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Abstract: Past mining extraction activities still have a negative impact in the present time, the
resulting metal(loid) contaminated soils affecting both the environment and human health. Assisted
phytostabilization technology, combining soil conditioner application to immobilize metal(loid)s and
plant growth to reduce erosion and leaching risks, is a useful strategy in the restoration of metal(loid)
contaminated lands. However, contaminants will respond differently to a particular amendment,
having their own specific characteristics. Therefore, in multi-contaminated soils, soil conditioner
combination has been suggested as a good strategy for metal(loid) immobilization. In the present
study, in a mesocosm experiment, organic (biochar and manure) and inorganic (ochre) amendments
were evaluated in single and combined applications for their effect on metal(loid) stabilization and
Salix triandra growth improvement, in an arsenic and lead highly contaminated soil. Specifically, the
effects of these amendments on soil properties, metal(loid) behavior, and plant growth were evaluated
after they aged in the soil for 6 months. Results showed that all amendments, except biochar alone,
could reduce soil acidity, with the best outcomes obtained with the three amendments combined. The
combination of the three soil conditioners has also led to reducing soil lead availability. However,
only ochre, alone or combined with the other soil fertilizers, was capable of immobilizing arsenic.
Moreover, amendment application enhanced plant growth, without affecting arsenic accumulation.
On the contrary, plants grown on all the amended soils, except plants grown on soil added with
manure alone, showed higher lead concentration in leaves, which poses a risk of return of lead into
the soil when leaves will shed in autumn. Considering that the best plant growth improvement,
together with the lowest increase in lead aerial accumulation, was observed in manure-treated soil, the
addition of manure seems to have potential in the restoration of arsenic and lead contaminated soil.

Keywords: aging; amendment; metal(loid); phytostabilization; Salicaceae

1. Introduction

The intensification of various human activities, including mining extraction, fossil fuel
combustion, agricultural use of fertilizers and pesticides, and landfill leaching have led to
soil contamination by metal(loid)s [1]. Metal(loid)s, such as arsenic, cadmium, chromium,
lead, and mercury, are considered some of the most toxic elements in the environment [2].
Metal(loid) soil contamination is a serious and global environmental issue because, unlike
organic contaminants, metal(loid)s cannot be degraded into harmless forms; therefore,
they persist in soils for a long time [3]. Due to the absence of vegetation in contaminated
soils, metal(loid)s may also leach into groundwater, and be transported to the surrounding
environment via erosion, which could contaminate nearby agricultural soils, reducing yield
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and leading to entry into the food chain [4]. Consequently, there is an urgent need for the
treatment and remediation of metal(loid)-contaminated soils.

Phytoremediation technology, which consists of the use of plants to reduce the
toxicity and risks associated with the presence of contaminants in soils, has attracted
increasing attention over the years [5]. Among different phytoremediation strategies,
phytostabilization—the use of plants to reduce bioavailability and mobility of contaminants
in soils and limit exposure to them [6]—is usually chosen over others. In phytostabilization
methods, metal(loid) immobilization in the soil can be significantly increased by selecting
appropriate plant species [7].

Willows are promising in both phytoextraction and phytostabilization strategies [8–10].
They can thrive on contaminated soils, and they have a high biomass production, and a
deep and wide root system that is able to stabilize metal(loid)s into the soil [11]. Although
willows can grow on metal(loid)-contaminated areas, high metal(loid) concentrations,
associated with the poor physicochemical properties of these soils (extreme pH, low nutrient
and organic matter content), prevent soil vegetation [12].

It follows that phytoremediation efficiency can be enhanced by overcoming two main
challenges: (i) reducing metal(loid) toxicity by enhancing their stabilization in soil, and
(ii) increasing the low fertility of contaminated lands. To overcome these issues, assisted
phytostabilization, which consists of applying amendments and/or fertilizers to increase
soil metal(loid) stabilization and ameliorate soil conditions, is often required [7].

Numerous amendments are used to immobilize metal(loid)s and reduce their bioavail-
ability to facilitate the establishment of plants in metal(loid) contaminated soils, and they
include both organic and inorganic soil conditioners [13]. Among different organic amend-
ments, biochar—charcoal produced by the pyrolysis of various organic feedstocks—has re-
ceived attention [14,15]. On the one hand, amending soils with biochar can reduce leaching
and phytoavailability of metal(loid) cations by direct and indirect mechanisms [16]. Biochar
interacts with metal(loid)s directly through negatively charged functional groups present
on its surface (e.g., carboxyl, hydroxyl, and phenolic groups) [17]. Indirect mechanisms
through which biochar immobilizes metal(loid)s in soil are related to its pH modification
ability and high cation exchange enhancement capacity [16]. On the other hand, biochar
can improve soil physicochemical and biological properties by ameliorating soil texture
and structure, by enhancing nutrient availability and water retention [18], by modifying
soil biological community composition and abundance [19].

Immobilization of metal(loid)s may also be performed by inorganic soil conditioners
such as ochre [20]. Ochre is a by-product found in the outflows of some mining systems [21].
It has high levels of iron oxides, and for this reason, it is able to adsorb metal(loid)s (e.g.,
arsenic, lead, and zinc) reducing their availability [22], leaching, and toxicity [23].

Manure is commonly used as a fertilizer that improves soil physicochemical character-
istics, and supplies organic matter, microorganisms, and essential nutrients (e.g., nitrogen,
phosphorus, and potassium) that support plant growth [24]. Moreover, previous studies
have demonstrated its ability to immobilize metal(loid)s such as cadmium, copper, lead,
and zinc [24–26]. Nevertheless, manure organic matter content may be responsible for
increased mobilization of certain metal(loid) ions, such as arsenic anions [27].

From the above, it is clear that a specific soil conditioner may be effective in immobiliz-
ing one metal(loid) but ineffective for another, or it may even increase the mobility of other
metal(loid)s [28,29]. In addition, some soil conditioners, while effective in immobilizing
metal(loid)s, and reducing their toxicity, are not able to provide nutrients and organic
matter required for plant growth [23]. Since the ideal amendment should not only reduce
the availability of toxic metal(loid)s in soil, but also improve soil characteristics and plant
growth [30], it follows that the combined use of amendments and fertilizers could be a
promising choice to assist phytostabilization of multi-metal(loid) contaminated areas [16].
For example, Beesley et al. [31] found that the low vegetation growth caused by nutrient
deficiency in a biochar-amended substrate could be avoided by adding fertilizers, such as
compost and manure, to the biochar medium, while in order to overcome the problem re-
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lated to the mobilization of metal(loid) anions (such as arsenic anions), induced by organic
matter content of some amendments (e.g., biochar, manure), iron-based soil conditioners,
such as ochre, could be combined with organic amendments [32,33].

Impacts of amendments on soil properties and plant productivity in metal(loid)-
contaminated lands vary not only with soil characteristics, plant species, amendment
properties, and application rates, but also with aging time [34–36]. Among all, the soil
conditioner aging time is one of the factors that influence the efficacy of phytoremediation
and on which much clarity still needs to be given [37].

In this context, the present study is a follow-up of the study of Lebrun et al. [38], in
which the authors showed that biochar, ochre, and manure, alone or combined, improved
characteristics of a contaminated soil, which in turn allowed a better Agrostis capillaris plant
growth, especially with manure, due to its high nutrient supply.

