091987
https://doi.org/10.1016/j.flora.2017.05.018
https://doi.org/10.1016/j.sajb.2009.10.007
https://doi.org/10.1016/0378-4290(79)90027-3
https://doi.org/10.1111/j.1438-8677.1999.tb00239.x

Response to reviewers/editor in question & answer format (word

file)

Response to reviewers

We would like to thank both reviewers for their efforts reviewing our revised manuscript.
Thanks to their comments we were able to improve consistency and straightforwardness of
the paper.

Reviewer #1: The authors have addressed most issues raised by the reviewers. | miss a deeper
discussion on the control of mineralogy on the metal bioavailability for these plants, and
comparison of metal phytoextraction with the same plants but in cleaner environment.

We fully agree that it would be valuable to perform more soil characterization to have a
better knowledge on soil mineralogy. However, the majority of the observed variability in
metal concentrations could be explained by the plant species. Therefore, we focused our
discussion on species related particularities. We identified interesting couples of plant/critical
element in this study, for which we will perform further studies, including advanced
mineralogy characterization and a plantation of Jas Roux species on an artificially doped soil.
Despite that, | consider that the manuscript could be published after minor changes below.

Some minor comments:

| found the Graphical Abstract low informative
We revised the graphical abstract to include additional information and hope the new version
IS an improvement.

Line 19: avoid the use of ellipsis
We replaced the ellipsis by e.g. in L17: "(e.g. phytostabilisation, phytoextraction)"

Line 60: be consistent with section numbering, Introduction should be the point 1
Thank you for this comment, the oversight has been corrected accordingly

Line 77: the difficulties commented by the authors in the response to reviewers letter should
be included in the manuscript.

We agree with the reviewers' comment and added an additional sentence L75-78: "The steep
slope, variable soil depth and the presence of large rocks impeded a systematic sampling
approach. Nevertheless, the samples were collected as evenly distributed as possible. The soil
samples were collected from 10 sampling points in the study zone and consisted of 1 kg of
topsoil each (< 15 cm)."

Line 102: 0.45um ??
The mistake has been corrected for CaCl, and NH4NO3 extractions

Line 283: which soils? European, worldwide? | am afraid that these values range notably
according to background geology. | guess that the authors refer to European average values
Table 2 indicates average European topsoil concentrations according to Salminen et al., 2005.
The information has been added to the text according to the reviewers' proposition L288-290:
"Soil concentrations in European topsoil of Zn are usually around 68 mg/kg, of As, 11 mg/kg,
of Mo, 0.9 mg/kg, of Sb, 1 mg/kg, of Ba, 400 mg/kg, and of Tl, 0.8 mg/kg (Table 2)"

Lines 293-295: also, the mineralogy, with predominance of stable minerals, plays an
important role in the low metal mobility

We agree with the reviewer that this information was missing in this paragraph. We modified
the paragraph accordingly. L299-301: This low mobility indicates the dominance of stable



minerals in Jas Roux. Unlike other sulphosalt sites, Jas Roux has not been disturbed by
mining activities which generally increase metal mobility (Resongles et al., 2014; Wei et al.,
2018).

Lines 357-361: other minerals can host significant concentrations of Y, so I find this part too
speculative without a deeper mineralogical study of the substrate by SEM-EDS or similar
techniques.

We agree with the reviewers' comment and reduced the speculative part of this paragraph.
L357-361: Y soil mineralogy in Jas Roux soil has not been studied so far. Y can be
associated with several mineral phases, but one common soil mineral based on Y is Xenotime
(YPO4) (Ramos et al., 2016). Xenotime has low solubility and phosphate minerals are
generally difficult for plants to access (Darcy et al., 2018; Liu and Byrne, 1997; Tropper et
al., 2011)."

Line 399: this is not sulphate but bisulphate. Please clear it up
We changed the chemical formula in L392 + L398 to the unprotonated forms to be more
consistent.

Line 413: please be consistent, use the chemical symbol or the name
We changed all element names to the chemical symbol.

Line 422: accumulators??

This sentence seems right as it is. The subject of the sentence is "concentrations". L416-417:
"Concentrations of Al > 1000 mg/kg, like those we measured in aerial parts of Hippocrepis
comosa (1336 mg/kg DW), are rare in higher plants and are considered as Al accumulation
(Kabata-Pendias, 2011)."

