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The increasing production of wastes that are landfilled might contribute to sources
of potentially toxic elements; this is the case of residual red gypsum tailings, a by-
product of titanium dioxide extraction. Revegetation of such a site is essential, and
Mn phytoextraction may render the operations economically profitable. This study
aimed to apply phytomanagement techniques for increasing the plant development,
tailings revegetation and an optimal Mn phytoextraction using silver birch, the most
abundant plant species on this site. To enhance the nutrient availability from the tailings,
amendments that reduce the pH, i.e., pine bark chips, Miscanthus straw, white peat,
and ericaceous compost, were mixed with residual red gypsum and birches were
allowed to grow for 3 months. The pine bark chips and ericaceous compost led to
a maximum decrease in pH, allowing the accumulation of up to 1400 mg Mn kg−1

dry matter in the leaves silver birch leaves. However, some nutrient competition was
found in the pine bark treatment, which halved biomass production as compared to
control. Further amendment addition may be needed to take advantage of the pine bark
capabilities as a soil conditioner and Mn solubilizing treatment in residual red gypsum.

Keywords: Betula pendula, organic amendments, potentially toxic elements, phytomanagement, red gypsum

INTRODUCTION

The global population surpassed 7 billion inhabitants by January 2016, increasing concerns
about food security, climate change, public health, resource extraction, and waste recycling
(Abdulkadyrova et al., 2016). Waste generation and its management is currently of major
importance (European Commission [EC], 2015). Total waste production includes waste
produced in manufacturing, mineral extraction, and households, with some of these main
waste sources in Europe reaching up to 2500 million tons (Eurostat, 2016) and becoming
landfill waste. The number of potentially contaminated sites in Europe is as high as
3 million (EEA, 2007), and this number could eventually increase with the increase in
the population and industry. Industrial landfills may contain mine slags and tailings that
generally contain potentially toxic elements (PTEs) that affect organisms differently (Kurt-
Karakus, 2012). The urbanization near landfill areas may increase population exposure to
PTEs by dust inhalation, ingestion of home-grown vegetables (Assad et al., 2019), and
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dermal contact with contaminated substrates (Jiang et al.,
2019). Additionally, tree development in mining soils with high
rhizosphere pH, i.e., from the bauxite extraction or coal mining
industries, may be affected by a nutrient deficiency, rather than
by soil metal(loid)s in excess (Zhang and Zwiazek, 2016).

Management and remediation of industrial residues usually
imply engineering technologies, although these are often
disregarded due to the unappealing cost-effectiveness of
operations and further environmental impact (Ciadamidaro
et al., 2019). Alternatively, phytomanagement could be employed,
through the combination of chemical, biological or the use of
organic amendments, for the reclamation of contaminated sites
or extraction of certain PTEs (Robinson et al., 2009). A previous
study (Hueso-González et al., 2017) used straw and pine chips for
mulching and mixing with the soils to improve water retention
and therefore increase plant survival rate in dry environments.
These organic residues were selected due to their low additional
cost for reforestation and for the services they offered to the
ecosystem (e.g., improvement of aggregate stability, aeration,
and hydraulic conductivity) (Hueso-González et al., 2018). Peat
mineral mix was also used as a soil cover for tailings and mine
overburden to improve the availability of micronutrients for
Pinus contorta and Picea glauca (Manimel Wadu and Chang,
2017). In a field experiment carried out in a gold mining tailings
in Southeastern Manitoba (Canada), papermill sludge and
woodchips were used to improve substrate aggregation and
organic content. The use of these substrates in low quantities
(<5.6 t ha−1) improved directly the physico-chemical soil
conditions and consequently the biological activity without
altering the pH (Young et al., 2015).