Based on these results and using the same specific soil—a former mine technosol being
highly contaminated by arsenic and lead, and having extreme conditions (acidic pH, low
organic matter and nutrient contents)—the goals of this study were to evaluate the effects
of single and combined application of biochar, ochre, and manure, after 6 months of aging
in soil, on (i) soil physicochemical properties, (ii) arsenic and lead immobilization, and
(iii) Salix triandra growth.

2. Materials and Methods
2.1. Soil and Amendments

The studied soil was a technosol which is a type of soil that has been heavily modified
due to long-term anthropic activities [39]. The technosol was sampled on the former silver-
lead extraction mine located in the Pontgibaud district (Auvergne-Rhône-Alpes, France).
The latest mining activity goes back to 1897 and led to a high contamination by arsenic
(1068 mg·kg−1) and lead (23,387 mg·kg−1) [40]. The technosol was sampled at the second
settling pond (GPS coordinates 45◦47′27′′ N and 2◦49′38′′ E), between 0 and 20 cm depth.

The biochar (B) was a commercial product (La Carbonerie, Crissey, France) derived
from hardwood biomass (oak, beech and charm wafers and chips), slow pyrolyzed at a
temperature of 500 ◦C with a heating rate of 2.5 ◦C·min−1, and a 3 h residence time. It was
crushed and sieved between 0.5 and 1 mm.

The ochre (I) was collected at a former charcoal mine (Alès) in France, as described in
Thouin et al. [22], and it was dried and crushed to obtain a fine powder.

The cow manure (M) was provided by a local farmer located in Pontgibaud (GPS
coordinates 45◦47′26′′ N and 2◦49′44′′ E).

The main physicochemical properties of the Pontgibaud technosol (P0%) and the
three amendments used were determined in previous studies [38–43] and are presented in
Table 1.

Table 1. Main physicochemical properties of Pontgibaud technosol (P0%) and the three used amend-
ments: biochar (B), ochre (I), and manure (M). (n = 3; nd = non determined).

P0% * B * I ** M *

pH 4.82 ± 0.01 8.46 ± 0.01 8.29 ± 0.03 9.5 ± 0.0
Electrical conductivity

(µS·cm−1) nd 302 ± 1 7765 ± 14 9476 ± 138

Redox potential (mV) nd nd 217 ± 9 88.2 ± 0.9
Water holding capacity (%) 29.8 ± 1 212 ± 4 nd nd
Cation exchange capacity

(cmol(+)·kg−1) 0.65 ± 0.02 <1.5 nd nd

Specific surface area
(m2·g−1) nd 4.38 nd nd

Total pore volume
(cm3·g−1) nd 0.01 nd nd
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Table 1. Cont.

P0% * B * I ** M *

Mean pore diameter (nm) nd 9.13 nd nd
Content of carbon (%) 0.14 ± 0.03 79 ± 1 nd nd

Content of hydrogen (%) 0.22 ± 0.00 1.74 ± 0.07 nd nd
Content of nitrogen (%) 0.09 ± 0.02 2.4 ± 0.8 nd nd

[As] (mg·kg−1) *** 1501 ± 326 0.9 ± 0.1 0.24 ± 0.09 0.8 ± 0.3
[Fe] (mg·kg−1) *** 6518 ± 1639 18 ± 5 1.04 ± 0.53 2.4 ± 0.2
[K] (mg·kg−1) *** nd 752 ± 30 356 ± 0.5 16,096 ± 65
[P] (mg·kg−1) *** nd 8 ± 1 0.63 ± 0.07 250 ± 3

[Pb] (mg·kg−1) *** 19,228 ± 1531 1.6 ± 5.1 0.31 ± 0.05 0.57 ± 0.06
* data from Nandillon et al. [40], Lebrun et al. [41], Lebrun et al. [42], and Lebrun et al. [43]. ** data from Lebrun
et al. [38]. *** For Pontgibaud technosol, total concentrations of arsenic [As], iron [Fe], potassium [K], phosphorus
[P], and lead [Pb] were previously determined in Lebrun et al. [43]. For the three amendments, phytoavailable
[As], [Fe], [K], [P], and [Pb] were determined by a method of NH4NO3 extraction as described in Pueyo et al. [44].

2.2. Experimental Setup

A pot experiment was carried out using the contaminated soil manually mixed with
the biochar, ochre, and cow manure, which were added both alone and in combination.
All the three amendments were applied at the rate of 1% (w/w). The 1% application rate
was used both to test a low dose of amendment (easier to apply in field studies) and to
utilize the same rates reported in Lebrun et al. [38] because this study, as reported in the
Introduction section, is based on the previous one [38].

Thus, the experiment included eight treatments (Table 2):

1. Untreated Pontgibaud soil (P0%);
2. P0% soil + 1% biochar (PB);
3. P0% soil + 1% ochre (PI);
4. P0% soil + 1% manure (PM);
5. P0% soil + 1% biochar + 1% ochre (PBI);
6. P0% soil + 1% biochar + 1% manure (PBM);
7. P0% soil + 1% ochre + 1% manure (PIM);
8. P0% soil + 1% biochar + 1% ochre + 1% manure (PBIM).

Table 2. Components and their percentage (%) of the eight used treatments (P0%, PB, PI, PM, PBI,
PBM, PIM, and PBIM).

Treatment Components Percentage (%)

P0% Pontgibaud technosol (P0%) -

PB Pontgibaud technosol (P0%) -

Biochar (B) 1%

PI Pontgibaud technosol (P0%) -

Ochre (I) 1%

PM Pontgibaud technosol (P0%) -

Manure (M) 1%

PBI Pontgibaud technosol (P0%) -

Biochar (B) 1%

Ochre (I) 1%

PBM Pontgibaud technosol (P0%) -

Biochar (B) 1%

Manure (M) 1%
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Table 2. Cont.

Treatment Components Percentage (%)

PIM Pontgibaud technosol (P0%) -

Ochre (I) 1%

Manure (M) 1%

PBIM Pontgibaud technosol (P0%) -

Biochar (B) 1%

Ochre (I) 1%

Manure (M) 1%

Five replicates of each treatment were potted in plastic pots. Pots were then watered
every 2 days for 6 months to maintain moisture and let the mixtures mature, in order to
evaluate the effect of soil conditioners after medium-time aging.

After this 6-month maturation, one non-rooted cutting of Salix triandra was placed in
each pot, this was considered the beginning of the experiment (T0). Plants were grown
for 60 days in a growth chamber under the following controlled conditions: day/night
temperatures (22 ◦C/16 ◦C), 16 h of light/8 h of darkness, and with a light intensity of
400 W, and daily watered with tap water.

Thus, the current study had two novel aspects compared to Lebrun et al. [38]: (i) the
assessment of the aging time of the soil conditioners; and (ii) the use of Salix triandra versus
Agrostis capillaris plants.

The choice of the soil conditioner 6-month aging was based on the fact that the
interactions among soil, soil improvers, contaminants, plants, and soil microbiome change
over time. The short-term period (1–3 weeks) is dominated by the dissolution of soil
improver compounds [45]. Therefore, changes in the physicochemical properties of the soil
and soil conditioners can affect the initial phase of plant growth. In contrast, medium-term
reactions (1–6 months) are characterized by plant root interception and interactions with
soil conditioners [46]. Thus, because of the aims of the present study in studying how
interactions between soil, soil conditioners, contaminant, and plants influence Salix triandra
growth, health, and ability in phytoremediation, we decided to combine two medium-
term periods: the 6-month amendment aging period with 60-day plant growth in the
8 amendment-treated soils. Moreover, we decide to use a medium-term study because,
even though long-term reactions (1 or more years) are also very useful in understanding
all the complex interactions occurring in soil, these studies are usually conducted in the
field [45].

