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Abstract

Biochar is a soil amendment capable of influencing plant growth and potentially toxic
elements (PTESs) bioavailability in soils. At the same time Eisenia fetida (Savigny) is able
to interact with biochar influencing its performance. As such they could constitute a
resource for assisted phytostabilisation of PTE-polluted soils. To this end, a softwood-
derived biochar was added at 2 and 5% (w/w) rate, with and without E. fetida, to a soil
contaminated with Cd, Pb, Zn, As, and Sb, to evaluate the PTE phytostabilisation
potentials when combined with Sorghum vulgare. The combination of sorghum, 5%

biochar, and earthworms reduced the mobility of most PTEs in soil (e.g., up to 65% and



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

60% for Pb and Zn), while sorghum biomass was greatly increased (i.e., ~ 3- and 2-fold
for roots and shoots, respectively).

Biochar addition alone reduced the PTE uptake by plants, while the presence of
earthworms slightly increased it. Overall, the joint action of biochar and earthworms
increased the PTE removal efficiency by S. vulgare compared to control plants (e.g., the
amount of root As, Pb and Sb was ~ 5-, 4- and 3-fold higher, respectively). Although 2%
biochar didn’t affect E. fetida fitness, the highest biochar rate (5%) exhibited toxic effects
(the survival rate reduced by ~2-fold; weight loss increased by ~3-fold). Taken together,
these results indicated that S. vulgare, in combination with softwood biochar and E.

fetida, could be used for the assisted phytostabilisation of PTEs contaminated soils.

Keywords: Gentle remediation options; Organic amendments; Sorghum; Soil

macrofauna; Potentially Toxic Elements Bioaccumulation

1. Introduction

Potentially toxic elements (PTEs, e.g. Cd, Cu, Pb, Zn, As, and Sh) are naturally
present in soil at low concentrations. However, when certain thresholds are exceeded,
they can have remarkable toxic effects towards living organisms and soil biochemical
functioning (Abou Jaoude et al., 2019; Antoniadis et al., 2019).

Among gentle remediation options for the recovery of PTE-contaminated soils,
phytoremediation represents an interesting cost-effective and low-impact alternative with
respect to traditional and high-impact remediation solutions (Ali et al., 2013). This

technology is based on the plant’s capacity to remove PTEs from soil translocating them
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to the aboveground part (i.e., phytoextraction), stabilizing them into the soils or roots
(i.e., phytostabilisation), or converting the contaminants (mainly organic, but also
inorganic such as Se) into gaseous form and releasing them into the atmosphere through
leaf stomatal openings (i.e. phytovolatilisation) thus reducing their labile fractions in soil
(Ali et al., 2013; Barbosa and Fernando, 2018; Fiorentino et al., 2018).

Among the plant species that could be used for phytoremediation, Sorghum vulgare
Pers is particularly interesting because it is able to grow in contaminated soils
(robustness), and to produce high amounts of biomass in a relatively short time (Al
Chami et al., 2015). Jadia and Fulekar (2008) found that low concentrations of PTEs (e.g.
Cd, Cu, Ni, Pb and Zn between 5 - 20 mg kg™) stimulated shoot growth and total plant
biomass compared to control plants. Also, Ningyu et al. (2016) reported a high PTE
absorption efficiency of S. vulgare and showed that Pb, Cd and Zn were particularly
accumulated in the roots. Finally, Zand et al. (2020) detected high Sb accumulation in the
aboveground parts of S. vulgare, supporting its use for Sb phytoextraction in
contaminated soils. All this experimental evidence suggests that sorghum plants have
promising phytostabilisation and/or phytoextraction potentials which overall depend on
soil physico-chemical properties, PTE type, and concentration.

Phytoremediation potential can be further enhanced through the use of selected
organic and/or inorganic amendments (e.g. compost, biochar, zeolites, water treatment
residuals, red muds, and lime) (Barbosa and Fernando, 2018; Castaldi et al. 2018;
Fiorentino et al., 2018; Garau et al., 2022). This kind of approach, which is defined as
assisted phytoremediation, was successfully applied in many instances for the

remediation of PTE-contaminated soils (e.g., Liu et al 2022; Radziemska et al 2022;
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Zeremski et al 2021), but very limited and inconsistent information is available for
sorghum.

In the context of phytostabilisation, the use of biochar, a carbonaceous material
originated from the pyrolysis of organic biomass (Beesley et al., 2011), looks particularly
interesting (Simiele et al., 2020). The addition of biochar to degraded and/or
contaminated soils may increase the content of stable organic carbon and available
nutrients, and at the same time can reduce PTE mobility and their potential
phytoavailability (Abou Jaoude et al., 2020; Garau et al., 2022; Lehmann, 2007; Manzano
et al., 2020; Sheng and Zhu, 2018). In particular, the addition of biochar generally
increases soil pH, favouring the precipitation of PTEs in cationic form as metal-
carbonates and metal-hydroxides. Furthermore, the presence in biochar of carboxylic and
phenolic functional groups and of amorphous Fe and Al (hydroxy)oxides, could be useful
to promote the formation of stable surface complexes with both cationic and anionic
PTEs such as Pb, Cd, Cu, Sb and As (Abou Jaoude et al., 2020; Lu et al., 2017; Manzano
et al., 2020).

When biochar and S. vulgare were tested together, increased plant yields were
observed in soils amended with 5, 10, 15 and 20 t ha™* biochar (compared to unamended
soil), accompanied by a reduction of Cd, Cu, Pb and Zn in sorghum plants (Oziegbe et
al., 2019). Zand et al. (2020) also observed a reduction of Sb accumulation in roots and
shoots of S. vulgare grown in a soil amended with a wood biochar (at a rate of 2.5 - 5%).
On the other hand, Ali et al. (2017) observed that the reduction of PTE uptake in a
contaminated soil amended with biochar (1% rate) was not accompanied by an increase

in sorghum biomass. These results, although sometimes not fully consistent, suggest that
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the co-presence of biochar and S. vulgare could be an effective combination for the
recovery of PTE-contaminated soils that requires more in-depth investigation.

Other relevant soil components, such as earthworms, which are able to interact with
both biochar and sorghum roots, can possibly influence the effectiveness of the biochar-S.
vulgare combination in the remediation of PTE-contaminated soils. Earthworms,
recognised as an essential part of soil fauna, are known to increase plant growth
irrespective of their feeding habits (detritivorous or geophagous), accelerating the
degradation of organic matter and ensuring a better availability of nutrients to plants and
microorganisms (Blouin et al., 2013; Van Groenigen et al., 2014). Moreover, the
activities of these soil invertebrates can alter soil pH and increase dissolved organic
carbon (DOC), accelerating the biogeochemical cycling of PTEs, and increasing their
plant uptake (Blouin et al., 2013; Karaca et al., 2010; Sizmur and Richardson, 2020;
Udovic and Lestan, 2007). However, biochar may be stressful to soil earthworms due to
its high pH and the presence of potentially toxic substances such as ammonia (especially
from nitrogen rich biochars) and polycyclic aromatic hydrocarbons (Malev et al., 2015).
Given the importance of earthworms to plant growth and PTE mobility, and considering
their key role in soil health, it is important to define their possible influence on assisted
phytoremediation programmes. To the best of our knowledge, these aspects have not
been comprehensively investigated thus far (Wang et al., 2020).

This study evaluated the influence of biochar and Eisenia fetida on i) S. vulgare
growth in a PTE-polluted soil; ii) PTE uptake, bioaccumulation and translocation in S.
vulgare; and iii) PTE mobility and selected soil fertility parameters [e.g., pH, electrical
conductibility (EC), dissolved organic carbon (DOC), available P, cation exchange

capacity (CEC) and exchangeable Ca, Na, Mg and K] after S. vulgare growth.
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Furthermore, the earthworm fitness, PTE concentration in earthworm tissues and PTE
bioaccumulation factors were determined for E. fetida grown in soils (treated and

untreated with biochar) planted with S. vulgare.

2. Materials and methods

2.1 Soil origin and sampling

Soil samples (upper 30 cm) were randomly collected from a 2 ha site neighbouring the
decommissioned Montevecchio mine (SW Sardinia, Italy, N 39°40'29.71"; E
8°37'17.97", Montevecchio-Levante), where galena (PbS) and sphalerite (ZnS) were
extracted since ancient times (Manzano et al., 2020; Wanty et al., 2013). In this area,
mine tailings containing high concentrations of PTEs (i.e. As, Cd, Cu, Pb, Sb and Zn) are

the main source of contamination (Garau et al., 2019, 2020; Manzano et al., 2020).