Line 437: As is a metalloid not a metal. Neither is critical

Indeed, this is an important comment. We used the term “critical metals™ instead of "critical
elements” as it is a standing term in literature and includes metalloids like As and Sh
(https://doi.org/10.1016/].resconrec.2019.104669). We added a sentence to explain our choice
of critical elements and justify the presence of As which is considered critical in many studies
summarized by Hayes and McCullough - 2018. L130-133: "The critical elements were
chosen based on the study on the EU's list of critical raw materials and a review of critical
minerals and will be called critical metals throughout the manuscript (European Commission,
2020; Hayes and McCullough, 2018)."

Reviewer #3: Metal accumulation in plants have been widely studied in the past few decades.
As stated by Fehlauer et al., however, the case of rare metals accumulation in plants is
limited. Totally, the work present here is very important and interesting, but | think the
manuscript should be revised again according to the following suggestions or comments.

We thank reviewer #3 for the kind words. Thanks to the comments and suggestions we were
able to further improve our manuscript.

Line 10: "Their increasing use also involves increased risk of their dispersion”, what is the
main focus of your study? You introduced rare element application in industry, its risks to
humans and how to remove them by phytoremediation. | recommend the authors to highlight
the most important goal of the study throughout the manuscript.

Indeed, the main goal of the study was mentioned too late in the introduction. Thanks to the
reviewers' comments we modified our second paragraph to improve the straightforwardness
of the introduction. L12-15: "Aim of this study is to analyse the soil-to-plant transfer of some


https://doi.org/10.1016/j.resconrec.2019.104669

of these metals and to shed light on their uptake pathways. Our findings might bare valuable
information for phytoremediation and promote plant-based remediation techniques of metal-
contaminated sites."

Furthermore, the main goal of the study is specified again in the introduction, the abstract and
the conclusion.

L32-35: "The huge number of factors and complex interactions are impossible to reproduce
in the laboratory, thus, to understand the uptake of poorly studied elements, such as critical
metals, performing in-situ studies in a natural environment is advantageous."

L474-476: "These results advance our understanding of soil-to-plant transfer of poorly
studied but increasingly used critical metals and point to the potential of several plant species
for future phytoremediation techniques."

Line 43: "lead, antimony, copper, thallium and arsenic”. You used the abbreviated names of
some heavy metals before.
We increased consistency by using exclusively the atomic symbol instead of the names.

Line 79: "12 were selected", If two or more plants belonging to a certain species, how did
you make the choice?

We chose the sampled species according to occurrence, spatial distribution and family. The
family was different for each of the 12 species, except for Dactylis glomerata and Festuca
laevigata that both belong to the family of Poaceae. We modified the sentence to improve
clarity. L78-80: "Among the 65 plant species identified in the study zone, 12 were selected,
taking into account occurrence, spatial distribution and family affiliation (Table 1)."

Lines 201-225: Pls add the figure captions of Hip, Glo, Dia, etc:, following the figure 2.
The acronyms of each species are introduced in Table 1. Additionally, we added the
information to the caption of each figure as proposed by the reviewer.

Figure 2: Another question, did the PCA show statistical significance?

No, a PCA does not allow to draw any conclusions regarding statistical significance. It is
more of a visualization of the dataset. The clustering however gives statistical information
about clusters within the dataset. Statistical differences between species regarding the
elemental concentrations have been tested using a Games Howel test and are illustrated in
Table 3 and 4.

Section 4.4: Pls reference to previous article http://dx.doi.org/10.1016/j.jhazmat.2016.08.079
We added the reference to the citation in L 392-394: "Vanadate (VO43-) and arsenate
(AsO43-) enter the plant through phosphorous transporters, due to similarities in structure
and charge (Chen et al., 2021; Meharg and Hartley-Whitaker, 2002, Han et al., 2016)."

Lines 227-258: Jun, Sax, Hip, etc., pls add the information of the abbreviated names in the
first use. See Q4 and check the mistakes throughout the manuscript. You can use the full
names and give the abbreviated information in the first use and use the abbreviated names in
other parts.

We followed the reviewers' advice and replaced all full names by the acronyms. We kept the
full names only in the conclusion and the abstract as these parts need to be understandable
without reading the full paper. In order to introduce the acronyms, we added a sentence in
material and methods referring to Table 1. L80-81: "For improved readability we attributed
acronyms to each of the 12 species throughout the paper (Table 1)". Additionally, all
acronyms are explained in the figure captions.


http://dx.doi.org/10.1016/j.jhazmat.2016.08.079

Lines 260-273:TF is one of the indexes to isolate the potential plants for phytoremediation.
Why didn't you focus on other indexes, e.g., BF?