In the study by Lebrun et al. [38], the choice of Agrostis capillaris species was made
based on the species that naturally colonize the Pontgibaud site. In our study, the choice
was made on the basis that Salix triandra is a species that produces high biomass and,
compared to A. capillaris, therefore might have a greater ability to stabilize or accumulate
contaminants in phytoremediation strategies.

2.3. Soil Pore Water, Soil, and Plant Analysis

Soil pore water (SPW) was collected at the beginning (T0) and the end (T60) of the
experiment in all potted soils using soil moisture samplers (Rhizon®, Rhizosphere Research
Product, Wageningen, The Netherlands). The pH, electrical conductivity (EC), and redox
potential (Eh) of SPW samples were directly measured using a multimeter (Mettler-Toledo,
Serveur Excellence, Columbus, OH, USA). SPWs were then acidified (by HNO3), as de-
scribed in Bart et al. [47], and arsenic (As), and lead (Pb) concentrations were determined by
inductively coupled plasma atomic emission spectroscopy (ICP-AES) (ULTIMA 2, HORIBA,
Labcompare, San Francisco, CA, USA), using standard solutions prepared from mother
solutions of As and Pb provided by Alfa Aesar-Fisher (Karlsruhe, Germany), and five-point
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calibration curves. The detection limits of the apparatus were 0.005 mg·L−1 for As and
0.001 mg·L−1 for Pb.

At T60, soils were sampled in each pot, and the phytoavailable fractions of As and Pb
for the eight treatments were obtained using 1 M NH4NO3 extractant (solid/liquid ratio
1:5 w/v) as described by Qasim et al. [48]. As and Pb concentrations were measured using
ICP-AES, as reported above.

At T60, plant leaves, stems, and roots were harvested, washed with tap water, rinsed
with distilled water, and oven-dried at 60 ◦C for 72 h until constant weight, and then
weighed for determining the leaf, stem, and root dry weight (DW). Dried leaves, stems, and
roots were ground (propeller mill, IKA, Staufen, Germany) and, according to the protocol
of Bart et al. [47], 200 mg of plant material were treated using an acid mixture (3 mL of
HCl 37% and 6 mL of HNO 65%) and mineralized using a microwave (15 min increase
up to 180 ◦C, 15 min hold at 180 ◦C, cooling) (Multiwave 5000, Anton Paar, Courtaboeuf,
France). The digested samples were adjusted to 50 mL with deionized water and filtered by
a HAWP Millipore membrane 0.45 µm [47], and As and Pb concentrations were measured
by ICP-AES.

To evaluate the As and Pb uptake in Salix triandra plants, the translocation factor
(TF) and the organ-specific (leaf, stem, and root) bioconcentration factor (BCF) were then
calculated. The TF was calculated as the ratio of As or Pb concentration in aboveground
(leaves and stems) to the concentrations in the belowground (roots) plant compartments.
The BCF was calculated as the ratio of As or Pb concentrations in leaves, stems, and roots
to the concentrations in the soil.

2.4. Aim of Analyses

This section reports the reasons why the specific analyses described above were
conducted at the two different sampling times in the present study.

On SPW, analyses were conducted at both T0 and T60. Measurements made on SPW, at
the T0 sampling time, allowed the determination of the effects of the three soil conditioners,
subjected to 6 months of aging, on soil parameters (such as pH, EC, and Eh) and on the
immobilization/mobilization and availability of As and Pb.

The determination of the same parameters on SPW (pH, EC, Eh, As and Pb concentra-
tions), at T60, was aimed at assessing how the soil conditioner–plant interaction affected
soil characteristics and the stabilization or accumulation of metal(loid)s.

Analyses conducted exclusively at the T60 sampling time, included measurements
of (i) As and Pb phytoavailable concentration in untreated and soil conditioner-treated
substrates; (ii) plant dry weight; (iii) and metal(loid) concentrations in Salix triandra organs
(roots, stem, and leaves).

Measurements of metal(loid) phytoavailable concentration in the soil, such as those
made in SPW, indicated how the soil conditioner-plant synergy had affected the availability
of As and Pb.

Results obtained on plant dry weight could show the effects of the soil conditioners
on the Salix triandra growth.

Finally, determinations of As and Pb concentrations in plants provided information
about the stabilization and accumulation abilities of Salix triandra in soils treated with the
three amendments.

2.5. Statistical Analysis

All statistical analyses were performed using R software version 3.4.3 (R Development
Core Team, Vienna, Austria, 2017). Normality and homoscedasticity of the data were
evaluated using Shapiro and Bartlett tests, respectively. Next, ANOVA and Kruskal–Wallis
tests were performed for normal and non-normal data, respectively, followed by a post hoc
test (Tukey HSD or pairwise Wilcox tests) to assess two-by-two differences. Differences were
considered statistically significant at p < 0.05. Moreover, for soil pore water, a comparison
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between T0 and T60 was evaluated in each treatment, using the same procedure, but using
the parametric Paired Student test for mean comparison, to assess “time effect”.

3. Results and Discussion
3.1. Soil Pore Water pH

Table 3 shows the physicochemical properties of the soil pore water (SPW) collected,
both at the beginning (T0) and the end (T60) of the experiment, from the control soil and
the different soils added with the various combinations of the biochar (B), ochre (I), and
cow manure (M).

Table 3. Soil pore water (SPW) pH, electrical conductivity (EC) (µS·cm−1) and redox potential
(Eh) (mV) determined in the eight studied treatments. SPWs were sampled at the beginning of the
experiment (T0) and after 60 days of Salix triandra plant growth (T60). The “treatment effect” for
each sampling time is represented by lowercase letters for T0 and capital letters for T60 (p < 0.05)
(n = 5 ± SE). In detail, for each sampling time, different letters indicate a significant difference among
the treatments. The letters “a” and “A” are used for the highest value found. Different treatments
with at least one letter in common show no significant difference. Thus, different treatments not
having any letter in common are significantly different from each other. “Time effect” for each
parameter and treatment is shown by: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), ns (non-significant). In
detail, the “time effect” concerns any differences found between the two sampling times.