Previous studies on the residual red gypsum (RRG) of the
Ochsenfeld site, in Eastern France, showed that the harshness and
nutrient deficiencies of the substrate somehow restrained plant
colonization (Zappelini et al., 2018). The absence of a vegetation
cover on such mine tailings may represent a health concern
for the villagers and settlements surrounding the site. Managing
the Ochsenfeld site by following the Green Chemistry principles
would allow this RRG site to be returned to a productive area,
since RRG has abundant presence of some metals of commercial
interest (Zapata-Carbonell et al., 2019), where the raw material
can be exploited for secondary uses. In this regard, the production
of commercial glazes for ceramic production (Kamarudin and
Zakaria, 2007) and the production of cement as a binder (Hughes
et al., 2011; Gázquez et al., 2014) are some of the main uses for
RRG. Moreover, given recent chemical studies, RRG might also
be used as raw material for the synthesis of other compounds,
such as catalysts (Grison et al., 2015; Deng et al., 2016).

Silver birch (Betula pendula), which is naturally occurring
and dominates the vegetation cover at the RRG Ochsenfeld
site (Zapata-Carbonell et al., 2019), showed tolerance and Mn
accumulation rates that are close to those found in other Betula
species (Ciadamidaro et al., 2019). This colonist would be a
suitable species for the phytomanagement of Mn-contaminated
sites. As it is well known, the chemical speciation and solubility of
nutrients and trace elements is mainly driven by the pH, and thus,
we hypothesized that a reduction in pH of the RRG, currently
at 7.8, would render the nutrients more readily available, which

will improve the plant development and hence revegetation. This
work aims to demonstrate the hypothesis that amending the
RRG with commercial organic amendments known for lowering
soil pH, i.e., ericaceous compost, white peat, pine bark chips,
and Miscanthus straw, will: (1) increase growth of the silver
birch by allowing the revegetation of this particular contaminated
site and (2) enhance the amount of Mn taken up by the tree
roots and, hence, its accumulation in harvestable plant parts for
possible valorization.

MATERIALS AND METHODS

Nature of Substrate and Origins
The substrate used was RRG, the product of the neutralization
of the sulfuric TiO2 extraction effluent, and the landfill is located
at the Ochsenfeld site (47.79686 N, 7.132775 E), near Thann in
Eastern France. The RRG has been in situ for over a decade
and contains abundant concentrations of Ca, S, Fe, Mn, and
Mg (approximately 200000, 110000, 650000, 5000, and 3500 mg
kg−1 DW, respectively) (Assad et al., 2017; Zapata-Carbonell
et al., 2019). We also found other essential elements such as Co,
Cu, K, Na, P, S, Si, and Zn, or other PTEs such as Cr, Cd, or
Ni. However, for most of the PTEs, we did not register higher
accumulation of these elements in the edible parts of crops or in
poplar leaves grown on red gypsum compared with the control
soil in a previous experiment (Assad et al., 2017), except for Cr
for which we indeed found higher amounts in poplar leaves.

Tree Production
Betula pendula seeds were collected from the Thann site in 2017
and used in all subsequent experiments. Seeds were sown on
peat (Brill Typical, Germany), and seedlings were grown for
3 months in a culture chamber with a 16 h, 23◦C and 8 h, 21◦C
day/night regime, with an average moisture of 70% and a daylight
intensity of approximately 600 µmol photons photosynthetically
actives m−2 s−1.

Experimental Setup
The RRG was collected at the Ochsenfeld site on a fully
characterized area (Zapata-Carbonell et al., 2019) in February
2017. The amendments selected for lowering the pH were
ericaceous compost (Ec) (Sorexto, France), white peat (Wp)
(Hawita Baltic, Latvia), pine bark chips (Pc) (Eden Garden,
France) and Miscanthus straw (Ms). Mixtures of substrates 1:1
(v/v) were homogenized and set up in 0.5 L pots (n = 12)
using RRG, some 320 g DW of substrate, and each of the
above amendments were applied in their crushed form. We
selected the amendment doses, following recommendations
found in previous studies where incorporation of feedstocks in
similar proportions into a mine soil (Tandy et al., 2009) or a
contaminated sediment (Mattei et al., 2017) were found to be
efficient in promoting plant growth. The four treatments were
as follows (1) ericaceous compost + red gypsum (Ec), (2) white
peat + red gypsum (Wp), (3) pine bark + red gypsum (Pc), and
(4) Miscanthus straw + red gypsum (Ms). Untreated RRG was
used as a control treatment (Unt). Pots were placed on one plate
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per treatment to avoid leakage exchange among the treatments.
One seedling of silver birch was planted per pot immediately
after mixing the amendments in the pots and kept in the culture
chamber mentioned above. Pots were watered from the bottom
every 4 days in order to maintain a 23% of humidity as found
in situ. The leaves and roots were harvested after 3 months,
washed and rinsed with distilled water to avoid contamination,
and then oven-dried at 70◦C and weighed.