2.2 Mesocosms set up and biochar treatment

Soil samples were mixed together in the laboratory, air-dried, and sieved to < 2 mm.
Previous characterisation measurements on the control soil (C) determined that it was a
sandy clay soil (USDA classification) with an acidic pH (6.01), and was characterised by
a good content of organic matter (OM, 3.6%), total N (1.6 g kg?) and available P (P
Olsen, ~ 22 mg kg 1), and a high cation exchange capacity (CEC, 22.8 cmol)-kg™) (see
Supplementary Table S1 and Garau et al., 2022 for more details). The total concentration

of PTEs (i.e. As, Cd, Cu, Pb, Sb and Zn) were previously determined to exceed the
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thresholds established by the Italian legislation for agricultural soils (Ministerial Decree
46, 2019) and/or green (public or private) areas (Legislative Decree 152, 2006). The
biochar was provided by Ronda SpA (Zane, Italy), and was obtained by beech, poplar and
elder softwood pyrolyzed at 700 °C (e.g. Mukome et al., 2013). The main chemical
characteristics of the biochar were previously described (Manzano et al., 2020) and
reported in Supplementary Table S1. Briefly, the biochar had a strongly alkaline pH
(9.30), a total carbon content (61.32%) in line with values reported in the literature for
biochar obtained from the same matrices (Mukome et al., 2013), and high concentrations
of available phosphorus (84.52 g kg™) and exchangeable calcium Ca (45.08 cmol) kg™).
The content of total N (3.03 g kg?) and DOC (0.020 mg g*) was lower than in similar
biochar or other organic soil amendments such as compost (Manzano et al., 2020).
Different mesocosms, each containing 50 kg of mass (soil alone or with biochar), were
prepared as follows:

- unamended soil used as a control (C);

- C+ 2% (w/w) softwood biochar (B2);

- C+ 5% (w/w) softwood biochar (B5).
The amendment rates (2% and 5% w/w) were selected based on the results obtained in
previous studies (Garau et al., 2022; Manzano et al., 2020). Mesocosms were kept at
constant moisture (30% of their water holding capacity) for 1 month at 25 °C. During this
period, they were turned carefully by hand (about 10 minutes for each mesocosm) twice a

week to aerate the soil and encourage the mixing of the soil and biochar.

2.3 Pot experiment set up, E. fetida treatment and plant analysis
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After the pre-incubation period, a total of 30 pots (22 cm diameter, 16 cm height) each
containing 3 kg of soil derived from the different mesocosms were set up, i.e., 5
replicated pots x 3 biochar-treatments (C; B2 and B5) x 2 earthworm-treatments (+E and
-E) x 1 plant species. Ten sorghum seeds (Sorghum vulgare L. Moench) were sown in
each pot. Seven days after the seeding, 24 adult fully clitellate earthworms (E. fetida),
with an average weight of 0.5 g each, were placed in half of the sown pots (+E
treatment). This number was chosen on the basis of results obtained in our previous work
(Garau et al., 2022; Sizmur et al. 2011). The earthworms were supplied by the company
Bioss Sardegna (Sassari, Italy), then they were purified for 48 hours (Arnold and Hodson,
2007) before inoculation into the soil. E. fetida was chosen because of its tolerance to
high PTE concentrations, and the ease with which they can be reared and cultured in the
laboratory, making them suitable for deployment in inoculation schemes. No manure or
other food source were added to pots to exclude their influence on PTE mobility, plant
growth and uptake, and earthworm activity. A wire mesh (Imm x 1mm mesh size) was
placed under each pot to prevent earthworms from escaping.

Pots were arranged in a completely randomized design and plants were grown over 4
months in a greenhouse under semi-controlled conditions (20-25 °C temperature, 60-70%
relative humidity, and ~ 16,400 kJ m mean global radiation) and irrigated every day. At
harvest, shoots and roots were separated, washed with deionized water and dried at 55 °C
for 72 h to determine the dry weight. At the same time, surviving earthworms were
collected, washed with deionised water, and depurated for 24 hours (Arnold and Hodson,
2007). Afterwards, they were counted, weighed, frozen at -18 °C for 48 h, and dried at 55
°C for 72 h. The number and fresh body weight of E. fetida, recorded at the beginning

and at the end of the experiment, were used to determine earthworms’ survival rate and
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weight change (Huang et al., 2020). After plant growth, juveniles and eggs were searched
for, but none were found.

At harvest (and for each pot), the concentration of PTEs (i.e. Pb, Cd, Zn, Cu, As and
Sb) in plant tissues (roots and aboveground part) and earthworms was determined, after
microwave-assisted (MARS 6) acid digestion in nitric acid (U.S. EPA Method 3052),
with an Perkin Elmer Optima 7300 DV Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES). Peach leaves (NIST-SRM 1547, for plants) and mussel tissues
(ERM CEZ278, for earthworms) were used as standard reference materials for quality
assurance. For peach leaves, the measured values of As, Cd, Pb, Sb and Zn were between
87-106% of the certified values, while for mussel tissue, the measured values of all PTEs
were between 89-101% of the certified values.

PTE bioaccumulation factors (BAF) and translocation factors (TF), along with
mineralomasses (MM), were calculated for plants and/or earthworms as follows
(Bonanno and Vymazal, 2017; Lebrun et al., 2018; Moameri and Khalaki, 2019):

- BAFe: ratio between PTE concentration in earthworm tissues and concentration
initially present in soil.

- BAFR: ratio between PTE concentration in S. vulgare roots and concentration
initially present in soil.

- BAFs: ratio between PTE concentration in S. vulgare shoots and concentration
initially present in soil.

- TF: ratio between PTE concentration in shoots and concentration present in roots.

- MMR: S. vulgare root biomass x PTE concentration in roots.

- MM s: S. vulgare shoot biomass x PTE concentration in shoots.
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2.4 Soil properties and PTEs mobility after plant growth

After plant growth, root-adhering soil collected from plants of each pot was bulked
together, sieved to < 2mm, and triplicate samples analysed to determine soil pH (ISO
10390 2005) and electric conductivity (EC; ISO 11265 1994, Gazzetta Ufficiale, 1992).
Moreover, total C and N were quantified using a CHN analyzer Leco CHN 628 with an
oat meal Leco part n° 502—-276 as calibration sample. Dissolved organic carbon (DOC)
was quantified by UV absorbance (254 nm) in filtered (0.45 pm) soil suspensions as
previously described (Brandstetter et al., 1996). Available P was determined following
the Olsen P method (Olsen, 1954), while exchangeable Na, Ca, K and Mg and CEC were
measured using the BaCl; and triethanolamine methods (Gazzetta Ufficiale, 1992).

The same soil samples were analysed to quantify As and Sb mobility (i.e. the non-
specifically sorbed labile or mobile fraction) by treating 1 g soil aliquots with 25 mL of a
0.05 M (NH4)2SO4 solution for 4 h at 20 °C (Wenzel et al., 2001); and the labile fraction
of cationic PTEs (i.e. Cd, Pb and Zn) by treating 1 g soil aliquots with 25 mL of a 0.5 M
Ca(NO:s). solution for 16 h at 20 °C (Basta and Gradwohl, 2000). The extracted PTEs
were quantified as previously described (ICP-OES). A soil certified reference material

(NIST-SRM 2711) was included for quality assurance.

2.5 Data analysis

Unless otherwise stated, all the analyses were performed in triplicate from each pot
and reported as mean values * standard errors (SE) in tables and figures. One-way

analysis of variance (ANOVA) was carried out to investigate the effects of biochar

10
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addition (i.e., -E treatments; C, B2 and B5) on plant growth and PTEs uptake, and soil
chemical features, as well as to evaluate the influence of earthworms (i.e., +E treatments
vs -E ones) on the above mentioned parameters. A one way ANOVA was carried out to
assess the effect of biochar on earthworms fitness (i.e. survival rate and weight loss) and
PTE bioaccumulation. Two-way ANOVA was also conducted to evaluate the influence
of biochar (at 2% and 5% rates) and earthworms on plant growth, PTE uptake and soil
chemical features. When significant P-values (P < 0.05) were obtained for a factor,
differences between individual means were compared using the post-hoc Fisher’s least
significant difference test (LSD, P < 0.05). Statistical analyses were carried out using the

NCSS 2007 Data Analysis software (v. 07.1.21; Kaysville, Utah).

3. Results and discussion

3.1 Chemical properties of soil after S. vulgare growth

According to LSD test, greater soil pH was observed in biochar amended soils (~0.31
and ~0.56 units in B2 and B5 respectively, Table 1), and a further pH increase was
observed in the presence of earthworms (~0.14, ~0.06 and ~0.08 units in C+E, B2+E and
B5+E respectively, Table 1). These results demonstrate the alleviation of soil acidity due
to biochar alkalinity (Abou Jaoude et al., 2020; Garau et al., 2022; Gu et al., 2020;
Manzano et al., 2020) and earthworms cutaneous mucus secretion (Desie et al., 2020;
Sizmur et al., 2009). This was the main effect of biochar and earthworms on soil

characteristics.

11
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Total organic matter and DOC content increased after biochar addition, by 1.29- and
2.35-fold for total organic matter, and 1.17- and 1.33-fold for DOC, in B2 and B5 soils,
respectively, compared to control (LSD, P < 0.05; Table 1). This increase was due to the
organic nature of the amendment added, and likely due to an increased metabolic activity
in amended soils (e.g., due to enhanced root exudation of low molecular weight organic
acids and/or higher microbial activity; Lebrun et al., 2018; Pinto et al., 2008). The
addition of earthworms further increased the DOC content (i.e., by 1.58-, 5.50- and 1.87-
fold in C+E, B2+E and B5+E treatments compared to the respective -E ones, LSD, P <
0.05), likely due to a positive impact of earthworms on soil microbial activity and
accelerated organic matter turnover (Sizmur et al., 2011).