Treatment Sampling
Time pH pH Time

Effect EC (µS·cm−1) EC Time
Effect Eh (mV) Eh Time

Effect

P0%
T0 3.9 ± 0.0 c ns 609 ± 63 c

**
455 ± 11 a

**T60 4.6 ± 0.3 C 1122 ± 126 B 399 ± 13 A

PB
T0 4.9 ± 0.3 c ns 664 ± 49 c

***
399 ± 14 b ns

T60 5.1 ± 0.2 C 1433 ± 113 AB 377 ± 11 A

PI
T0 6.5 ± 0.1 ab ns 1072 ± 70 b

*
307 ± 5 cd

**T60 6.2 ± 0.1 B 2088 ± 263 AB 339 ± 6 B

PM
T0 5.9 ± 0.4 b ns 1457 ± 131 ab ns 341 ± 21 c ns
T60 6.5 ± 0.1 AB 1896 ± 503 AB 323 ± 5 BC

PBI
T0 6.6 ± 0.1 ab ns 1076 ± 28 b ns 338 ± 9 cd ns
T60 6.4 ± 0.1 AB 1525 ± 186 AB 322 ± 5 BC

PBM
T0 6.4 ± 0.1 b ns 1722 ± 45 a ns 313 ± 7 cd ns
T60 6.7 ± 0.0 AB 2089 ± 282 AB 322 ± 2 BC

PIM
T0 6.6 ± 0.1 ab ns 1782 ± 62 a

**
277 ± 2 d

***T60 6.7 ± 0.0 AB 2508 ± 201 A 308 ± 4 C

PBIM
T0 7.2 ± 0.0 a ns 1779 ± 190 a ns 313 ± 9 cd ns
T60 6.9 ± 0.1 A 2247 ± 450 AB 300 ± 5 C

P0%—Pontgibaud technosol; PB—Pontgibaud amended with 1% biochar; PI—Pontgibaud amended with 1%
ochre; PM—Pontgibaud amended with 1% manure; PBI—Pontgibaud amended with 1% biochar and 1% ochre;
PBM—Pontgibaud amended with 1% biochar and 1% manure; PIM—Pontgibaud amended with 1% ochre and 1%
manure; PBIM—Pontgibaud amended with 1% biochar, 1% ochre and 1% manure.

At time T0, the SPW sampled from the non-treated Pontgibaud soil (P0%) had an
acidic pH of 3.9. All the treatments, except the soil added with the biochar alone (PB),
increased SPW pH (Table 3). In detail, SPW pH rose by 2.6 units in the treatment with the
ochre (PI), by 2.0 units in the soil added with the cow manure (PM), and by 2.7 in the soil
with the biochar–ochre combination (PBI). The combination of the manure with the biochar
(PBM) and the ochre (PIM), and the combination of all the three soil conditioners (PBIM)
increased SPW pH by 2.5, 2.7, and 3.3 units, respectively (Table 3).

Likely, the SPW pH rises were primarily due to the amendment alkalinity, although
this was found to be true only for the ochre and manure but not for the biochar. As shown
in Table 1, the ochre and cow manure were alkaline with a pH of 8.29 and 9.5, respectively.

Soil pH increases due to ochre addition have been observed previously [49] and
attributed to the dissolution of calcite [50]. Indeed, calcite may be present as an impurity in
ochre amendments, giving the material’s highly alkaline nature [50].
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Besides the alkalinity of the manure, which contributed to increasing SPW pH, the
beneficial action of manure on raising pH may have been due to its ash, bicarbonate, and
carbonate content, and to the presence of carboxyl, hydroxyl, and phenolic groups which
can bind organic acids, and consequently buffer soil acidity [51]. Indeed, in general, the al-
kalinity of manure following the decarboxylation of organic anions and the ammonification
of organic nitrogen (N) are the major causes of increases in soil pH [52].

The positive effects of biochar on soil acidity by increasing substrate pH are well
known and documented in many different studies [53,54]. However, our results reported a
negligible effect on SPW pH when the biochar was added alone to the Pontgibaud soil (PB),
which is consistent with other findings [55,56], and could be attributed to the biochar aging.
Indeed, Lebrun et al. [38], evaluating the effects of the soil improvers at T0, showed that
in all the treated soils (including biochar-treated substrate) there was a SPW pH increase.
Thus, in our research, biochar aging may induce changes in biochar physicochemical
properties, and thus biochar effectiveness may fade [57]. The alkalinity of biochar may
decrease due to the leaching of alkaline minerals and slow surface oxidation [55]. Moreover,
the degradation of biochar properties (e.g., surface area, adsorption properties) was found
to affect the potential capacity of biochar to amend soil acidity [58].

The reason for the fact that the aging of the amendments, in the other treatments
in this experiment, did not lead to a decrease in pH but rather to an increase in it could
be explained as follows. Usually, it is true that, during the aging process of soil organic
fertilizers, microbial decomposition and mineralization of manure, resulting in the release
of organic acids, also leads to decreases in soil pH [59]. However, over time, pH could return
to higher values due to the buffering capacity of soil conditioners [60]. In our study, the
increase of SPW pH values recorded in all manure treatments can be explained by the fact
that manure was the amendment characterized by the highest pH value (Table 1). Although,
the biochar had a higher pH value than ochre (Table 1), in ochre treatments, the pH still
increased and was not negatively affected by aging; this is probably because the ochre,
being an inorganic amendment, did not undergo the decomposition and mineralization
processes that instead characterized soil conditioners of an organic nature [59].

Our results showed that the synergy amendment-plant did not affect the SPW pH
because no difference was observed between the beginning (T0) and the end (T60) of the
experiment (Table 3).

3.2. Soil Pore Water Electrical Conductivity and Redox Potential

At the beginning of the experiment (T0), SPW electrical conductivity (EC) was low in
the P0% treatment (609 µS·cm−1) and increased by twofold on average in the six treated
soils (PI, PM, PBI, PBM, PIM, and PBIM) with the exception of the PB condition (Table 3).

The increase in SPW EC as impacted by addition of the amendments might be due to
the amount of dissolved salts in these soil conditioners [61–64]. Furthermore, the increase
in SPW pH that occurred with the amendment addition (Table 3) probably raised salt
dissolution and nutrient leaching [63,64]. The ochre and manure could release soluble
alkaline elements (especially K+, Table 1), enhancing EC values [63,65]. Although the
biochar had a higher K+ cation content than the ochre, it was characterized by a low
electrical conductivity (Table 1). Indeed, the EC rise observed at time T0, in the PI, PM, PBI,
PBM, PIM, and PBIM soils, might be due to the high EC of ochre and manure, 7765 µS·cm−1

and 9476 µS·cm−1 (Table 1), much higher than soil EC, while biochar had a lower EC
(302 µS·cm−1) (Table 1). Likewise, Lebrun et al. [38] observed that the biochar alone did
not have an effect on SPW EC because of its low EC. Manure is also known to have many
functional groups, such as hydroxyls, carboxyl, and phenolic, on its surface that can be
dissolved, dissociated, or protonated once the amendment is added to soil [16,51], resulting
in higher SPW EC values.

At the end of the experiment (T60), a significant SPW EC rise was only found when the
ochre and manure were added in combination to the soil (PIM) (2508 µS·cm−1) compared
to the value in the P0% soil (1122 µS·cm−1). This increase could be related to the fact that
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the ochre and manure had the highest EC values and likely just their combination led to
the EC rise at the end of our experiment.

Besides, SPW EC increased significantly between the beginning (T0) and the end (T60)
of the experiment in the P0%, PB and PI treatments with a two-fold increase, and in PIM
with a one-fold increase (Table 3). The differences observed between the two times of the
experiment could be explained by different factors, such as plant growth, release of root
exudates, and plant–amendment interaction [66]. Biochar and manure adsorption of root
exudates may cause acidification and mineral dissolution that contribute to increase soil
EC [67–69].

At time T0, SPW redox potential (Eh) was 455 mV in the untreated soil (P0%) and
it decreased with the amendment application (Table 3), as observed in Lebrun et al. [38].
Indeed, an SPW Eh decrease was found in all the amended soils: PB (399 mV), PM (341 mV),
PBI (338 mV), PBM (313 mV), PBIM (313 mV), PI (307 mV), and PIM (277 mV).

At time T60, except for the soil amended with biochar alone (PB), in the amended soils
an SPW Eh decrease was observed with respect to the P0% condition (399 mV) (Table 3).
SPW Eh decreased by 15% for PI, 19% for PM, PBI and PBM, 23% for PIM, and 25% for the
PBIM treatment.