Monitoring and Sampling
The initial and final element concentrations (Al, Ca, Cr, Fe,
K, Mn, Na, P, and S) were determined in substrates and leaf
samples. Substrate samples were taken monthly in the shape of
thin cores (5–10 mm in diameter) along the edges of the pots
oven-dried at 40◦C, ground and sieved through a 2 mm sieve to
analyze and monitor changes in the pH and CaCl2 extractable
fractions of the elements cited above. Similarly, the physiological
response was assessed by measuring the relative chlorophyll
content index (CCI) through a CCM-200 plus chlorophyll meter
(Opti-Sciences, Hudson, NY, United States) using the third most
developed leaf each time this parameter was measured in every
plant for consistency.

Elemental Analysis
The substrate pH was determined using a Hach HQ40d pH meter
(Colorado, United States) after 1:2.5 (w/v) parts of substrate in
1 M KCl had been shaken for 1 h (Hesse, 1971). Analysis of
element concentrations in substrate extracts was performed using
induced coupled plasma atomic emission spectrometry (ICP-
AES, Thermo Fisher Scientific, Inc., Pittsburg, PA, United States).
To determine the CaCl2 extractable fraction, 2.5 g of substrate
were mixed with 25 mL of 0.01 M CaCl2 solution and incubated
at room temperature for 3 h under agitation (140 rpm). This
solution was finally filter through a Whatman 2 filter paper
(Houba et al., 2000).

Initial total concentrations in the substrates and the ionome in
the birch leaves were determined in wet-digested samples using
either 0.5 g of substrate + 2 mL HNO3 + 5 mL HCl or 0.125 g
of leaf DM + 1.75 mL HNO3 + 0.5 mL H2O2, respectively, in a
digestion block (DigiPREP, SCP Sciences, Courtaboeuf, France)
prior to the ICP-AES analysis (Assad et al., 2017). The calculated
recovery percentages of the studied elements ranged from 89
to 156% for the substrates, and 60 to 101% for the leaves. The
reference materials used were loamy clay soil (CRM052, LGC
Promochem, Molsheim, France) and oriental basma tobacco
leaves (INCT-OBTL-5, LGC Promochem, Molsheim, France) for
the substrate and leaves, respectively.

For a better understanding of the soil-plant interaction
and nutrient exchanges, bioconcentration factor (BCF), which
integrates both soil and plant concentrations was computed for
each element (Chopin and Alloway, 2007; Kabata-Pendias and
Pendias, 2011). The bioconcentration factors were calculated
with the foliar element concentration over the substrate element
concentration, as explained by Takarina and Pin (2017). The
phytoextracted Mn was calculated taking into account the Mn
concentration accumulated in leaves (mg kg−1 DM) times the
biomass produced (kg DM).

Statistical Analysis
Data obtained was processed with R (Ver. 3.4.2) packages
FactoMineR (Lê et al., 2008), factoextra (Kassambara and Mundt,
2017), and agricolae (de Mendiburu, 2014), and the graphs were
made with ggplot2 (Wickam, 2017). All tests were considered
significant when p < 0.05. Analysis included two-way analysis of
variance (ANOVA), with the Tukey-Kramer test for differences in
the means used for group classification. For the CaCl2 extractable
concentrations of Mn and Cr, data were log-transformed relative
to the ANOVA postulates. Principal component analysis (PCA)
were performed using the FactoMineR package to explain the
distribution of the elements determined in the leaves and
in the substrates among the treatments. Ellipses were drawn
at the 95% confidence interval of the barycenter of each
treatment. The results reported in the tables are presented in
means± standard deviation (SD).