The biochar addition (B2 and B5) led to an increase in available P (e.g., 1.08-fold in
B5 compared to C), CEC (e.g., 1.06-fold in B5 compared to C) and exchangeable Na, Ca
and Mg (LSD, P < 0.05; Table 1), as a result of the high specific area and the high
content of these elements in available form in biochar (Table S1). However,
exchangeable K decreased in biochar amended soils, and further decreased in the
presence of earthworms. This could be due to the low concentration of exchangeable K in
biochar, and its high affinity for this soil amendment (Manzano et al., 2020), as well as to
increased K requirements of sorghum plants in the presence of biochar and earthworms
(i.e., due a better plant growth) which resulted in reduced exchangeable K. This
interpretation is supported by the reduction of the available P in +E treatments compared
to the respective -E treatments (Table 1).

Biochar, earthworms and their interaction influenced soil chemical properties (e.g. pH,

EC, DOC, exchangeable Na, K, Mg; Supplementary Table S2) after sorghum growth.
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Biochar proved to be the most important treatment in conditioning soil properties (i.e.

total organic carbon, total P, and CEC; Supplementary Table S2).

3.2 PTE mobility in root-adhering soil after S. vulgare growth

The PTE mobility in S. vulgare root-adhering soil was assessed to evaluate the
potential effectiveness of sorghum, biochar, and E. fetida in assisted phytostabilisation
interventions. ldeally, effective treatments should be able to stabilise PTEs (i.e., reduce
the concentration of mobile/labile contaminants) as well as promoting plant growth and
stimulating PTE storage in roots. The first point is of upmost importance since the labile
fraction of PTEs is most critical in terms of environmental and human health risks
(Aminiyan et al., 2021).

The extraction of mobile PTE fractions (i.e., water-soluble and readily exchangeable
fractions) represented a relatively low content of As, Pb and Sb in all treatments,
compared to their total concentrations (i.e., 0.00 - 1.14% of total As, 0.19 - 0.48% of total
Pb, and 0.24 - 0.28% of total Sb; Fig. 1 and Fig. 2). In contrast, labile Cd and Zn
represented a considerable portion of their total concentration in soil (i.e., 20.49 - 31.74%
of total Cd, and 5.89 - 14.22% of total Zn; Fig. 2). Labile Cu in all the treatments (data
not shown), and labile As in B2 and B5+E were under the detection limit (i.e. <0.2
ng-kg™; Fig. 2).

Biochar addition reduced labile PTE concentrations (i.e., labile As, Sb, Cd, Pb and Zn
decreased by ~ 4.0-, 1.0-, 1.6-, 2.8- and 2.2-fold, respectively, in B5 soil compared to the
control; Fig. 1 and Fig. 2). These results could be ascribed to the biochar’s capacity to

immobilize PTEs through specific adsorption mechanisms, such as complexation with
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carboxylic and phenolic functional groups (Supplementary Table S1; Pinna et al., 2022)
and/or Fe (hydr)oxides in the biochar, or and non-specific adsorption to aromatic
functional groups due to cation- rt interactions (Zhu et al., 2017; Garau et al., 2022).
Moreover, the pH increase recorded in biochar treated soils, and the presence of
substantial carbonate and phosphate in biochar (Supplementary Table S1), likely
favoured the precipitation of PTEs, reducing their mobile fractions (Kabata-Pendias and
Pendias, 2000; Cao et al., 2009; Lu et al., 2017; Zhu et al., 2017).

Earthworms addition to B soils did not affect the mobility of Pb which remained only
influenced (i.e., reduced) by biochar (Fig. 1); the addition of earthworms to biochar
amended soil did not further reduce Pb mobility to a statistically meaningful extent. On
the contrary, according to LSD test, E. fetida reduced Zn and Cd mobility in biochar
amended soils, i.e. by 1.08- and 1.10-fold (Zn) and by 1.19- and 1.14-fold (Cd) in B2+E
and B5+E, respectively compared to -E soils. Likewise, earthworms decreased labile As
and Sb between 1.14- and 5.26-fold in +E treatments respectively, compared to the
respective -E soils (Fig. 2). Overall, these results showed that adding E. fetida reduced
labile PTE concentrations in biochar treated soils. This phenomenon could be due to PTE
bioaccumulation by earthworms (Xiao et al., 2022) and S. vulgare (Vamerali et al., 2010).
Indeed, S. vulgare biomass and PTE uptake increased when the plant was grown in
biochar-treated soils and in the presence of E. fetida (Table 1).

Altogether, biochar, earthworms, and their interaction affected As, Pb and Zn mobility
in soil (Supplementary Table S2), although biochar treatment was the most effective at

influencing PTEs lability (with the exception of Sb).

3.3. S. vulgare growth in PTE-contaminated soil: influence of biochar and E. fetida

14
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As previously mentioned, an assessment of plant growth is another necessary step in
the evaluation of assisted phytostabilisation interventions (Castaldi et al. 2018; Garau et
al., 2020). Independently of biochar and earthworm presence, sorghum was able to grow
in the PTE-contaminated soil (Fig. 3) and no phytotoxicity symptoms were detected. The
plant biomass, particularly that recorded in C soil, was similar to that observed by Ali et
al. (2017) for S. vulgare grown in a comparable PTE-contaminated soil.

The amendment rate apparently affected plant growth, since the highest root and shoot
biomass was recorded in B5 soil (Fig. 3). Root biomass increased by 1.43- and 1.71-fold
in plants grown in B2 and B5 soils (-E), respectively, compared to control plants; while
shoot biomass increased by 1.22- and 1.65-fold, respectively (Fig. 3). Similar findings
were reported by Zand et al. (2020), i.e. significant increases in sorghum biomass were
observed in a Sh-contaminated soil with increasing biochar rates (e.g., 0, 2.5 and 5%).
Essentially the same finding was highlighted by Oziegbe et al. (2019) for sorghum grown
in landfill soils (contaminated by multiple PTEs) amended with up to 10 t ha™* biochar.
These results are most likely due to a reduction of PTEs mobility, and consequent
phytoavailability, in biochar-amended soils (Fig. 1 and Fig. 2) as well as due to the
greater fertility of biochar-amended soils (Table 1; Garau et al. 2022).

Earthworm addition led to a further increase in plant growth, since root biomass
increased up to 1.70-fold in plants grown in B5+E, compared to plants grown in B5 (Fig.
3). More subtle (yet significant) increases were also detected for shoot biomass (Fig. 3).
The earthworm-driven biomass effect (which was seen in the presence and absence of
biochar) could be due to a further improvement of soil fertility, as supported by soil

chemical analyses after plant growth (e.g. increases in pH values and DOC when
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earthworms were present; Table 1), also recognised by several other authors (Yong-Li et
al., 2009; Chaudhuri et al. 2012; Wang et al., 2019; Huang et al., 2020; Garau et al.,
2022).

Biochar, earthworms, and their interaction influenced S. vulgare biomass (particularly
root biomass), although biochar was the most significant treatment (Supplementary Table
S2).

The results obtained highlight a clear positive interaction between biochar and
earthworms which, together, effectively increased sorghum biomass in the PTE-

contaminated soil.

3.4. PTE uptake by S. vulgare

With the only exception of Pb in roots, biochar addition reduced the PTE uptake by
sorghum roots and shoots, and this was mostly evident for the highest biochar rate (Fig. 4
and Fig. 5). For instance, in accordance with LSD test, in B5 soil, Cd and Zn
concentrations in roots were 26% and 45% lower compared to those recorded in C.
Moreover, in the same soil, 43% and 56% lower concentrations were observed for Cd and
Zn in shoots (Fig. 4). Lower magnitude reductions in PTE uptake were noticed for
metalloids (i.e., As and Sb; Fig. 5). However, in this case shoot As and Sb were under the
detection limit (i.e. <0.2 pg-kg ) when 5% biochar was added.

Interestingly, earthworm addition overall increased PTE uptake by the roots (not
always and with the exception of Cd) and this was especially true for the highest biochar
rate (Fig. 4 and Fig. 5). For instance, Pb, As and Sb uptake in B5+E roots was greater by

1.6-, 2.0 and 2.6-fold, respectively, compared to B5 soil, while Cd in roots reduced by ~

16


https://www.sciencedirect.com/science/article/pii/S0048969721063336#bb0065
https://www.sciencedirect.com/science/article/pii/S0048969721063336#bb0065
https://www.sciencedirect.com/science/article/pii/S0048969721063336#bb0065
https://www.sciencedirect.com/science/article/pii/S0048969721063336#bb0065

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

20% in the presence of E. fetida (Fig. 4 and Fig. 5). The same trend was found for
sorghum shoots; e.g. Pb and Zn uptake in B5+E shoots was 1.6- and 1.2-fold greater,
respectively, than B5 soil (Fig. 4).