In addition, between the two times of sampling, SPW Eh decreased in the P0%, PI and
PIM soils (Table 3). In this study, it was found that, on one hand, the addition of biochar,
ochre, and manure to P0% soil increased SPW pH while, on the other hand, it reduced
SPW Eh.

Showing that the Eh values followed an opposite trend to that of the pH values is in
accordance with the fact that the two parameters are negatively correlated in soils [70].

Comparing the results of this study with those of Lebrun et al. [38] it would appear
that, except for what was observed for the biochar, the 6-month aging of the soil improvers
did not adversely affect their ability to improve the soil’s physicochemical characteristics.

3.3. Phytoavailable Metal(Loid) Concentrations
3.3.1. Soil Pore Water Arsenic Concentration

The total concentration of metal(loid)s in soils does not necessarily provide information
about their toxicity or environmental impact, whereas an estimation of the phytoavailable
fraction may be very informative to predict the hazard posed by metal(loid)s towards
plants and ecosystem functioning [71]. For these reasons, in the present study, the SPW
and soil phytoavailable concentrations of As and Pb, in the eight studied treatments, were
determined. Table 4 reports SPW metal(loid) concentrations, both at time T0 and T60 of
the experiment.

Table 4. Soil pore water (SPW) arsenic [As] and lead [Pb] concentration (mg·L−1) determined in
the eight studied treatments. SPWs were sampled at the beginning of the experiment (T0) and
after 60 days of Salix triandra plant growth (T60). The “treatment effect” for each sampling time is
represented by lowercase letters for T0 and capital letters for T60 (p < 0.05) (n = 5 ± SE). In detail, for
each sampling time, different letters indicate a significant difference among the treatments. The letters
“a” and “A” are used for the highest value found. Different treatments with at least one letter in
common show no significant difference. Thus, different treatments not having any letter in common
are significantly different from each other. “Time effect” for each parameter and treatment is shown
by: * (p < 0.05), ** (p < 0.01), *** (p < 0.001), ns (non-significant). In detail, the “time effect” concerns
any differences found between the two sampling times.

Treatment Sampling
Time [As] (mg·L−1) [As] Time

Effect [Pb] (mg·L−1) [Pb] Time
Effect

P0%
T0 0.18 ± 0.01 a

***
7.5 ± 0.8 ab ns

T60 0.08 ± 0.01 ABC 6.1 ± 0.6 A

PB
T0 0.15 ± 0.01 ab

***
6.7 ± 0.7 abc

**T60 0.05 ± 0.01 C 3.9 ± 0.2 BC
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Table 4. Cont.

Treatment Sampling
Time [As] (mg·L−1) [As] Time

Effect [Pb] (mg·L−1) [Pb] Time
Effect

PI
T0 0.15 ± 0.00 b

***
4.4 ± 0.6 bc ns

T60 0.07 ± 0.01 BC 4.1 ± 0.4 B

PM
T0 0.15 ± 0.02 ab

***
10.4 ± 2.3 a

**T60 0.06 ± 0.01 BC 2.7 ± 0.6 BCDE

PBI
T0 0.13 ± 0.00 b

***
5.1 ± 0.1 bc

*T60 0.06 ± 0.01 BC 3.7 ± 0.4 BCD

PBM
T0 0.15 ± 0.01 ab ns 7.9 ± 1.1 ab

**T60 0.12 ± 0.01 A 1.8 ± 0.4 E

PIM
T0 0.14 ± 0.01 b

*
5.2 ± 0.8 bc

*T60 0.10 ± 0.00 AB 2.6 ± 0.1 BCDE

PBIM
T0 0.14 ± 0.00 b

*
3.4 ± 0.2 c

*T60 0.10 ± 0.01 AB 2.1 ± 0.5 E
P0%—Pontgibaud technosol; PB—Pontgibaud amended with 1% biochar; PI—Pontgibaud amended with 1%
ochre; PM—Pontgibaud amended with 1% manure; PBI—Pontgibaud amended with 1% biochar and 1% ochre;
PBM—Pontgibaud amended with 1% biochar and 1% manure; PIM—Pontgibaud amended with 1% ochre and 1%
manure; PBIM—Pontgibaud amended with 1% biochar, 1% ochre and 1% manure.

As regards the As concentration in SPW, at time T0, all the treatments in which there
was the addition of ochre to the soil (PI, PBI, PIM, and PBIM) led to a decrease of As
concentration in SPW compared to the untreated P0% soil (Table 4). In detail, SPW As
concentration decreased by 21% in PI, 28% in PBI soil, 25% in PIM, and 26% in PBIM
treatment with respect to the P0% condition (0.18 mg·L−1); whereas, treatments with only
biochar and/or manure (PB, PM and PBM) had no effect on SPW As concentration (Table 4).
On the contrary, Lebrun et al. [38] reported that there was no immediate effect from
amendment application, either alone or combined, on SPW As concentration. However,
the authors observed that at the beginning of the experiment, the biochar alone (PB) or in
combination with the manure (PBM) increased soil phytoavailable As concentration [38]. In
the present study, as reported above, SPW pH significantly increased after the application of
soil amendments (Table 3), and many studies have reported a positive correlation between
soil pH rise and soil desorption of As anions [72–75].

Owing to the SPW pH increase, in the PM, and PBM treatments no effect on As con-
centration was found in SPW. Although soil pH would appear to be the most important
factor in influencing changes in soil metal(loid) bioavailability, amendment aging time also
plays an important role [57]. During the biochar and manure aging processes, immobilized
metal(loid)s in soils are at risk of release because their stability is affected by many factors,
such as amendment pore structure, soluble organic carbon content and mineralization
degree [57]. For example, aged biochar has less oxygen-containing functionality and min-
eral coating than fresh biochar [56], and this reduces its ability to immobilize metal(loid)s
in soil.

Otherwise, if on one hand the ochre caused an SPW pH increase due to its own alka-
line nature (Table 3), on the other hand the ochre addition in the PI, PBI, PIM, and PBIM
treatments led to a decrease of SPW As concentration probably due to its characteristic
composition with high content of iron (Fe) oxides which play an important role in As im-
mobilization. Indeed, Olimah et al. [21] explained that the response of As in contaminated
soils amended with ochre may appear as either increased As mobility due to a high pH or
immobilization through the Fe oxide and oxyhydroxide phases (e.g., goethite and hematite)
of ochre. Garau et al. [71] evaluated the efficiency of red mud to immobilize the arsenic
present in a contaminated acidic soil and found that its addition caused a pH increase,
while reduced the As mobility decreasing the water-soluble As concentration by two-fold
compared to the untreated soil.

Between the beginning (T0) and the end (T60) of the experiment, in all the different
treatments, with except the PMB, a decrease of As concentration in SPW was recorded
(Table 4). These results may be explained by the complex interactions that are established
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in the soil among amendment, metal(loid), plant root system, and rhizosphere area [76].
Indeed, in the present study, such SPW As decreases might be attributed to the metalloid
uptake in plant roots and, consequently, in the aboveground part.

3.3.2. Soil Pore Water Lead Concentration

Regarding the concentration of lead (Pb) in soil pore water (Table 4), at time T0, it
decreased significantly only in the PBIM treatment (by 55%), with respect to the P0% control
condition (7.5 mg·L−1). In contrast, Lebrun et al. [38] found that in all the treated soils, there
was a decrease of Pb in SPW compared to the untreated soil. As reported above, probably,
the 6-month aging processes of the soil improvers reduced their ability to immobilize
metal(loid)s in the soil.