We also calculated the bioconcentration factor (Croots/Csoit) and the migration ratio
(Cieawves/Csoit) Using the total soil concentrations. Both factors can give additional information
about elemental uptake by plants. In our case however the translocation factor (Cieavves/Croots)
was sufficient to illustrate the main results.

Line 433: Biological factors? You only showed TF in this study.

We improved the sentence according to the reviewers' comment. L426-428: "The
translocation factor in combination with the mean elemental concentrations, revealed further
adaption strategies and species-related tendencies in elemental uptake (Figure 3)."

Conclusions: Its too long, pls cut down this part. Conclusion is not a summary for each part
but a concise conclusion of your findings.

We fully agree with the reviewers' comment we cut down the conclusion significantly (291
words instead of 352 words). We hope that this improved overall readability and precision.
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Table 1: Selected plant species, n = number of replicates

Species Family Acronym n
Biscutella laevigata Brassicaceae Bis 4
Dactylis glomerata Poaceae Dac 3
Dianthus sylvestris Caryophyllaceae Dia 3
Euphorbia cyparissias Euphorbiaceae Eup 7
Festuca laevigata Poaceae Fes 7
Galium corrudifolium Rubiaceae Gal 6
Globularia cordifolia Globulariaceae Glo 3
Hippocrepis comosa Fabaceae Hip 3
Juniperus communis subsp. nana  Cupressaceae Jun 3
Pilosella peleteriana Asteraceae Pil 7
Saxifraga paniculata Saxifragaceae Sax 7
Veronica fruticans Plantaginaceae Ver 2
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Table 2: Average total, mobile (0.001 mol/L CaCl,) and phytoavailable (1 mol/L NH4sNQOs3) concentrations and
standard deviations (SD) in mg/kg DW of topsoil from Jas Roux (n=10), as well as average concentrations in
European topsoil (n>840) from Salminen et al. 2005. The concentrations were measured by ICP-MS except for
total concentrations of Al, K, Ca and S that where measured by ICP-OES.
Mg Al P S K Ca V.  Mn Fe Ni Cu Zn As Y Mo Sh Ba Ce Tl
Total 1679 12172 678 11258 21153 3890 110 3401 58930 59.9 44.6 602 2382 4.22 19.3 778 27182 6.61 242
SD 457 1467 112 4892 2134 3651 11.1 802 11219 8.12 3.96 161 975 1.04 3.71 287 6157 2.61 145
CaCl, 55.53 1.65 0.595 NA 79.8 NA 0.004 1.62 5.95 0.049 0.043 0.272 0.649 0.003 0.016 0.446 16.0 0.006 0.778
SD 19.6 0986 0.350 NA 26.0 NA 0.002 1.18 4.85 0.027 0.013 0.146 0.560 0.002 0.012 0.219 6.22 0.003 0.720
NH;NO; 106 0.237 1.52 NA 112 NA 0.003 2.61 0.718 0.048 0.121 0.350 0.103 0.006 0.006 0.113 199 0.001 7.60
SD 349 0.176 0.794 NA 27.9 NA 0.001 3.25 0.610 0.024 0.044 0.166 0.096 0.003 0.004 0.054 93.3 0.001 6.78
European topsoil 68.1 373 17.3 68.1 11.6 22.7 0.943 1.04 400 52.2 0.821
SD 47.0 136 19.0 141 20.1 15.7 131 2.04 213 313 1.02




Table 3: Average concentrations (mg/kg DW) and standard deviation (SD) in the aerial parts of each plant species analysed. The highest and lowest concentrations of each
element are highlighted. The statistical difference between the species (0=0.05), is shown for each element by a sequence of letters within which the absence of matches

indicates significant difference (NA=not available). Except for Mg, P, K, Ca and S, which were measured in ICP-OES, all concentrations were measured by ICP-MS.
i Mg | A P i s ¢+ K i € i V i : i Ba |

Tl

. , i mMn | Fe | Ni | cu i zZn i A i v | Mo | sb | Ba | ce

Biscutella laevigata
nea Mean 3781 cde | 577 abciigsg abed ;g abediqgpsy d 123583 abciogag AbCi 713 @ | 589.3b¢i 1682 | 2592 173 3 1159 3bcdi0.396 3ci0.951 3P} 5,80 b 568 2 {0.637 ¢ | 256 2