RESULTS

Amendment Influence on the Substrate
Properties
Compared to the untreated substrate, the amended substrates
displayed changes in physico-chemical parameters. First, changes
in pH were found at the initial time (T0), with a decrease of up to
one unit for the Pc soil. Few to no significant differences were
determined for Wp, Ms and Ec soils. The differences remained
similar during the experiment, with the highest pH observed
for the Unt soil, followed by the Wp, Ec, and Ms soils, and
the lowest pH being in the Pc soil. Throughout the experiment,
the amendments tended to initially decrease the pH which was
increased over time, including the Unt soil (Figure 1).

A PCA was performed using only the soil total concentrations
of elements (Supplementary Figure S1). This analysis shows
the distribution of the elements among the treatments. The first

FIGURE 1 | Changes in soil pH for each treatment during a 3-month growth
period. Values shown (means ± SD) represent the results of 12 replicates.
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component explained 69.4% of the variance, as most of the
arrows, representing the elements determined by ICP-AES, were
oriented in this axis toward the Unt soil (Al, Ca, Cr, Fe, Mg,
Mn, and S) and on the opposite side toward Ec and Pc soils (P
and K). On the other hand, the second component explained
13.3% of the variance, the variable that had more influence on this
component was Na. Further changes noticed in the amended soils
included changes in the solubility (CaCl2 extractable fraction)
of some elements (Supplementary Table S1), notably Mn and
Cr (Figure 2). The incorporation of ericaceous compost, white
peat and pine bark chips decreased significantly the CaCl2
extractable Cr concentration and likely root exposure from
T0 as compared to the Unt soil (Figure 2A). The use of
Miscanthus straw induced a more progressive change in Cr
extractability; however, equally different from the Unt soil. In
contrast, Mn solubility significantly increased in the Pc, Ec,
and Wp soils. Additionally, the highest Mn solubility occurred
in the Pc soil at T0, reaching up to 16 mg Mn kg−1 soil
DW (Figure 2B).

Birch Growth
The plant answers somewhat differed across the treatments. At
harvest, the mortality rate for plants growing in the Ec and Ms
treatments was one individual in each treatment (8.3%), whereas
no plants died in the Unt and Wp treatments. Finally, for Pc, the
mortality rate was 25% (3 individuals).

The amendment effects on the biomass production at
harvest are shown in Figure 3. Unexpectedly, the root biomass
production was similar for the Unt, Wp, and Ec treatments,
whereas the Pc plants significantly displayed a lower root biomass
than the Unt plants (p < 0.01). The root biomass of the Ms
plants did not differ from the other ones. As for the roots, leaf
biomass production was similar for the Unt, Wp, and Ec plants.
In contrast, the leaf biomass of the Pc and Ms plants were lower
than that of the Unt plants.

The CCI showed no significant differences across the
treatments after 1 month; however, after 3 month, the Unt, Wp,

and Ms birches showed similar chlorophyll values, whereas the Pc
and Ec plants had significant lower chlorophyll values (Figure 4).

Foliar Ionome of Birch Plants
The elements determined in the leaves and the substrates are
summarized in Table 1. The PCA based on the foliar ionomes
and soil concentrations explained 43% of the variance and 12%
in its first and second component, respectively (Figure 5). The
barycenter of untreated RRG, Ec, and Pc were aligned with the
first component, where total concentrations of S, Mg, Cr, Ca, Al,
Mn, and Fe in soils, Cr and Mg in leaves were more abundant in
the Unt direction and Mn, P in leaves and total concentrations of
K and P in soil were most abundant in Ec and Pc. The second
component was mostly influenced by Fe, Al, Na in leaves and
on the opposite end K in leaves. Again, some leaf samples of
Pc and Ms were characterized by high concentrations of the
former group of elements, whereas some samples of Wp were
characterized by the latter group.