The biochar, ochre, and cow manure may have changed soil physicochemical prop-
erties, enzyme activities, and microbial community structure, and thereby changed the
bioavailability of Pb into the different amended soils. Indeed, several factors might have
controlled the effectiveness of the three amendments for Pb immobilization in the contami-
nated soils. However, above all, it is soil pH which plays a significant role in controlling
Pb mobility [77], and the SPW pH rises, observed in this study, after the addition of the
three used amendments, were likely related to the Pb concentration decreases. The biochar
and manure also contain several functional groups (e.g., carboxyl, hydroxyl, and phenolic
groups) [16] on which Pb may be directly adsorbed. In addition, these groups may have
increased negative surface charge of the soil able to chelate Pb cations and, consequently,
decrease their concentration in SPW. Moreover, specific components in the biochar, ochre,
and manure could contribute to reduce the mobility/availability of lead. Many metal(loid)s,
among which lead, may co-precipitate with carbonates, phosphates, oxides, and hydrox-
ides of biochar, ochre, and manure [57,78] to form compounds with an extremely low
solubility, reducing, in turn, their own mobility and potential toxicity [52,79,80]. All these
characteristics suggest that the biochar, ochre, and manure could have adsorbed or chelated
Pb ions from the contaminated soils, thereby decreasing the metal concentration in the
soil pore water. Moreover, all these different mechanisms related to each soil amendment
might have a synergistic effect if amendments are used in combination with each other.
Indeed, the soils added with the combination of all three soil conditioners (biochar, ochre,
and manure) resulted in a greater decrease in the SPW Pb concentration (Table 4).

At the end of the experiment (T60), a SPW Pb concentration reduction was observed in
all the amended soils compared to the P0% treatment (Table 4). In detail, Pb concentration
decreased by 70% in PBM, 66% in PBIM, 58% in the PM treatment, 57% in PIM, 39% in
the PBI soil, 36% in the PB treatment, and 33% in the PI condition with respect to the
non-amended P0% soil (Table 4).

Moreover, as shown in Table 4, between the two times of sampling, a significant de-
crease of SPW Pb concentration was found in all the treatments except in the non-amended
Pontgibaud soil (P0%), and the soil added with the ochre alone (PI). As explained above for
arsenic, such SPW Pb decreases might be attributed to the uptake by Salix triandra plants.

3.3.3. Soil

Figure 1 shows As and Pb phytoavailable concentrations in soil measured after the
60 days of Salix triandra growth.

The results indicated that only the ochre addition to the Pontgibaud technosol (PI)
led to a soil phytoavailable As concentration decrease by 26% with respect to the control
condition (0.98 mg·kg−1) (Figure 1a).

The low soil phytoavailable concentrations of Pb in the substrates added with the
three soil improvers (Figure 1b), reflected its SPW concentrations which were registered at
the end of the experiment (T60) (Table 4). Unlike what was observed for arsenic (Figure 1a),
in all the amended soils there was a phytoavailable Pb concentration decrease with respect
to the untreated Pontgibaud technosol (Figure 1b). Indeed, the phytoavailable concentra-
tion of Pb decreased from 539 mg·kg−1 in the P0% condition to 353 mg·kg−1 in the PB
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soil, 230 mg·kg−1 in the PI treatment, 154 mg·kg−1 in PM, 280 mg·kg−1 in the PBI soil,
147 mg·kg−1 in the PBM condition, 167 mg·kg−1 in the PIM treatment and 123 mg·kg−1 in
PBIM (Figure 1b).
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Figure 1. Soil phytoavailable arsenic (a) and lead (b) concentration (mg·kg−1) determined after
60 days of Salix triandra growth (T60) in the eight studied treatments. Different letters indicate
significant difference among the treatments (p < 0.05) (n = 5). The letter “a” is used for the highest
value found. Different treatments with at least one letter in common show no significant difference.
Thus, different treatments not having any letter in common are significantly different from each
other. P0%—Pontgibaud technosol; PB—Pontgibaud amended with 1% biochar; PI—Pontgibaud
amended with 1% ochre; PM—Pontgibaud amended with 1% manure; PBI—Pontgibaud amended
with 1% biochar and 1% ochre; PBM—Pontgibaud amended with 1% biochar and 1% manure; PIM—
Pontgibaud amended with 1% ochre and 1% manure; PBIM—Pontgibaud amended with 1% biochar,
1% ochre and 1% manure.

As reported previously in the present study, numerous complex interactions occur
in the soil among contaminants, soil conditioners, and the rhizosphere [76]. What was
found about phytoavailable arsenic concentrations can therefore be explained by the soil
conditioner–Salix triandra plant interactions. Indeed, we found that among the three soil
conditioners used in our experiment, only the ochre appeared to have an immobilizing
effect on arsenic (see Table 4, at the T0 sampling time). Consequently, in the different
treatments, the plants, as they grew, had similar amounts of arsenic available for uptake.
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Additionally, indeed, as will be explained later in this paper (Section 3.4.2), in all the
amended soils, arsenic concentrations measured at the level of the different plant organs
did not show significant differences from those found in plants grown on the untreated
Pontgibaud technosol. This could explain the fact that, at time T60, the concentrations
found in the soil were almost the same in all treatments, except the PI treatment, compared
to the P0% condition (Figure 1).

Moreover, our results showed that the As phytoavailable concentrations were ex-
tremely low (<1 mg·kg−1) with respect to the total As concentration in the Pontgibaud soil
(1501 mg·kg−1, Table 1), testifying to a general scarce mobility of As.

Regarding Pb, as seen above, the soil improvers appeared to have no effect on soil Pb
immobilization except when combined all three together (see Table 4, at the T0 sampling
time). However, Pb availability in the soil decreased in all the treatments compared to the
untreated soil (Figure 1b), and this, again, could be related to Pb uptake by plants.

In fact, Salix traindra plants, growing better on some of the soil treated with the soil
conditioners (Figure 2), had greater biomass in which to assimilate greater amounts of the
metal (Figures 2 and 3; Section 3.4).
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Figure 2. Dry weight (g) of roots (black box), stems (dark grey box) and leaves (light grey box)
determined after 60 days of Salix triandra growth (T60) in the eight studied treatments. Different
letters indicate significant difference among the treatments (p < 0.05) (n = 5). The letter “a” is used for
the highest value found. Different treatments with at least one letter in common show no significant
difference. Thus, different treatments not having any letter in common are significantly different from
each other. P0%—Pontgibaud technosol; PB—Pontgibaud amended with 1% biochar; PI—Pontgibaud
amended with 1% ochre; PM—Pontgibaud amended with 1% manure; PBI—Pontgibaud amended
with 1% biochar and 1% ochre; PBM—Pontgibaud amended with 1% biochar and 1% manure; PIM—
Pontgibaud amended with 1% ochre and 1% manure; PBIM—Pontgibaud amended with 1% biochar,
1% ochre and 1% manure.
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Figure 3. (a) Arsenic (mg·kg−1) and (b) lead (mg·kg−1) concentrations in roots (black box), stems
(gray box) and leaves (white box) determined after 60 days of Salix triandra growth (T60) in the eight
studied treatments. Different letters indicate significant difference among the treatments (p < 0.05)
(n = 5). The letter “a” is used for the highest value found. Different treatments with at least one
letter in common show no significant difference. Thus, different treatments not having any letter in
common are significantly different from each other. P0%—Pontgibaud technosol; PB—Pontgibaud
amended with 1% biochar; PI—Pontgibaud amended with 1% ochre; PM—Pontgibaud amended
with 1% manure; PBI—Pontgibaud amended with 1% biochar and 1% ochre; PBM—Pontgibaud
amended with 1% biochar and 1% manure; PIM—Pontgibaud amended with 1% ochre and 1%
manure; PBIM—Pontgibaud amended with 1% biochar, 1% ochre and 1% manure.
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3.4. Salix triandra Plants
3.4.1. Dry Weight

At the end of the experiment (T60), Salix triandra plants were harvested and the dry
weight (DW) of the leaves, stems, and roots was determined (Figure 2).