The results obtained showed that sorghum can take up considerable quantities of PTEs
and accumulate them mainly in the root system (although this may vary in relation to the
PTE considered), showing good phytostabilisation capabilities (Faruruwa et al., 2013; Al
Chami et al., 2015). Overall, softwood biochar reduced the uptake of PTEs by sorghum,
likely as a result of immobilization of labile PTEs by the amendment (Figs. 1-2; Garau et
al., 2022; Manzano et al., 2020; Oziegbe et al., 2019; Ali et al., 2020).

In contrast to the effect of the biochar, in the majority of cases (i.e., with the exception
of Cd) earthworms activities led to increased PTE uptake by S. vulgare. Given that labile
PTEs were reduced (or unaffected) in the presence of E. fetida (Fig. 1 and Fig. 2), the
observed phenomenon could be attributed to a general improvement of soil fertility due to
earthworms, which eventually promoted plant growth, root activity and PTE uptake. The
lower Cd concentration in S. vulgare roots grown in B+E soils, compared to B-E soils,
may be due to the significant reduction of bioavailable Cd pool induced by earthworms
(i.e. Cd could be specifically bioaccumulated by the earthworms). This interpretation is
supported by previous findings showing that E. fetida can accumulate Cd in the
chloragogenous tissues where it is fixed into phosphate-rich granules, and/or O- or S-
donating (Cd has a high affinity with sulfhydryl groups) organic ligands (Sizmur and
Hodson, 2009).

Overall, biochar, earthworms, and their interaction affected the PTEs uptake by

sorghum, with biochar being the main significant factor (Supplementary Table S2).
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3.5 PTEs bioaccumulation, translocation and mineralomasses in S. vulgare

In order to evaluate the effect of softwood biochar, E. fetida and their combination on
the phytoremediation capabilities of S. vulgare, PTEs bioaccumulation (i.e. BAFr and
BAFs), and translocation factors (i.e. TF) were calculated along with mineralomasses (i.e.
MMr and MMs) for plants grown on biochar amended and unamended soils, with and
without earthworms.

In general, BAFs were quite low in aboveground and belowground organs, i.e.
between 0.04-0.67 (Table 2). The only exception was recorded for Cd in roots (BAFr
>1), that indicated higher concentration of this PTE in roots than initially recorded in soil.
Biochar addition decreased or did not affect PTE-BAF by S. vulgare, in particular BAFr
values were in the order: C > B2 > B5 (LSD, P < 0.05; Table 2). The PTE-BAFs
followed the same trend (Table 2). Generally, earthworm addition increased BAFr values
(with the exception of Cd-BAFr and As- and Cu-BAFr in C soil), with an increase
between 1.02- and 2.12-fold. The BAFs did not vary between soils with or without
earthworms (with the exception of Sb-BAFs in C soil). The lower PTE-BAF in plants
grown in amended soils confirm a strong immobilisation of the PTEs by biochar, while
the addition of earthworms led to an increase in the bioavailability of PTEs and uptake in
roots.

Based on the ability of plants to accumulate and/or translocate PTEs from roots to
shoots, plant species can be selected for phytostabilisation or phytoextraction programs.
For this reason, the translocation factor (TF), an index that quantifies the ability of plants
to transfer PTEs from roots to shoots (Bonanno and Vymazal, 2017), was calculated.

Irrespective of the treatment applied, sorghum plants showed TF < 1 (i.e. between 0.00 -
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0.45) for all the PTE considered, which followed the order: Cd > Zn > Sb > Cu >Pb > As
(LSD, P < 0.05; Table 2). This indicates that PTEs were mainly accumulated in
belowground organs and poorly translocated in aboveground parts. These data are in
agreement with the results reported by other researchers, which showed low TFs for As,
Cd, Co, Cu, Pb and Zn in sudan gass (Marchiol et al., 2007; Wei et al., 2008). Biochar
addition at 5% rate consistently decreased TF for Sh, Cd, Pb and Zn, while 2% rate had
less of an effect (Table 2). Moreover, it should be noted that Pb and Zn TF recorded in
plants grown in control soil decreased in the presence of earthworms (C+E) whereas, in
B+E soils, the effect of earthworms on PTE translocation was more limited. The effect of
biochar (and to some extent the combination with the earthworms) on soil fertility and the
reduction of PTE mobility may have favoured the development of adaptive characteristics
in sorghum, such as the reduction of PTE translocation in the aboveground part of the
plant (Noguera et al., 2012; Soudek et al., 2015, 2017; Razaq et al., 2017).

PTE mineralomasses (MMr and MMs) are useful to estimate the contaminant removal
by the plant, since they quantify the actual amounts of PTEs accumulated and stored in
plant tissues (Lebrun et al., 2018). MMRg values in all treatments were higher (between
1.85- and 34.02-fold) than those of MMs, confirming that all the PTEs considered were
preferentially stored in roots, as opposed to shoots (Table 2). For all the PTEs considered
(except Zn) MMgr were always higher in sorghum grown on biochar amended soils
compared with control plants (Table 2). This supports the view that biochar decreased
PTE mobility (Fig. 1 and Fig. 2), but at the same time stimulated plant growth (Fig. 3),
which eventually led to a higher PTE removal efficiency by roots. However, a very
limited influence of biochar was noted on MMs (Table 2). Earthworm addition increased

the MMR of all the PTEs considered, especially in biochar amended soil, where increases
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between 1.06- and 3.50-fold were observed (Table 2). An influence, albeit reduced, of
earthworms was observed also in MMs, where the increases were smaller than in MMg,
and ranged from 1.00- to 2.45-fold compared to -E plants.

Taken together, these results make it possible to state that S. vulgare could be
effectively used in combination with softwood biochar and earthworms for the assisted

phytostabilisation of PTE-contaminated soils.

3.6 PTE concentration and bioaccumulation in E. fetida and acute ecotoxicity effects

It was shown in previous studies that biochar and plants can influence the health status
of earthworms (i.e., their survival rate and weight loss), as well as the bioaccumulation of
PTEs into their bodies (Wang et al., 2019). Eggs or juveniles were not found in any of the
soils, likely because the presence of multiple PTEs impaired E. fetida reproduction. The
survival rate and the weight loss of earthworms in C+E and B2+E were not statistically
different, whereas survival rate decreased by ~2-fold and average weight loss increased
by ~ 2.3-fold in B5+E, compared to C+E (Table 3). This finding suggests that E. fetida
was able to survive in PTE contaminated soils, though the addition of softwood biochar at
the higher rate (i.e., 5%) showed toxic effects. This was in agreement with Garau et al.
(2022) and Shi et al. (2021), who showed that the addition of different biochars (e.g., cow
dung, corncob and sewage sludge) at 5.0 and 7.5% rates induced mortality and weight
losses in E. fetida. Earthworms probably ingested biochar particles, which may contain
toxic contaminants (i.e. polycyclic aromatic hydrocarbons; Malev et al., 2015) as well as
high concentrations of PTEs, thus explaining the decline of the survial rate and the

increased weight loss in the presence of 5% biochar (Sizmur and Hodson, 2009).
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The highest As, Sb, Cu, Pb and Zn concentrations were recorded for earthworms
incubated in B2+E soil followed by C+E and B5+E (LSD, P < 0.05; Table 3). With
regards to Cd concentration in earthworms tissues, it followed the order: B5+E > B2+E >
C+E (Table 3).

The PTEs BAF values were generally lower than 1 for all PTE considered, with the
exception of Cd, and followed the trend: Cd>As>Cu>Zn>Pb>Sh (LSD, P < 0.05; Table
3). A similar order and relatively low BAF values were recorded by Ruiz et al. (2009),
Liu et al. (2017) and Garau et al. (2022). Given the higher mobility of Cd, compared to
other PTEs, it is not surprising that the Cd BAF values were higher than 1 in all the
samples, reaching the highest values in B5+E soil. The BAF values of all PTEs (except
Cd) increased for earthworms grown in B2+E compared to C+E and overall followed the
order B2+E > C+E > B5+E, while BAF for Cd followed the trend B5+E > B2+E > C+E
(LSD, P < 0.05; Table 3).

The E. fetida PTE concentrations and BAFs seem to contrast with those reported by
other authors (Garau et al., 2022; Huang et al., 2020; Wang et al., 2020), who showed
lower PTEs-BAF and concentration in Eisenia spp. in contaminated bare soils amended
with biochar. Greater secretion of exudates by sorghum roots in biochar-amended soils,
combined with higher earthworm activity (particularly in B2+E, considering it had the
highest survival rate and the lowest weight loss of E. fetida) may have favoured the
remobilization of PTEs from biochar, resulting in increased PTEs bioaccumulation by
earthworms, as a possible explanation for this phenomenon.

Finally, E. fetida is a compost earthworm rather than a geophagous one. However, it
does exhibit geophagous behaviour when added to soils without a litter layer, and this is

the premise for its widespread use in ecotoxicology testing. The results of this study
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demonstrated that E. fetida was able to tolerate contaminated soils amended with a low
biochar rate, promoted biochar homogenisation with the soil and facilitated
phytostabilisation. Even at the highest dose of soil amendment, a biochar + earthworm
synergistic effect was observed, despite a reduction in the earthworm population, and this
could be ascribed to a certain influence of the earthworm necromass. Finally, it is fair to
say that a self-sustaining population of E. fetida in contaminated soil in cold climates is
unlikely, but it may provide short-term benefits by helping to establish a vegetative cover

and create the necessary conditions for colonisation by other earthworm species.