Some elements in foliar ionomes were influenced by the
treatments. The foliar Cr concentration of plants from amended
soils was 10-fold lower than that of the Unt plants. Foliar
Mn concentration for the Wp and Ec plants exceeded that
the Unt plants by two-fold, whereas in the Pc leaves, the Mn
concentration was three-fold that of the Unt leaves. Foliar Mg
concentrations for the Wp, Ms, Ec, and Pc plants were 0.3, 0.5,
0.5, and 0.6 times lower than that for the Unt plants, respectively.
For foliar Na concentrations, Unt and Wp values were similar, Ms
and Ec values were 0.5 times lower than the Unt ones whereas
the Pc value increased 6 times as compared to the Unt one.
Foliar P concentration for the Ec plants was two-fold higher than
for the Unt ones.

The foliar Mn removal per plant (foliar Mn concentration x
leaf biomass), and the analysis of variance indicated that Unt
and Ms plants had similar foliar Mn removal, and the lowest
values across the treatments. The highest foliar Mn removal was
obtained in Ec. An intermediate group was formed by Pc and
Wp (Figure 6).

FIGURE 2 | Changes in the CaCl2 extractable soil fractions of Cr (A) and Mn (B). Values shown represent (means ± SD) the results of 12 replicates.
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FIGURE 3 | Root and leaf DM yields of birch plants (mg/plant) harvested after
a 3-month growth period. Values shown represent (means ± SD) the results
of 12 replicates. Identical letters indicate that no significant differences
(p < 0.05) occurred in the birch biomass across the various treatments.

FIGURE 4 | Changes in the chlorophyll index of birch leaves during the
3-month growth period. Analyses were performed using the 3rd most
developed leaf of each treatment and measured by a CCM-200 plus
chlorophyll meter. Values shown represent (means ± SD) the results of 12
replicates.

DISCUSSION

The pH decrease occurring into the soils was expected, as all
amendments were commercially known for their pH-decreasing
properties, and on their own, the used amendments have a
much lower pH themselves (Jackson et al., 2009). The progressive
increase in soil pH found over the duration of the experiment
was probably due to the presence of other salts in the RRG
and the quality of the water used for irrigation, as reported
by Al-Busaidi and Cookson (2003) in their alkaline substrates

given the presence of sodium carbonates. In trials aiming at
improving geranium and marigold growth on horticultural
substrates, pine bark chips alone allowed to reach a pH of 4.5
(Jackson et al., 2009). Mixing peat with field soil in a strawberry-
peat bioassay allowed for reaching a soil pH within the 4.5–
4.8 range (de Tender et al., 2016). The pH values measured
throughout the experiment would be acceptable for the plants
in terms of tolerance since the pH for all treatments stabilized
between 6.5 and 7.5.

Some changes occurred for the element solubility in the
amended soils. The Mn solubility, for instance, may be affected
by both pH and redox potential at a 6.5–7.5 pH, whereas at
values of 5 or lower, the speciation will be mainly driven by pH
(Gotoh and Patrick, 1972).

For Cr, all the amendments tested reduced significantly its
solubility, a theoretically normal effect of acid pH (Takeno, 2005).
This might be due to the binding properties of the dissolved
organic matter and the presence of Fe contained in the added
amendments, rending it undetectable (Fendorf, 1995).

In the case of Mn, oxidation states from II to VII are all
possible, some bound to carbonates, silica and other forms
of oxides and oxyhydroxides, although the soluble Mn2+ is
the preferred form for plants (Alloway, 1995). In general, Mn
speciation is regulated by the redox potential and pH, making
Mn available to plants (II) under reducing conditions and acid
pH or unavailable (>II) under oxidizing conditions and rather
alkaline pH (Kabata-Pendias and Pendias, 2011). At pH values
of 5.5 and higher, available Mn begins to decrease in the soil
solution (van Winkle and Pullman, 2003). Furthermore, Mn
may be absorbed either from the soil solution directly by the
roots or can be solubilized after reduction in the rhizosphere
(Reuter et al., 1988).