Leaf DW of the plants grown on three soils added with manure (PM, PIM, and PBIM)
was higher compared to the S. triandra plants grown on the untreated Pontgibaud soil
(P0%). In detail, the leaf DW of the plants grown on the P0% treatment was 0.62 g, and
the manure amendment, both alone (PM) and in combination with the biochar and ochre
(PBIM), led to a three-fold increase of the leaf DW, while when the Pontgibaud soil was
amended with the combination of the manure and ochre (PIM), the DW of leaves raised by
four times (Figure 2).

The addition of the manure, in the PM and PIM conditions, also increased the stem
DW of S. triandra as compared to the P0% control soil (Figure 2). The stem DW of the plants
grown on the P0% soil was 0.45 g and it was raised to 2.36 g in the PM treatment, and to
1.95 g in the PIM condition (Figure 2).

In addition, the manure amendment also improved the root growth of the S. triandra
plants in the PM, PBM, PIM and PBIM treatments with respect to the P0% soil. Indeed, the
root DW increased from 0.18 g in the P0% condition to 1.36 g, 1.04 g, 1.31 g, and 1.23 g in
the PM, PBM, PIM, and PBIM soils, respectively (Figure 2).

This improvement in biomass production was also reported in Lebrun et al. [38] and
may be explained by (i) the observed amelioration in the soil physicochemical properties
(Table 3), (ii) the reduction metal(loid) mobility and availability (Table 4, Figure 1), and
(iii) the provision of nutrients by manure [38,81]. As described above, the addition of ma-
nure, alone or in combination with biochar and/or ochre, improved soil characteristics by
increasing pH and electrical conductivity, and decreasing concentrations of phytoavailable
lead and, therefore, the plants, being subjected to reduced metal toxicity may have had a
rise in their growth and development. An enhanced growth of the S. triandra plants is also
probably ascribed to the added manure either used alone or in combinations with the other
two soil amendments. The cow manure could have improved soil nutrient availability for
plant uptake and change soil microbial communities with positive effect on the S. triandra
plant growth. Indeed, many studies reported that manure application to land played an
important role in strongly and positively affecting soil properties and, consequently, plant
growth by increasing soil organic carbon storage [52], soil nutrient content (e.g., nitrogen,
phosphorus, and potassium), and soil pH [52,64]. Ozlu and Kumar [64], for example, found
that manure application increased by 64% soil organic carbon concentration, and led to a
higher nitrogen content (3.45 g·kg−1) with respect to control soil (2.24 g·kg−1). Moreover,
soil alkalinization due to manure can raise the availability of soil nutrients to plants and it
can thereby increase plant growth [52]. High values of soil pH may also induce variations in
soil enzyme activity, increases in microbial biomass, and changes in microbial community
structure, which might be important mechanisms for alleviating acid stress and metal(loid)
toxicity into soil by providing a better environment for the growth of plants [82]. Thus, in
the present study, the better growth of S. triandra plants found in the different treatments
with respect to the control condition is almost certainly attributable to the manure use, and
manure capacity to raise nutrient availability into soil.

3.4.2. Arsenic and Lead Concentrations

As shown in Figure 3a, the arsenic (As) concentrations in leaves, stems and roots of
S. triandra plants grown on all the seven different amended soils were not significantly
different compared with plants grown on the untreated Pontgibaud soil.

However, some differences were found in stem and root As concentrations among
soils added with the three amendments (Figure 3a).

Figure 3b shows that, apart from the plants grown in the soil amended with manure
alone (PM), S. triandra grown in all the other amended soils had an average of 2.5 times
higher lead (Pb) concentrations in leaves than the plants in the P0% treatment (24 mg·kg−1).
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Moreover, in the PB and PBIM conditions, S. triandra plants accumulated higher leaf Pb
concentrations (77 mg·kg−1 and 83 mg·kg−1, respectively) compared to the plants grown
on the PBI (55 mg·kg−1), PBM (42 mg·kg−1) and PIM soil (43 mg·kg−1) (Figure 3b).

In the PBI and PBM treatments, the plants had higher Pb concentrations in stems with
respect to the P0%, PI, PIM, and PBIM soils (Figure 3b). Specifically, the stem Pb concen-
tration in the plants grown on PBI and PBM (111 mg·kg−1 and 101 mg·kg−1, respectively)
was two-fold higher than the one registered in the other four above-mentioned treatments
(Figure 3b).

Regarding Pb concentrations in S. triandra root system, no significant difference was
found in the amended soils with respect to the P0% condition (Figure 3b). Nonetheless, the
plants in the PM treatment accumulated a higher amount of Pb (12,895 mg·kg−1) compared
to the Pb concentration of about 8000 mg·kg−1 detected in the roots of S. triandra plants
grown on the PB, PBI and PIM soils (Figure 3b).

Overall, the data obtained about the concentrations of arsenic and lead in the different
organs (leaves, stems, and roots) of S. triandra plants show that there were no significant
differences in the soils amended with the biochar, ochre, and cow manure compared to the
untreated soil of Pontgibaud. However, these results should be analyzed by considering the
data reported on the mobility, and phytoavailability of metal(loid)s (Figure 1 and Table 4)
and what was observed regarding S. triandra growth (Figure 2). Indeed, on one hand, it was
found that the different combinations of the three soil amendments did not have positive
results on stabilizing arsenic in the soil, on the other hand these amendments decreased
the lead phytoavailability (Figure 1). In addition, as shown in Figure 2, the plants grew
better on the amended soils than on the Pontgibaud soil and better growth was observed
especially in the treatments with the manure (PM, PBM, PIM and PBIM). It is likely that
the higher plant growth and the reduced phytoavailability of metal(loid)s in the amended
soils offset the lower biomass of the plants in the Pontgibaud control soil that had greater
amounts of phytoavailable metal(loid)s.

In order to better understand the capacity of S. triandra to remove and accumulate
arsenic and lead from the soil and transfer them from roots to stems and leaves, the
bioconcentration factor (BCF) and the translocation factor (TF) were calculated, respectively
(Table 5).

The BCF values in leaves, stems, and roots, for both As and Pb, reflected the data
concerning the As and Pb concentrations in the different organs of S. triandra plants
(Figure 3). Indeed, among the eight treatments, there were no differences in the leaf BCF of
As, whereas stem BCF of As was higher in the PB treatment with respect to the PM and PIM
conditions (Table 5a). Moreover, the plants grown on the PM soil had a higher As BCF in
roots compared to the plants in the PB-, PBI-, PIM-, and PBIM-amended soils (Table 5a). As
with arsenic, the values of the lead accumulation index in the different organs of S. triandra
(Table 5b) also showed differences among the various treatments that closely followed the
results observed in Figure 3b.