4. Conclusions

The results obtained indicated that the combined use of sorghum, softwood biochar,
and E. fetida earthworms can represent an effective strategy for the assisted
phytostabilisation of PTE-contaminated soils. The synergistic action of biochar and
earthworms reduced mobile PTEs in soil, promoted plant growth, and increased the
amount of PTEs absorbed mainly by sorghum roots. At the same time, the increased PTE
mineralomasses in plants grown in biochar- and earthworm-treated soils indicated the
suitability of the approach in reducing the mobility of PTEs in soil. Despite this, clear
evidence of toxicity was observed for E. fetida in the presence of 5% biochar, raising
questions on the impact that high rates of biochar can have on soil biota. So, the best
combination would seem to be 2% biochar + earthworms. However, further studies are
needed to establish the long-term stability of the observed effects as well as to evaluate
the suitability of the earthworm- and biochar-assisted phytoremediation approach in field

conditions.

22



525

526

527

528

529

Acknowledgments
The financial support of the University of Sassari (Fondo di Ateneo per la Ricerca

2020) and “Bando competitivo Fondazione di Sardegna — 2017 per progetti di ricerca”.

23



530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

References

Abou Jaoude, L., Castaldi, P., Nassif, N., Pinna, M.V, Garau, G., 2020. Biochar and
compost as gentle remediation options for the recovery of trace elements-
contaminated soils. Sci. Total Environ. 711, 134511.
https://doi.org/10.1016/j.scitotenv.2019.134511

Abou Jaoude, L., Garau, G., Nassif, N., Darwish, T., Castaldi, P., 2019. Metal(loid)s
immobilization in soils of Lebanon using municipal solid waste compost: Microbial
and biochemical impact. Appl. Soil Ecol. 143, 134-143.
https://doi.org/10.1016/j.aps0il.2019.06.011

Al Chami, Z., Amer, N., Al Bitar, L., Cavoski, 1., 2015. Potential use of Sorghum bicolor
and Carthamus tinctorius in phytoremediation of nickel, lead and zinc. Int. J. Environ.
Sci. Technol. 12, 3957-3970. https://doi.org/10.1007/s13762-015-0823-0

Ali, A., Guo, D., Mahar, A., Wang, P., Ma, F., Shen, F., Li, R., Zhang, Z., 2017.
Phytoextraction of toxic trace elements by Sorghum bicolor inoculated with
Streptomyces pactum (Act12) in contaminated soils. Ecotox. Environ. Safe. 139, 202—

209. https://doi.org/10.1016/j.ecoenv.2017.01.036

Ali, A., Shaheen, S.M., Guo, D., Li, Y., Xiao, R., Wahid, F., Azeem, M., Sohail, K., Zhang,

T., Rinklebe, J., Zhang, Z., 2020. Apricot shell-and apple tree-derived biochar affect the
fractionation and bioavailability of Zn and Cd as well as the microbial activity in
smelter contaminated soil. Environ. Pollut. 264, 114773.

https://doi.org/10.1016/j.envpol.2020.114773

24


https://www.sciencedirect.com/science/article/pii/S026974911937486X#!
https://www.sciencedirect.com/science/article/pii/S026974911937486X#!
https://www.sciencedirect.com/science/article/pii/S026974911937486X#!
https://www.sciencedirect.com/science/article/pii/S026974911937486X#!
https://www.sciencedirect.com/science/article/pii/S026974911937486X#!
https://doi.org/10.1016/j.envpol.2020.114773

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

Ali, H., Khan, E., Sajad, M.A., 2013. Phytoremediation of heavy metals-Concepts and
applications. Chemosphere 91, 869-881.

https://doi.org/10.1016/j.chemosphere.2013.01.075

Aminiyan, M.M., Rahman, M.M., Rodriguez-Seijo, A., Begloo, R.H., Cheraghi, M.,

Aminiyan, F.M., 2021. Elucidating of potentially toxic elements contamination in
topsoils around a copper smelter: Spatial distribution, partitioning and risk estimation.
Environ. Geochem. Health 44, 1795-1811. https://doi.org/10.1007/s10653-021-01057-z
Antoniadis, V., Shaheen, S.M., Levizou, E., Shahid, M., Niazi, N.K., Vithanage, M., Ok,
Y.S., Bolan, N., Rinklebe, J., 2019. A critical prospective analysis of the potential
toxicity of trace element regulation limits in soils worldwide: Are they protective
concerning health risk assessment? - A review. Environ. Int. 127, 819-847.
https://doi.org/10.1016/J.ENVINT.2019.03.039
Arnold, R.E., Hodson, M.E., 2007. Effect of time and mode of depuration on tissue copper
concentrations of the earthworms Eisenia andrei, Lumbricus rubellus and Lumbricus
terrestris. Environ. Pollut. 148, 21-30. https://doi.org/10.1016/j.envpol.2006.11.003
Barbosa, B., Fernando, A.L., 2018. Aided Phytostabilization of Mine Waste, in: Prasad,
M.N.V., de Favas, P.J.C., Maiti, S.K. (Eds.), Bio-Geotechnologies for Mine Site
Rehabilitation. Elsevier, Amsterdam, pp. 147-157. https://doi.org/10.1016/B978-0-12-
812986-9.00009-9
Basta, N., Gradwohl, R., 2000. Estimation of Cd, Pb, and Zn Bioavailability in Smelter-
Contaminated Soils by a Sequential Extraction Procedure. J. Soil Contam. 9, 149-164.
https://doi.org/10.1080/10588330008984181
Beesley, L., Moreno-Jiménez, E., Gomez-Eyles, J.L., Harris, E., Robinson, B., Sizmur, T.,

2011. A review of biochars’ potential role in the remediation, revegetation and

25



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

restoration of contaminated soils. Environ. Pollut. 159, 3269-3282.
https://doi.org/10.1016/j.envpol.2011.07.023

Blouin, M., Hodson, M.E., Delgado, E.A., Baker, G., Brussaard, L., Butt, K.R., Dai, J.,
Dendooven, L., Peres, G., Tondoh, J.E., Cluzeauk, D., Brun, J.J., 2013. A review of
earthworm impact on soil function and ecosystem services. Eur. J. Soil Sci. 64, 161—
182. https://doi.org/10.1111/ejss.12025

Bonanno, G., Vymazal, J., 2017. Compartmentalization of potentially hazardous elements
in macrophytes: Insights into capacity and efficiency of accumulation. J. Geochem.
Explor. 181, 22-30. https://doi.org/10.1016/j.gexplo.2017.06.018

Brandstetter, A., Sletten, S.R., Mentler, A., Wenzel, W., 1996. Estimating dissolved
organic carbon in natural waters by UV absorbance (254 nm). Z. Pflanzenernéhr.
Bodenkd. 159, 605-607. https://doi.org/10.1002/jpIn.1996.3581590612

Cao, X., Ma, L., Gao, B., Harris, W., 2009. Dairy-Manure Derived Biochar Effectively
Sorbs Lead and Atrazine. Environ. Sci. Technol. 43, 3285-3291.
https://doi.org/10.1021/es803092k

Castaldi, P., Silvetti, M., Manzano, R., Brundu, G., Roggero, P.P., Garau, G., 2018.
Mutual effect of Phragmites australis, Arundo donax and immobilization agents on
arsenic and trace metals phytostabilization in polluted soils. Geoderma 314, 63-72.
https://doi.org/10.1016/j.geoderma.2017.10.040

Chaudhuri, P.S., Pal, T.K., Nath, S., Dey, S.K., 2012. Effects of five earthworm species
on some physico-chemical properties of soil. J. Environ. Biol. 33, 713-716.

Desie, E., Van Meerbeek, K., De Wandeler, H., Bruelheide, H., Domisch, T., Jaroszewicz,
B., Joly, F.X., Vancampenhout, K., Vesterdal, L., Muys, B., 2020. Positive feedback

loop between earthworms, humus form and soil pH reinforces earthworm abundance

26


https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Desie%2C+Ellen
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=van+Meerbeek%2C+Koenraad
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=de+Wandeler%2C+Hans
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Bruelheide%2C+Helge
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Domisch%2C+Timo
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Jaroszewicz%2C+Bogdan
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Joly%2C+Fran%C3%A7ois-Xavier
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Vancampenhout%2C+Karen
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Vesterdal%2C+Lars
https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=Muys%2C+Bart

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

in European forests. Funct. Ecol. 34, 2598-2610. https://doi.org/10.1111/1365-

2435.13668

Legislative Decree 152, 3 April 2006. Environmental regulations, Official Gazette no. 88,
14 April 2006 [Decreto legislativo 152, 3 aprile 2006. Norme in materia ambientale,
G.U. n. 88 del 14 aprile 2006].

Ministerial Decree 46, 1 March 2019. Regulation on remediation, environmental
restoration and safety interventions, emergency, operational and permanent, of areas
intended for agricultural production and livestock breeding - Implementation Article
241 [Decreto Ministeriale 46, 1 Marzo 2019. Regolamento relativo agli interventi di
bonifica, di ripristino ambientale e di messa in sicurezza, d'emergenza, operativa e
permanente, delle aree destinate alla produzione agricola e all'allevamento —
Attuazione articolo 241].