The determination of CCI is a commonly used parameter to
assess, among essential physiological parameters, nitrogen uptake
by plants (Lebourgeois et al., 2012). Chlorophyll measurements
in seedlings from the Pc and Ms treatments showed a drop
from the start. Since nitrogen is a macronutrient essential for
plant growth, a lack of this element, reflected by the CCI, may
be related in the low birch biomass produced compared to
the other treatments. As reference, in uncontrolled conditions
in the field, 4-month-old birch plants produced up to 17 g
DM of leaves while using mineral fertilization and planted
in a mixture of peat and sand (Kasurinen et al., 2012). At
a similar age, the trees in our experiment growing in RRG
barely reached 600 mg DM of leaves, demonstrating the
presence of harsh conditions that the plants must endure.
We have indeed evaluated that certain 5-year-old birches
on the site measured less than 1 m in height. This also
indicates the need for soil management to render nutrients
more available to plants. The poor growth of plants in the
Pc treatment could be related to the absence of N provided
in the RRG (Zappelini et al., 2018), to the competition
with microbes or by the possible but untested presence of
allelopathic compounds that often characterize Pinus species
(Prévosto and Ripert, 2008).

Moreover, the excess or lack of some elements in the leaves
may involve health issues for plants. Mn is a micronutrient
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TABLE 1 | Concentrations of elements in the RRG substrates and in leaves of birch seedlings under the five RRG treatments after a 3-month growth period.

Element Parameter Unt Wp Ms Ec Pc

Al Leaf (mg kg−1 dry matter) 17.93 ± 8.37 15.43 ± 7.23 8.42 ± 3.07 15.91 ± 8.88 20.42 ± 10.4

Substrate (mg kg−1 dry weight) 4302.03 ± 141.24 3352.18 ± 233.59 3363.88 ± 253.81 3060.57 ± 266.99 3005.84 ± 181.49

BCF 0.0042 0.0046 0.0025 0.0052 0.0068

Ca Leaf (g kg−1 dry matter) 19.12 ± 2.41 19.31 ± 4.05 12.62 ± 1.37 17.94 ± 3.34 11.97 ± 4.94

Substrate (g kg−1 dry weight) 206.51 ± 6.85 167.48 ± 11.52 168.3 ± 17.36 138.1 ± 9.37 142.82 ± 11.88

BCF 0.0926 0.1153 0.075 0.13 0.0838

Cr Leaf (mg kg−1 dry matter) 10 ± 3.12 1.68 ± 0.88 1.68 ± 0.51 1.15 ± 0.09 1.95 ± 0.97

Substrate (mg kg−1 dry weight) 270.89 ± 5.03 213.22 ± 15.01 212.69 ± 22.51 174.42 ± 10.78 186.3 ± 14.41

BCF 0.0369 0.0079 0.0079 0.0066 0.0105

Fe Leaf (g kg−1 dry matter) 0.19 ± 0.12 0.15 ± 0.07 0.12 ± 0.07 0.14 ± 0.09 0.3 ± 0.13

Substrate (g kg−1 dry weight) 67.61 ± 2.24 56.56 ± 3.38 58.73 ± 6 47.01 ± 2.88 49.85 ± 3.42

BCF 0.0028 0.0027 0.0021 0.0031 0.006

K Leaf (mg kg−1 dry matter) 8164.15 ± 2522.78 8355.4 ± 2485.14 9064.22 ± 2899.74 8104.15 ± 1886.99 8503.72 ± 1666.72

Substrate (mg kg−1 dry weight) 162.37 ± 75.76 164.71 ± 82.06 342.41 ± 189.21 408.9 ± 31.74 425.26 ± 44.66

BCF 50.281 50.7289 26.4721 19.8194 19.9964

Mg Leaf (g kg−1 dry matter) 9.46 ± 1.22 6.16 ± 1.29 4.16 ± 0.7 5.89 ± 0.85 3.95 ± 1.32