SD 881 385 698 1937 1091 9538 0.669 51.5 406 0.317 0.458 129 9.61 0.275 0.176 3.24 299 0.579 224

Dactylis glomerata

n=3 Mean 1838 abed § 1g89a | 4713b {1375 7315 abed i 4911 2b {0320 @ 2303b ! 3243b 1 1843 | 3473bi3793big3q3b ippe7abci 1772 | 3293b! 1933 ip2633 | 5852
SD 247 72.2 123 112 2630 1566 0.119 84.6 168 0.395 0.421 27.3 5.79 0.073 0.300 1.92 124 0.118 4.07

Dianthus sylvestris

ne3 Mean| 2672 3bcde ! g5g abci 56 b i1243 abe | 750 abedisogq abei 190 abei 319 b ¢ 797 abei p19a | 469 3 {643 3 0.3 3bcdi0.445 3ci0.9g2 3B | 614 3P| 9482 {0.887 4! 6,682
SD 931 686 85.7 231 1938 6796 1.18 91.7 870 0.949 2.10 10.7 24.3 0.420 0.385 6.86 439 0.902 3.17

Euphorbia cyparissias
ne7 Mean 2995 c 405 @b {1818 ¢«d 12401 bd 116302 <de {12840 bc {0.667 20 | 7752 § 5172 1 1732 | 507b i949b 11422 {02302 {059423b ! 42821 6422 {04402 | 2692

SD 858 433 504 716 5342 4526 0.727 31.8 500 0.689 1.38 44.3 12.2 0.224 0.213 3.51 469 0.461 315
Festuca violacea
pey Meani 917 P 3773 | 133 1558 abc i gggs be i 37152 10616230 8052 | 5062 1 2042 | 2602 {2902 113423 1032020} 1872 | 3532} 3102 {05002 | 6872
SD 379 327 285 549 1943 1817 0.557 49.2 504 2.34 0.556 14.8 11.2 0.274 0.786 3.18 279 0.477 10.5

Galium corrudifolium

neg Mean (1903 34 | 550 3bci g1 abed ) 1939 abediq0407 abcdiq5129 ¢ 10.941 3bci 149 3B 753 3bct 3982 § 5293P17903b g4 3bcdigs3p Abel 19730 66330} 6273 107323 | 2542
SD 220 464 422 660 4019 4398 0.740 100 570 6.73 2.58 39.1 14.4 0.643 0.567 4.80 363 0.541 410

Globularia cordifolia

ne3  Mean 1734 3bcd 11177 abei 734 abed!ggg d 5378 ab 113248 bc | 180 abc! 235 abijpqg abci 3332 } 550abizggabizyyabedigzgg abciggsgabi jggabi g3ga ! 157 abcdi 556 a
SD 337 794 298 123 1184 2191 1.38 207 1054 1.25 0.990 5.90 35.6 0.590 0.117 10.1 298 1.25 2.42

Hippocrepis comosa

pe3  Meani1313 34 11336 ¢ | 9032 11622 € 7089 abc 114237 ¢ | 2.05¢ | 241b {1686 ° | 8892 | 7222 i394 is59¢ ipgsac | 30823} 1612 i10292 | 172 | 1812
SD 196 118 52.0 143 1124 1883 0.190 25.8 274 5.24 2.28 4.57 10.4 0.151 19.9 4.05 354 0.168 14.6

Juniperus communis ssp. nana
ne3 Mean} 789 2 178 @ {1010 @ | 885 2 5272 @ 110831 bc {02922 { 1022 | 2032 | 1492 | 2312

SD 321 79.3 345 69.2 390 582 0.127 25.4 71.3 0.039 0.169

=
=

©
N
'y

ac 101272 1051423 i0.8882 | 2492 102272 2.18°
0.042 0.128 0.497 96.8

N
=]
iy
=
w
©

0.094
Pilosella peleteriana
pey Meani1952 3d | 563 P 11391 d 11852 «d {22525 € 9919 bc 10893 b | 1443} 575bc § 4392 ! 1173 ig495b 1162 bd {0442 ¢ 10873230} 4560 | 4922 {0.709 P 6.50 @
0.182