Faruruwa, D.M., Birnin Yauri, U.A., Dangoggo, S.M., 2013. Cadmium, Copper, Lead and
Zinc levels in sorghum and millet grown in the city of Kano and its environs. Glob.
Adv. Res. J. Environ. Sci. Toxicol. 2, 082-085.

Fiorentino, N., Mori, M., Cenvinzo, V., Duri, L.G., Gioia, L., Visconti, D., Fagnano, M.,
2018. Assisted phytoremediation for restoring soil fertility in contaminated and
degraded land. Ital. J. Agron. 13, 34-44. https://doi.org/10.4081/ija.2018.1348

Garau, M., Castaldi, P., Patteri, G., Roggero, P.P., Garau, G., 2020. Evaluation of Cynara
cardunculus L. and municipal solid waste compost for aided phytoremediation of multi
potentially toxic element — contaminated soils. Environ. Sci. Pollut. Res. 28, 3253-
3265. https://doi.org/10.1007/s11356-020-10687-2

Garau, M., Garau, G., Diquattro, S., Roggero, P.P., Castaldi, P., 2019. Mobility,

bioaccessibility and toxicity of potentially toxic elements in a contaminated soil

27


https://doi.org/10.1111/1365-2435.13668
https://doi.org/10.1111/1365-2435.13668
https://doi.org/10.4081/ija.2018.1348

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

treated with municipal solid waste compost. Ecotox. Environ. Safe. 186, 109766.
https://doi.org/10.1016/j.ecoenv.2019.109766

Garau, M., Sizmur, T., Coole, S., Castaldi, P., Garau, G., 2022. Impact of Eisenia fetida
earthworms and biochar on potentially toxic element mobility and health of a
contaminated soil. Sci. Total Environ. 806, 151255.
https://doi.org/10.1016/j.scitotenv.2021.151255

Gazzetta Ufficiale, 1992. Metodi ufficiali di analisi chimica dei suoli. DM 11 maggio
1992, suppl. G.U. 121, 25 maggio 1992 [Official Gazette of the Italian Republic.
Official methods of chemical analysis of soils].

Gu, J., Yao, J., Jordan, G., Roha, B., Min, N., Li, H., Lu, C., 2020. Arundo donax L. stem-
derived biochar increases As and Sb toxicities from nonferrous metal mine tailings.
Environ. Sci. Pollut. Res. 27, 2433-2443. https://doi.org/10.1007/s11356-018-2780-x

Huang, C., Wang, W., Yue, S., Adeel, M., Qiao, Y., 2020. Role of biochar and Eisenia
fetida on metal bioavailability and biochar effects on earthworm fitness. Environ.
Pollut. 263, 114586. https://doi.org/10.1016/j.envpol.2020.114586

Jadia, C.D., Fulekar, M.H., 2008. Phytotoxicity and remediation of heavy metals by
fibrous root grass (sorghum). J. Appl. Biosci. 10, 491-499.

Kabata-Pendias, A., Pendias, H., 2000. Trace Elements in Soils and Plants, Third. ed.
CRC Press, Boca Raton, Florida, USA. https://doi.org/10.1201/9781420039900

Karaca, A., Kizilkaya, R., Turgay, O.C., Cetin, S.C., 2010. Effects of Earthworms on the
Availability and Removal of Heavy Metals in Soil. In: Soil Heavy Metals. Soil
Biology, vol 19. Springer, Berlin, Heidelberg. https://doi.org/10.1007/978-3-642-

02436-8_17

28


https://doi.org/10.1016/j.scitotenv.2021.151255
https://doi.org/10.1201/9781420039900

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

Lebrun, M., Miard, F., Nandillon, R., Hattab-Hambli, N., Scippa, G., Bourgerie, S.,
Morabito, D., 2018. Eco-restoration of a mine technosol according to biochar particle
size and dose application: study of soil physico-chemical properties and
phytostabilization capacities of Salix viminalis. J. Soil. Sediment. 18, 2188-2202.
https://doi.org/10.1007/s11368-017-1763-8

Lehmann, J., 2007. A  handful of carbon. Nature 447, 10-11.
https://doi.org/10.1038/447143a

Liu, C., Lin, H., He, P., Li, X., Geng, Y., Tuerhong, A., Dong, Y., 2022. Peat and
bentonite amendments assisted soilless revegetation of oligotrophic and heavy metal
contaminated nonferrous metallic mailing. Chemosphere 287, 132101.
https://doi.org/10.1016/j.chemosphere.2021.132101

Liu, G., Ling, S., Zhan, X., Lin, Z., Zhang, W., Lin, K., 2017. Interaction effects and
mechanism of Pb pollution and soil microorganism in the presence of earthworm.
Chemosphere 173, 227-234. https://doi.org/10.1016/j.chemosphere.2017.01.022.

Lu, K., Yang, X., Gielen, G., Bolan, N., Ok, Y.S., Niazi, N.K., Xu, S., Yuan, G., Chen,
X., Zhang, X., Liu, D., Song, Z., Liu, X., Wang, H., 2017. Effect of bamboo and rice
straw biochars on the mobility and redistribution of heavy metals (Cd , Cu , Pb and
Zn ) in contaminated soil. J. Environ. Manage. 186, 285-292.
https://doi.org/10.1016/j.jenvman.2016.05.068

Malev, O., Contin, M., Licen, S., Barbieri, P., De Nobili, M., 2015. Bioaccumulation of
polycyclic aromatic hydrocarbons and survival of earthworms (Eisenia andrei)
exposed to biochar amended soils. Environ. Sci. Pollut. Res. 23, 3491-502.

https://doi.org/10.1007/s11356-015-5568-2

29


https://www.sciencedirect.com/science/journal/00456535

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

Manzano, R., Diquattro, S., Roggero, P.P., Pinna, M.V., Garau, G., Castaldi, P., 2020.
Addition of softwood biochar to contaminated soils decreases the mobility,
leachability and bioaccesibility of potentially toxic elements. Sci. Total Environ. 739,
139946. https://doi.org/10.1016/j.scitotenv.2020.139946

Marchiol, L., Fellet, G., Perosa, D., Zerbi, G., 2007. Removal of trace metals by Sorghum
bicolor and Helianthus annuus in a site polluted by industrial wastes: A field
experience. Plant Physiol. Biochem. 45 379-387.
https://doi.org/10.1016/j.plaphy.2007.03.018.

Moameri, M., Khalaki, M.A., 2019. Capability of Secale montanum trusted for
phytoremediation of lead and cadmium in soils amended with nano-silica and
municipal solid waste compost. Environ. Sci. Pollut. Res. 26, 24315-24322.
https://doi.org/10.1007/s11356-017-0544-7

Mukome, F.N.D., Zhang, X., Silva, L.C.R., Six, J., Parikh, S.J., 2013. Use of chemical
and physical characteristics to investigate trends in biochar feedstocks. J. Agric. Food
Chem. 61 (9), 2196-2204. https://doi.org/10.1021/jf3049142

Ningyu, L.I., Bin, G.U.O., Hua, L.I., Qinglin, F.U., Renwei, F., Yongzhen, D., 2016.
Effects of double harvesting on heavy metal uptake by six forage species and the
potential  for  phytoextraction in  Field. = Pedosphere 26, 717-724.
https://doi.org/10.1016/51002-0160(15)60082-0

Noguera, D., Barot, S., Laossi, K.R., Cardoso, J., Lavelle, P., Cruz de Carvalho, M.H.,
2012. Biochar but not earthworms enhances rice growth through increased protein
turnover. Soil Biol. Biochem. 52, 13-20. https://doi.org/10.1016/j.s0ilbio.2012.04.004

Olsen, S.R., 1954. Estimation of available phosphorus in soils by extraction with sodium

bicarbonate, USDA Circular 939. U.S. Gov. Print. Office, Washington, DC.