Table 5 also shows that the TF values, for both the metal(loid)s, had no significant
difference in the amended soils compared to P0%. However, for As, the TF was two times
higher in the PB condition than in the PM treatment (Table 5a).

It is interesting to see that, for both As and Pb, the BCF values were higher in roots than
in stems and leaves and, moreover, the TF values in S. triandra did not exceed one (TF < 1)
(Table 5). The BCF and TF values indicated that S. triandra plants immobilized arsenic and
lead in roots and limited their translocation from roots to shoots. The accumulation of
metal(loid)s in roots is considered an avoidance mechanism against metal(loid) toxicity [83]
and in this way S. triandra may prevent the transport of non-essential metal(loid)s to the
plant’s most sensitive aboveground part, thus suggesting the utility of this plant species
for phytostabilization of arsenic and lead in contaminated soils. Metal(loid) restriction
in roots with a low translocation towards upper parts is consistent with the results of
Simiele et al. [32], Bart et al. [47] and Lebrun et al. [84] who observed that Salix spp., grow-
ing on contaminated lands, are able to stabilize metal(loid)s at root system level. However,
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in our study, the low values for BCF and TF could be related to: (i) the concentrations of
As and Pb in the soil that were significantly higher (1501 and 19,228 mg·kg−1 of As and
Pb respectively, Table 1) than those in plant tissues; and (ii) the relatively low concentra-
tions of phytoavailable As and Pb (Figure 1) compared to their total concentration in the
Pontgibaud soil.

Table 5. Translocation factor (TF) and organ-specific bioconcentration factor (BCF) of arsenic (As)
(a) and lead (Pb) (b) calculated for Salix triandra grown for 60 days on the eight studied treatments.
For each parameter, different letters indicate significant difference among treatments (p < 0.05) (n = 5).
The letter “a” is used for the highest value found. Different treatments with at least one letter in
common show no significant difference. Thus, different treatments not having any letter in common
are significantly different from each other.

(a) TF As Leaf BCF As Stem BCF As Root BCF As

P0% 0.14 ± 0.03 ab 0.036 ± 0.002 a 0.032 ± 0.002 ab 0.56 ± 0.09 ab
PB 0.18 ± 0.01 a 0.039 ± 0.001 a 0.037 ± 0.002 a 0.42 ± 0.03 b
PI 0.15 ± 0.03 ab 0.044 ± 0.011 a 0.032 ± 0.001 ab 0.54 ± 0.05 ab

PM 0.09 ± 0.02 b 0.032 ± 0.001 a 0.030 ± 0.001 b 0.81 ± 0.14 a
PBI 0.15 ± 0.01 ab 0.033 ± 0.001 a 0.035 ± 0.002 ab 0.45 ± 0.03 b

PBM 0.13 ± 0.01 ab 0.034 ± 0.001 a 0.032 ± 0.001 ab 0.53 ± 0.03 ab
PIM 0.14 ± 0.01 ab 0.033 ± 0.002 a 0.029 ± 0.001 b 0.45 ± 0.05 b

PBIM 0.15 ± 0.03 ab 0.030 ± 0.001 a 0.031 ± 0.001 ab 0.46 ± 0.06 b

(b) TF Pb Leaf BCF Pb Stem BCF Pb Root BCF Pb

P0% 0.008 ± 0.001 a 0. 001 ± 6.7·10−5 a 0.0023 ± 0.0004 c 0.46 ± 0.05 ab
PB 0.018 ± 0.002 a 0.003 ± 6.9·10−5 a 0.0031 ± 0.0002 bc 0.36 ± 0.02 b
PI 0.011 ± 0.001 a 0.003 ± 1.7·10−4 a 0.0024 ± 0.0002 c 0.48 ± 0.02 ab

PM 0.008 ± 0.000 a 0.001 ± 5.9·10−5 a 0.0032 ± 0.0002 bc 0.55 ± 0.03 a
PBI 0.019 ± 0.001 a 0.002 ± 6.6·10−5 a 0.0047 ± 0.0004 a 0.38 ± 0.01 b

PBM 0.014 ± 0.000 a 0.002 ± 1.8·10−4 a 0.0043 ± 0.0003 b 0.45 ± 0.01 ab
PIM 0.012 ± 0.001 a 0.002 ± 2.1·10−4 a 0.0029 ± 0.0005 c 0.41 ± 0.03 b

PBIM 0.014 ± 0.001 a 0.004 ± 2.3·10−4 a 0.0023 ± 0.0001 c 0.43 ± 0.02 ab
P0%—Pontgibaud technosol; PB—Pontgibaud amended with 1% biochar; PI—Pontgibaud amended with 1%
ochre; PM—Pontgibaud amended with 1% manure; PBI—Pontgibaud amended with 1% biochar and 1% ochre;
PBM—Pontgibaud amended with 1% biochar and 1% manure; PIM—Pontgibaud amended with 1% ochre and 1%
manure; PBIM—Pontgibaud amended with 1% biochar, 1% ochre and 1% manure.

4. Conclusions

A mesocosm study was set up in order to evaluate the effect of different amendment
combinations on soil properties, Salix triandra growth and metal(loid) accumulation, and
thus their potential use in restoration of arsenic- and lead-contaminated mining soil. Results
showed that several treatments with biochar, ochre, and manure improved soil characteris-
tics, by reducing soil acidity. All the three amendments, both alone and in combination,
were also able to immobilize lead into the soil. However, the treatments had no positive
effects on the stabilization of arsenic. Moreover, plants grew better on the amended soils
with respect to the acidic Pontgibaud technosol, especially when manure was used alone
or in combination with the other soil amendments. In general, metal(loid) accumulation
abilities of Salix triandra did not discriminate among amended soils. Nonetheless, the use
of manure, both alone and in combination with biochar and ochre, would appear to have
made greater improvements than the other treatments in both plant growth and ability
to accumulate and store metal(loid)s at root system level. In summary, improved growth
of Salix triandra, jointly with lower lead accumulation in the aerial part of the plants, was
observed in soils amended with the manure. Therefore, this research showed that manure
could be used together with biochar and/or ochre in contaminated areas to decrease lead
leaching, availability and toxicity and improve soil fertility, plant growth and effectiveness
in stabilizing metal(loid)s in soil.

In addition, the present study investigated how the aging time of soil amendments
may affect the performance of phytostabilization strategies. In this regard, our results seem
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to confirm that aging time causes drastic changes in the physicochemical properties of
organic soil conditioners and this, consequently, can positively or negatively affect their
abilities to improve soil fertility and reduce the toxicity of certain metal(loid)s. However,
pot studies cannot accurately simulate external factors such as rain, temperature variation,
and sunlight which influence natural aging mechanisms. Long-term field trials to study
the aging effects of soil amendments would be needed to provide good evidence of their
temporal evolution. In addition, the microbial communities characterizing the different
treatments should be studied in order to understand the correlations in the soil-metal(loid)-
amendment-plant-microorganism system since it is known that microorganisms also play
an important role in contaminant stabilization processes. Finally, future studies should
be conducted to test different concentrations and combinations of soil improvers in order
to find an effective strategy in the phytostabilization of arsenic, considering the failure
obtained in this study for the immobilization of this metalloid.
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