SD 184 130 184 447 2935 1933 0.210 69.7 146 1.81 5.99 14.6 7.41 0.169 0.559 1.73 166 3.16
Saxifraga paniculata
ne7 Mean 4056 © 604 @ | 7733 i gg5ab | 5914 ab 152243 d ip4233b 11282 ¢ | 3183 i 366P ! 31223} e363P 1763 3bcdl 337d ip445b ! 24123bi23232 .67 d 28.6 2
SD 695 275 256 128 1931 10053 0.407 356 219 11.6 0.535 405 3.81 1.18 0.362 1.53 1359 0.974 18.5
Veronica fruticans
nea  Mean 1309 NA 711 NA Y 534 NA 11195 NA 1 6816 NA | 6569 NA L 116 NA L 194 NAY g76 NAY 331 NAL 101 NAig3 g NAiop 5 NA 10535 NA L 150 NAL gg5 NAL go5 NAL 107 NA 1 102 NA
SD 171 109 85.1 265 525 674 0.236 82.4 130 0.023 4.18 24.5 11.0 0.087 0.090 2.65 68.5 0.300 6.37



Table 4: Average concentrations (mg/kg DW) and standard deviation (SD) in the roots of each plant species analysed. The highest and lowest concentrations of each element
are highlighted. The statistical difference between the species (0=0.05), is shown for each element by a sequence of letters within which the absence of matches indicates

significant difference I(NA:nolt availaple). Except for Mg, P, K, Ca and S, which were measured in ICP-OES, all conpentrations were measureq by ICP-MS.

i Mg § A { p P s i k ! ca i v ! mn i Fe | N | cu i zn i A I Y | Mo | sb | Ba | ce | ™
Biscutella laevigata
n=3 Mean{1654 3¢ 704 2 11068 2P {5100 2P {12449 bci 7720 b€ 109132 | 1332 {11243} 7372 {4602 {2412 {3132 }0.8042P {06092 {11.92 {10732 | 1192 (231 %
SD 295 555 305 1058 3469 2199 0.660 87.7 1173 4.45 3.30 210 32.7 0.717 0.229 13.3 1339 1.09 18.9
Dactylis glomerata
n=3 Meani1000 3 !2241 3! 591 ab {2991 ab ! 3485 2 11357 abed | 434 abci 339 3bisgq93ab ! g0 2 11912 19533 ! 210! 2233bci 35830139712 141552 | 2983 ! 125 P
SD 369 1867 146 2047 867 1476 4.35 191 6101 4.09 11.0 47.5 274 1.08 1.50 26.5 5324 2.35 43.4
Dianthus sylvestris
n=3 Meani1588 3 | 640 @ | 4542 {1242 | 37602 [10156 2P«e} 1022 | 1712 | 7853 | 4.80° {2162 {5242 {2132 08812 | 3523 {7772 {1321° | 1082 |6.89°
SD 189 528 132 305 904 5642 0.876 91.0 658 2.25 23.2 20.1 19.9 0.341 0.747 5.84 710 0.794 2.80
Euphorbia cyparissias
n=7 Mean{2697 ¢ 12397 3 112093 b 13041 P } 8129b ! 87353b : 394bc i 27323 136413 7052 11373 {1692 | 1563} 1783ci 214 b 14762 139133 | 3072} 174 P
SD 585 746 392 710 1740 3179 1.44 121 1801 1.96 6.87 109 150 0.614 0.683 37.2 4295 1.13 156
Festuca violacea
ng Meani{1040 @ {3446 3! 608 b {1880 2P| 44302 | 9012 2" | 550 2P} 3352 142803 ! 9042 {1752 {8453 ! 1413} 308Pc | 265P 13562 (24132 | 4883 !713
SD 167 1746 256 813 1132 1398 3.07 173 2297 1.95 10.8 31.3 75.9 1.07 0.627 15.2 1609 2.34 63.2
Galium corrudifolium
ng Meani1341 3P 12355 3b 1} 692 ab 2133 3b§ 5846 3P 16531 e | 404 3 3123 131713} 6952 19623 {1492 19973} 2343bct 2163 132523 127303 | 3.412P} 137 %
SD 506 2200 126 1047 1981 3479 4.04 130 2494 3.50 2.88 75.2 81.1 1.48 0.777 29.7 2683 2.95 223
Globularia cordifolia
ne3 Mean {1095 2512252 3} 430 3 {1404 2 | 38313 | 7257 ab 3.70 2¢{ 417 3b 12728 3| 8172 {2102 {84.12 [8683° ! 2103c} 27632792 {11922 | 3.283b {3153
SD 591 1263 198 108 2731 796 2.14 225 1586 0.688 9.27 29.9 57.7 0.808 0.778 17.2 290 1.57 11.9
Hippocrepis comosa
n=3 Mean} 7632 133623} 4103 11546 2 | 3232 3 | 9595 abcd i 54gabci g4 3b ig558 b+ 4383b 11303 17762 175301 270 3¢t 1433 14622 121433 | 470 P 1476 %P
SD 187 1433 85.0 150 1476 1772 2.68 280 2101 6.50 4.18 20.6 90.2 1.12 11.1 25.6 1554 2.02 44.0
Juniperus communis ssp. nana
n=3 Mean{1017 2P 1852 3| 628 3P {1635 2 | 3972 3P }25231 3de | 317 3bci 20123 12009 | 7792 12583 {1052 {5142 | 1953P¢i 260313013 111793 | 2242 {384 %
SD 170 158 110 192 1374 3922 0.293 50.5 268 1.62 5.02 43.0 8.25 0.481 0.550 11.1 166 0.240 14.7
Pilosella peleteriana
ne7 Mean{1690 P° 11360 @ !1380 3P {1236 2P {24555 ¢ | 9481 3bcd ! p3gabci 33723 114782 ! 6012 12002 {700° 14222 ! 1553P { 1443111323 117463 | 2102 {547 P
SD 354 964 973 462 6961 2683 1.83 101 1145 2.53 16.1 33.9 35.8 0.808 0.666 8.68 830 1.37 23.5
Saxifraga paniculata
ne7 Mean | 2048 abcigqsz b | g23 @b igggg ab i 40812 126773 © 934 °¢ 11252 b i4851b i 309P {3242 79523 i177b i 737°¢ 212 14132 138022 | 8.07P i5043b
SD 756 2688 171 534 1345 6062 4.42 510 1806 8.07 17.6 616 68.5 3.24 0.721 18.9 1843 3.27 30.0
Veronica fruticans
nep Mean!1002 NA 11149 NAY 434 NAY g0 NAY 5819 NA Y 7097 NA 1 1.81 NA Y 273 NA1 1961 NAY 848 NAi33.9 NAL 122 NAt36g NAL 127 NA L 220 NAT125 NAL ggg NAL 174 NAt 445 NA
SD 18.4 217 124 183 1012 1470 0.596 21.7 449 6.28 27.3 83.0 22.4 0.071 0.077 5.70 205 0.504 47.4
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Figure 1: Boxplot with whiskers (minimum to maximum) of elemental concentrations in aerial plant parts (n=55)
and roots (n=55) of all individuals of the 12 species compared to the total concentrations in the soil (n=10) in