30


https://doi.org/10.1007/s11356-017-0544-7
https://doi.org/10.1021/jf3049142
https://doi.org/10.1016/j.soilbio.2012.04.004

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

Oziegbe, O., Aladesanmi, O.T., Awotoye, O.0., 2019. Effect of biochar on the nutrient
contents and metal recovery efficiency in sorghum planted on landfill soils. Int. J
Environ. Sci. Technol. 16, 2259-2270. https://doi.org/10.1007/s13762-018-1843-3

Pinna, M.V., Lauro, G.P., Diquattro, S., Garau, M., Senette, C., Castaldi, P., Garau, G.,
2022. Softwood-derived biochar as a green material for the recovery of environmental
media contaminated with potentially toxic elements. Water Air Soil Pollut. 233, 152.
https://doi.org/10.1007/s11270-022-05616-7

Pinto, A.P., Simdes, I., Mota, A.M., 2008. Cadmium Impact on Root Exudates of
Sorghum and Maize Plants: A Speciation Study. J. Plant Nutr. 31, 1746-1755.
https://doi.org/10.1080/01904160802324829

Radziemska, M., Gusiatin, Z.M., Mazur, Z., Hammerschmiedt, T., Bes, A., Kintl, A,
Galiova, M.V., Holatko, J., Blazejczyk, A., Kumar, V., Brtnicky, M., 2022. Biochar-
assisted phytostabilization for potentially toxic element immobilization. Sustainability
14, 445, https:// doi.org/10.3390/su14010445

Razag, M., Salahuddin, Shen, H.L., Sher, H., Zhang, P., 2017. Influence of biochar and
nitrogen on fine root morphology, physiology, and chemistry of Acer mono. Sci. Rep.
7,5367. https://doi.org/10.1038/s41598-017-05721-2

Ruiz, E., Rodriguez, L., Alonso-Azcarate, J., 2009. Effects of earthworms on metal
uptake of heavy metals from polluted mine soils by different crop plants.
Chemosphere 75, 1035-1041. https://doi.org/10.1016/j.chemosphere.2009.01.042

Sheng, Y., Zhu, L., 2018. Biochar alters microbial community and carbon sequestration
potential across different soil pH. Sci. Total Environ. 622-623, 1391-1399.

https://doi.org/10.1016/j.scitotenv.2017.11.337

31



717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

Shi, Z., Yan, J., Ren, X., Wen, M., Zhao, Y., Wang, C., 2021. Effects of biochar and
thermally treated biochar on Eisenia fetida survival, growth, lysosomal membrane
stability —and oxidative stress. Sci. Total Environ. 770, 144778.
https://doi.org/10.1016/j.scitotenv.2020.144778

Simiele, M., Lebrun, M., Miard, F., Trupiano, D., Poupart, P., Forestier, O., Scippa, G.S.,
Bourgerie, S., Morabito, D., 2020. Assisted phytoremediation of a former mine soil
using biochar and iron sulphate: Effects on As soil immobilization and accumulation
in  three  Salicaceae  species. Sci. Total Environ. 710, 136203.
https://doi.org/10.1016/j.scitotenv.2019.136203

Sizmur, T., Hodson, M.E., 2009. Do earthworms impact metal mobility and availability in
soil? — a review. Environ. Pollut. 157, 1981-1989. https://doi.org/10.1016/j.envpol.

Sizmur, T., Richardson, J., 2020. Earthworms accelerate the biogeochemical cycling of
potentially toxic elements: Results of a meta-analysis. Soil Biol. Biochem. 148,
107865. https://doi.org/10.1016/j.s0ilbi0.2020.107865

Sizmur, T., Watts, M.J., Brown, G.D., Palumbo-Roe, B., Hodson, M.E., 2011. Impact of
gut passage and mucus secretion by the earthworm Lumbricus terrestris on mobility
and speciation of arsenic in contaminated soil. J. Hazard. Mat. 197, 169-175.
https://doi.org/10.1016/j.envpol.2010.11.033

Soudek, P., Petrova, S., Vanék, T., 2015. Increase of Metal Accumulation in Plants Grown
on Biochar — Biochar Ecotoxicity for Germinating Seeds. Int. J. Environ. Sci. Dev. 6,
508-511. https://doi.org/10.7763/1JESD.2015.V6.646

Soudek, P., Rodriguez Valseca, I.M., Petrova, S.J., Van¢k, T., 2017. Characteristics of

different types of biochar and effects on the toxicity of heavy metals to germinating

32


https://doi.org/10.1016/j.scitotenv.2020.144778

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

sorghum seeds. J. Geochem. Explor. 182, 157-165.
https://doi.org/10.1016/j.gexplo.2016.12.013

Udovic, M., Lestan, D., 2007. The effect of earthworms on the fractionation and
bioavailability of heavy metals before and after soil remediation. Environ. Pollut. 148,
663-668. https://doi.org/10.1016/j.envpol.2006.11.010

Vamerali, T., Bandiera, M., Mosca G., 2010. Field crops for phytoremediation of metal-
contaminated land. A  review. Environ Chem Lett 8, 1-17.
https://doi.org/10.1007/s10311-009-0268-0

Van Groenigen, J., Lubbers, 1., Vos, H.M.J.,, Brown, G.G., De Deyn, G.B., Van
Groenigen, K.J., 2014. Earthworms increase plant production: a meta-analysis. Sci.
Rep. 4, 6365. https://doi.org/10.1038/srep06365

Wang, H.T., Ding, J., Chi, Q.Q., Li, G., Pu, Q., Xiao, Z.F., Xue, X.M., 2020. The effect of
biochar on soil-plant-earthworm-bacteria system in metal(loid) contaminated soil.
Environ. Pollut. 263, 114610. https://doi.org/10.1016/j.envpol.2020.114610

Wang, J., Shi, L., Zhang, X., Zhao, X., Zhong, K., Wang, S., Zou, J., Shen, Z., Chen Y.,
2019. Earthworm activities weaken the immobilizing effect of biochar as amendment
for  metal polluted soils.  Sci.  Total Environ. 696, 133729.
https://doi.org/10.1016/j.scitotenv.2019.133729

Wanty, R.B., De Giudici, G., Onnis, P., Rutherford, D., Kimball, B.A., Podda, F., Cidu,
R., Lattanzi, P., Medas, D., 2013. Formation of a Low-Crystalline Zn-Silicate in a
Stream in SW Sardinia, Italy. Procedia Earth Planet. Sci. 7, 888-891.

https://doi.org/10.1016/j.proeps.2013.03.030

33


https://doi.org/10.1016/j.envpol.2006.11.010

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

Wei, L., Luo, C., Li, X., Shen, Z., 2008. Copper Accumulation and Tolerance in
Chrysanthemum coronarium L. and Sorghum sudanense L. Arch. Environ. Contam.
Toxicol. 55, 238-246. https://doi.org/10.1007/s00244-007-9114-1

Wenzel, W.W., Kirchbaumer, N., Prohaska, T., Stingeder, G., Lombi, E., Adriano, D.C.,
2001. Arsenic fractionation in soils using an improved sequential extraction procedure.
Anal. Chim. Acta 436, 309-323. https://doi.org/10.1016/S0003-2670(01)00924-2

Xiao, R., Ali, A., Xu, Y., Abdelrahman, H., Li, R., Lin, Y., Bolan, N., Shaheen, S.M.,
Rinklebe, J., Zhang, Z., 2022. Earthworms as candidates for remediation of
potentially toxic elements contaminated soils and mitigating the environmental and
human  health risks: A review. Environ. Int. 158, 10692.
https://doi.org/10.1016/j.envint.2021.106924

Yong-Li, X., Zhang, J., Li, F., Yuan, Y., Ding, Z., Zhou, L., 2009. Effects of Earthworm
on Grain Sorghum and Alfalfa Grown in Iron Tailing. J. Anhui Agric. Sci. 37 3200-
3201.

Zand, A.D., Tabrizi, A.M., Heir, A.V., 2020. Co-application of biochar and titanium
dioxide nanoparticles to promote remediation of antimony from soil by Sorghum
bicolor: metal uptake and plant response. Heliyon 6, e04669.
https://doi.org/10.1016/j.heliyon.2020.e04669

Zeremski, T., Randelovic, D., Jakovljevic, K., Marjanovic Jeromela, A., Milic, S., 2021.
Brassica Species in Phytoextractions: Real Potentials and Challenges. Plants 10, 2340.
https://doi.org/10.3390/plants 10112340

Zhu, X., Chen, B., Zhu, L., Xing, B., 2017. Effects and mechanisms of biochar-microbe
interactions in soil improvement and pollution remediation: A review. Environ.

Pollut. 227, 98-115. https://doi.org/10.1016/j.envpol.2017.04.032

34



786

787

788
789
790
791
792
793
794
795

Figure captions

u-E n+E
12 A
10 b
b*
E 8 -
=
¥ 1 o+
O
o -
E 4
2
0
C B2 BS
m-E = +E
B
80 o*
60
n
- b
Lo -
=z
2 40 I
g a
Z
20
0
C B2 BS
m-E n+E
500 c
450 ¢
400 z
350 b*
"o 300 =
=<
i 250 ot
g 200
I
150
100
50
0
C B2 BS

Fig. 1. Mobile (labile) fraction of Cd (A), Pb (B) and Zn (C) determined by extraction
with 0.5 M Ca(NO3)2 (mean values £ SE) after S. vulgare growth in biochar treated (B2
and B5) and untreated (C) soils, and in the presence (+E) and absence (-E) of E. fetida.
For each PTE, different letters on top of each bar denote statistically significant
differences due to biochar addition (i.e., C, B2 and B5 were compared), while asterisk (*)
indicates statistically significant differences due to E. fetida addition (i.e., C vs C+E; B2
vs B2+E; and B5 vs B5+E) according to the Fisher’s Least Significant Difference (LSD)
test (P < 0.05).
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Fig. 2. Mobile (labile) fraction of soil As (A) and Sb (B) determined by extraction with
0.05 M (NHa4)2SO4 (mean values + SE) after S. vulgare growth in biochar treated (B2 and
B5) and untreated (C) soils, and in the presence (+E) and absence (-E) of E. fetida. For
the meaning of the letters and asterisk (*) on top of each bar, see the caption of Fig. 1.
n.d.: under detection limit (i.e. <0.2 pug-L ™).
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Fig. 3. Root and shoot dry weight (mean values £ SE) of S. vulgare grown in biochar
treated (B2 and B5) and untreated (C) soils, and in the presence (+E) and absence (-E) of
E. fetida. For each plant part, for the meaning of the letters and asterisk (*) on top of each
bar, see the caption in Fig. 1.
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Table 1

Characteristics of the untreated (C) and biochar treated soils (B2 and B5) with (+E) and without Eisenia fetida, after S. bicolor growth.