Substrate (g kg−1 dry weight) 3.34 ± 0.16 2.71 ± 0.2 2.72 ± 0.2 2.3 ± 0.2 2.52 ± 0.19

BCF 2.8295 2.2704 1.5318 2.5578 1.5673

Mn Leaf (mg kg−1 dry matter) 509.04 ± 148.68 1030 ± 432.4 735.14 ± 132.66 1192.45 ± 375.23 1408.74 ± 492.21

Substrate (mg kg−1 dry weight) 5739.57 ± 202.56 4663.15 ± 310.34 4772.99 ± 570.39 3789.24 ± 265.09 3964.65 ± 283.29

BCF 0.0887 0.2209 0.154 0.3147 0.3553

Na Leaf (mg kg−1 dry matter) 128.63 ± 112.33 124.84 ± 171.34 60.59 ± 59.03 51 ± 23.08 931.56 ± 1204.56

Substrate (mg kg−1 dry weight) 180.15 ± 22.76 170.9 ± 42.31 135.43 ± 4.89 167.36 ± 28.68 163.5 ± 21.82

BCF 0.714 0.7305 0.4474 0.3047 5.6977

P Leaf (mg kg−1 dry matter) 442.98 ± 141.98 447.36 ± 109.57 597.99 ± 105.73 811.38 ± 304.83 642.87 ± 156.76

Substrate (mg kg−1 dry weight) 52.13 ± 22.76 83.44 ± 34.63 98.89 ± 15.5 103.48 ± 11.24 84.06 ± 40.22

BCF 8.4976 5.3613 6.047 7.8412 7.648

S Leaf (g kg−1 dry matter) 14.77 ± 3.88 13.45 ± 4.82 8.15 ± 2.61 10.26 ± 3.25 9.15 ± 2.44

Substrate (g kg−1 dry weight) 110.49 ± 6.14 95.01 ± 24.39 95.74 ± 8.54 70.88 ± 4.74 83.34 ± 10.88

BCF 0.1337 0.1416 0.0852 0.1449 0.1098

Bioconcentration factors (BCF) are provided for each element. Values shown represent (means ± SD) the results of 12 replicates.

essential for various reactions in the cells (Millaleo et al., 2010);
nevertheless, problems in plant development may occur with
deficiency (10–20 mg kg−1 DM, Marschner, 2012) or excess
(200–5300 mg kg−1 DM, Ducic and Polle, 2005). The tolerance
to Mn in plants shall depend on adaptations and genotypes.
Kitao et al. (2001) determined that, even when exposed to highly
available concentrations, Betula platyphylla var. japonica reached
up to 6300 mg Mn kg−1 DM in its leaves without showing signs
of toxicity, thus our study only showing 1400 mg Mn kg−1 DM
suggests that Mn toxicity levels were not reached. This may be
further proved by measuring oxidative stress indicators such as
some key reactive oxygen species.

In the same trend, the difference in foliar Mg concentration
might indeed be a cause of the low leaf biomass production found
in Pc, since Mg is a macronutrient present in the chlorophyll
molecule and therefore related to plant growth (Marschner,
2012). In addition, some competition between the Mg, Mn,
and Ca might exist given the involvement of these elements
in some reactions because of their similar atomic radii; this
could explain why a drop was reported in the birch leaf Mg
when no differences were observed in the CaCl2 extractable

Mg among the treatments (Supplementary Table S1). Chen
et al. (2010) noted that the Mg deficiency in Betula alnoides
seedlings produced an impaired root to shoot ratio, along
with reductions in the stem width, height, and leaf area. The
decrease in Mg leaf concentration directly affects the chlorophyll
concentration (Farhat et al., 2016), which is seen in the CCI
drop in Figure 4. Additionally, due to this Mn-Mg-Ca relation,
a decline in leaf Ca was also observed in birch from the
Ec and Pc treatments (Table 1; White and Broadley, 2003).
A similar behavior was seen in Beta vulgaris (Hermans et al.,
2005). Ericsson and Kähr (1995) also reported low values of
Mg in B. pendula Roth., between 1400 and 1800 mg kg−1 DM,
although their experiment used younger seedlings than the ones
used in our study.