mg/kg DW. The bottom and top of the boxes represent the lower and upper quartile and the median is represented
by the horizontal line inside each box.
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Figure 2: Biplot of the results of a primary component analysis of the elementals concentrations in aerial parts
(a) and roots (c) including the individuals according to their species and results of partitioning clustering (K-
means) on elemental concentrations in aerial plant parts (b) and roots (d) with a Hopkins clustering tendency of
respectively 0.19 and 0.20. Coloured symbols representing the 12 plant species Bis (Biscutella laevigata),

Dac (Dactylis glomerata), Dia (Dianthus sylvestris), Eup (Euphorbia cyparissias), Fes (Festuca laevigata), Gal
(Galium corrudifolium), Glo (Globularia cordifolia), Hip (Hippocrepis comosa), Jun (Juniperus communis
subsp. nana), Pil (Pilosella peleteriana), Sax (Saxifraga paniculata) and Ver (Veronica fruticans).
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Figure 3: Heatmap of average translocation-factors (mean) and standard deviation (SD) for each plant species and
chemical element (Concentration in the leaves / Concentration in the roots). The acronyms are standing for the
plant species Biscutella laevigata (Bis), Dactylis glomerata (Dac), Dianthus sylvestris (Dia), Euphorbia
cyparissias (Eup), Festuca laevigata (Fes), Galium corrudifolium (Gal), Globularia cordifolia (Glo), Hippocrepis
comosa (Hip), Juniperus communis subsp. nana (Jun), Pilosella peleteriana (Pil), Saxifraga paniculata (Sax) and

Veronica fruticans (Ver).
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Figure 4: Average concentrations of Y, Mo and Tl in aerial plant parts and root of Biscutella laevigata (Bis, n=4),
Juniperus communis (Jun, n=3), Hippocrepis comosa (Hip, n=3) and Saxifraga paniculata (Sax, n=4) compared
to the average soil concentration (n=10) in mg/kg DW.
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