C C+E B2 B2+E B5 B5+E

pH 6.19+0.00° 6.33+0.01  6.50+0.02 6.56+0.01  6.75+0.00° 6.83+0.01
EC (mS-cm™) 888+14.14°° 834.5+16.26 967.54¢6.36° 936.5+10.60 1005+15.55° 1011.5+14.85
Total organic matter (%) 3.80+0.15°  3.88+0.19  4.92+0.19"° 5.69+0.22  8.93+0.59°  8.28+0.25
Total N (%) 0.17+0.01* 0.18+0.02  0.15+0.02*° 0.16x0.01  0.17+0.01*  0.18+0.01
DOC (mg-g ™) 0.12+0.00® 0.19+0.03  0.14x0.01** 0.77#0.01  0.16+0.05"  0.30:0.01
Total P (g-kg ™) 2.45+0.12°  252+0.04  2.34+0.02°  2.34+0.07  2.28+0.13*  2.27#0.13
P available (mg-kg ') 26.58+0.04° 24.62+0.10 26.92+0.34* 25.82:0.42 28.75:0.32° 28.38+0.16
Cation Exchange capacity (CEC, cmolwykg™')  22.83+0.05¢ 22.96:+0.19  23.99+0.26° 24.15+0.14  24.20+0.09° 24.83+0.64
Exchangeable Na (cmole)-kg™) 154+0.05 2.09+0.09  2.35+0.00° 2.35:0.00  2.42+0.03°  2.48+0.04
Exchangeable K (cmol-kg ™) 1.40£0.03° 1.28+0.08  1.23+0.00” 1.16+0.03  1.19+0.03"  1.04+0.03
Exchangeable Ca (cmol)-kg ') 18.94+0.72¢ 19.07+0.77  19.76+0.96° 20.03+0.47  22.50+0.92° 21.71+0.54
Exchangeable Mg (cmol)-kg™) 1.40+0.05° 156+0.00  1.45+0.05° 1.56+0.00  1.56+0.00°  1.56+0.00

Mean values + SE followed by different letters within a row denote statistically significant differences due to biochar addition (i.e., C, B2

and B5 were compared), while the presence of asterisk (*) denotes statistically significant differences due to E. fetida addition (i.e., C vs

C+E; B2 vs B2+E; and B5 vs B5+E were compared), according to the Fisher’s Least Significant Difference (LSD) test (P < 0.05).
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Table 2

PTE bioaccumulation (BAFr and BAFs) and translocation (TF) factors, and mineralomasses (MMg and MMs) in S.

bicolor grown in untreated (C) and biochar treated soils (B2 and B5), with (+E) and without Eisenia fetida.

C C+E B2 B2+E B5 B5+E
BAFr
As 0.19+0.05? 0.18+0.02 0.14+0.03* 0.32+0.09 0.16+0.01*" 0.34+0.07
Sh 0.04+0.00%" 0.07+0.01 0.04+0.012 0.04+0.01 0.03+0.00% 0.04+0.01
Cd 1.64+0.08° 1.52+0.05 1.58+0.06"" 1.29+0.05 1.00+0.08% 1.22+0.04
Cu 0.28+0.022 0.27+0.02 0.25+0.022 0.27+0.01 0.25+0.012 0.27+0.02
Pb 0.16+0.03*" 0.22+0.03 0.16+0.01*" 0.22+0.03 0.15+0.01*" 0.23+0.01
Zn 0.59£0.02° 0.67£0.11 0.42+0.03° 0.43+0.06 0.32+0.022 0.36+0.04
BAFs
As - 0.02+0.00 - — - —
Sh 7.03-10°° 15.22-10°3 3.66-107° 4.08-10° 0.00%+0.00 0.00+0.00
+0.01"" +0.00 +0.01%® 3+0.00
Cd 0.59+0.00° 0.56+0.02 0.55+0.02° 0.52+0.02 0.38+0.022 0.43+0.03
Cu 0.05+0.00° 0.04+0.01 0.04+0.012 0.04+0.01 0.04+0.002 0.04+0.00
Pb 0.01+0.00° 0.01+0.00 0.01+0.00% 0.01+0.00 0.01+0.002 0.01+0.00
Zn 0.14+0.00¢ 0.13+0.01 0.11+0.01° 0.11+0.01 0.06+0.002 0.07+0.01
TF
As " 0.13+0.01 -2 - -2 -
Sh 0.20+0.01°¢ 0.21+0.06 0.10+0.01° 0.10+0.01 - -
Cd 0.36+0.02° 0.37+0.01 0.35+0.02"" 0.41+0.01 0.27+0.01%" 0.45%0.02
Cu 0.17£0.022 0.16+0.02 0.14+0.032 0.14+0.03 0.16+0.002 0.16+0.01
Pb 0.08+0.02° 0.05+0.01 0.06+0.022 0.04+0.02 0.05+0.002 0.05%0.00
Zn 0.25+0.01° 0.19+0.04 0.26+0.02° 0.25+0.02 0.20+0.012 0.20+0.02
MMr
As 7.42.10°° 8.51-10 7.44.10° 19.83-10 10.76-10 37.63-10°
+0.08-10%" 3+0.02-10°3 3+0.89-10°%" 3+0.81-10°3 $+0.88-10-%" 3+1.39-10°3
Sh 3.00-103 7.41-10° 4.34.10°° 5.55-10°° 4.10-10°3 10.34-10°3
+0.31.10%" 3+0.85-103 +0.33-10°%" +0.70-10°3 +0.64-10%" +0.98:10°3
Cd 0.06+0.00*" 0.07+0.00 0.09+0.00°" 0.07+0.00 0.08+0.01°" 0.11+0.00
Cu 0.08+0.00%" 0.10+0.01 0.10+0.01° 0.13+0.00 0.12+0.00¢ 0.23+£0.01
Pb 2.33+0.04*" 3.95+0.06 3.36+0.03"" 5.41+0.08 3.76+0.02°" 10.05+0.03
Zn 2.29+0.01*" 3.21+0.05 2.36+0.02*" 2.74£0.04 2.15+0.02*" 4.16x0.04
MMs
As & 1.57-10°% -2 - - -
+0.08-10°3
Sh 0.88-10 2.16-10° 0.56-10 0.75-10° -2 -
3+0.01.10%" 3+0.05-103 3+0.18-10%® +0.20-10°3
Cd 0.03+0.00? 0.04+0.01 0.04+0.01° 0.04+0.01 0.03+0.012 0.04+0.02
Cu 0.02+0.002 0.02+0.00 0.02+0.002 0.02+0.00 0.03+0.00° 0.04+0.01
Pb 0.28+0.012 0.27+0.00 0.26+0.012 0.27+0.00 0.27+0.01* 0.48+0.02
Zn 0.83+0.03° 0.82+0.03 0.78+0.02° 0.91+0.01 0.60+0.01%" 0.78+0.01

Mean values + SE followed by different letters within a row denote statistically significant differences due to biochar
addition (i.e., C, B2 and B5 were compared), while the presence of asterisk (*) denotes statistically significant
differences due to E. fetida addition (i.e., C vs C+E, B2 vs B2+E, and B5 vs B5+E were compared), according to the
Fisher’s Least Significant Difference (LSD) test (P < 0.05).
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Table 3

Eisenia fetida fitness (survival and weight loss rates), PTEs concentration and bioaccumulation factors (BAF)

in untreated (C+E) and biochar treated soils (B2+E and B5+E) after S. bicolor growth.

C+E B2+E B5+E
E. fetida survival rate (%) 87.05+1.37° 89.58+1.28" 42.89+0.812
Weight loss rate (%) 7.75+0.97° 6.131£0.69° 17.84+0.45°
PTEs concentration in E. fetida (mg-kg™)

As 9.55+0.04° 22.08+0.05° n.d.
Sb 2.83+0.05? 6.77+0.03° n.d.
Cd 57.85+4.92° 84.14+2.23 85.90+2.45"
Cu 66.45+2.78° 93.9313.84°¢ 20.4615.69°
Pb 2586+14.98° 4230+85.65°¢ 460.341£12.46°
Zn 857.41+7.53° 1329+25.36°¢ 214.53+5.14°

E. fetida BAF
As
Sb
Cd
Cu
Pb

Zn

0.34°

0.05°

2.02°

0.31°

0.24°

0.31°

0.79°

0.11°

2.94°

0.44¢

0.39¢

0.47¢

n.d.

n.d.

3.00°

0.0942

0.04°

0.08°

Mean values + SE followed by different letters within a row denote statistically significant

differences, according to the Fisher’s Least Significant Difference (LSD) test (P < 0.05).
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