Chromium is a non-essential element for plants that can be
detrimental for growth (Shanker et al., 2005. Concentrations
in birches (Table 1) were within the 0.006–18 mg kg−1

DM range for common foliar concentrations (Shanker
et al., 2005). However, all the organic treatments induced
a strong decrease of Cr in birch leaves, as compared to the
untreated RRG (Supplementary Figure S1). Our findings
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FIGURE 5 | Principal component analysis (PCA) of the concentrations of
elements determined in leaves (green) and the total concentrations of
elements determined in the substrates at T0 (red). The largest symbols in the
graphic represent the barycenter of each treatment. Ellipses represent the
confidence intervals at 95%.

FIGURE 6 | Amounts of Mn phytoextracted by birch biomass depending on
soil treatments. Values shown represent (means ± SD) the results of 12
replicates. Identical letters indicate no significant differences (p < 0.05) across
the treatments.

indicate that treating Cr-contaminated soils with organic
amendments might be beneficial for both plant and human
health (Kumpiene et al., 2008).

The foliar Na concentration of Pc reached up to six-fold
the control concentration (some 930 mg kg−1 DM) nonetheless
Modrzewska et al. (2016) reported foliar Na concentrations up
to 264 mg kg−1 DM for B. pendula growing alongside roads
with heavy traffic exposed to salt for winter. Leaves of Pc plants
accumulated the highest amount of Mn, P, and Na, whereas
they accumulated lower amounts of Cr, Mg, and Ca, confirming
what was stated above. Differences on foliar Mn removal may
be attributed to the variation in the nutrients supplied by the
amendments; for instance, the ericaceous compost is undeniably
more highly charged than Ms and even Pc with macronutrients
(P, K, Mg, and Ca) and organic matter (Chevoleau et al., 2005

from Barbier, 2010). Even when the pH affected virtually only
the solubility of Mn and Cr, the balance of Ca and Mg was
affected, also inducing deficiencies, which are one of the most
common problems in plant development (Zhang and Zwiazek,
2016). Despite the high Mn concentration in leaves induced
by Pc, the foliar Mn removal was still lower than that of Ec
because of the difference in biomass production. Finally, in the
control treatment the BFC of Mn had a notably low factor
(BCF = 0.08); however, when amendments were present values
increased notoriously: 0.15 for Ms, 0.22 for Wp, 0.31 for Ec and
0.36 for Pc (Table 1). The BCF analysis indicated that even the use
of a weak pH-modifying amendment such as Miscanthus straw
increased the Mn bioconcentration factor by two-fold the BCF
of RRG. Using ericaceous compost and pine bark amendments
showed similar BCF values for Mn with around four-fold the
values of RRG; however, the ericaceous compost allowed the
highest Mn accumulation per plant, and this result should be
considered when amendments are chosen.

CONCLUSION

The RRG tailings of the Ochsenfeld site is a potential
micronutrient sink, i.e., Mn, Mg, and Ca. Such nutrients would be
useful for the site revegetation but phytomanagement practices
ought to be applied to increase the plant development and
nutrient extraction. Additionally, the revalorization of such
substrate as a phytoextracted raw material (i.e., for the production
of ecocatalysts) would also possible, providing that a cost benefit
analysis is achieved. Out of the four amendments the ericaceous
compost allowed a decent plant development and biomass
production, plus changes in substrate pH leading to a higher leaf
Mn removal per plant. The use of pH-decreasing amendments
resulted in Mn solubilization, notably when amending RRG
with ericaceous compost and pine bark chips. In contrast, the
addition of amendments reduced the Cr solubility preventing
phytotoxicity issues in all treatments. Finally, the revegetation of
the Ochsenfeld site is possible but the substrate may require a
long-term source of macronutrients, e.g., nitrogen, for ensuring
a relevant development of B. pendula.
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