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Abstract Biochar (BC) is a porous, carbonaceous
material produced by slow pyrolysis of biomass under
oxygen-limited conditions. BC production has been
attracting research interest because it modifies soil
physicochemical characteristics and improves the
growth of plants in problem soils. These benefits
may be best actualized for soils contaminated by
metals, where remediation is hampered by metal
toxicity to both plants and soil microbial communities.
The objectives of this study were to evaluate the
impact of the addition of chicken manure biochar
(CMB), oat hull biochar (OHB), or pine bark biochar
(PBB) on copper (Cu) bioavailability in a Cu-
contaminated soil, the effectiveness of these BCs
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promoting plant growth, and its effects on soil
microbial communities supporting these plants. A
sandy soil (338 mg Cu kg™') was amended with
CMB, OHB, and PBB, and the metallophyte
Oenothera picensis or the agricultural species Sola-
num lycopersicum and Lolium perenne were grown for
3 months. The BCs produced an increase in soil pH,
reduced the exchangeable Cu, and increased Cu bound
to organic matter and residual fractions. All BCs
enhanced the quality of contaminated soil and
increased the plant biomass production, notably for
S. lycopersicum, which grew until 12 times more than
plants in non-amended soil. While BC addition
reduced the concentration of Cu in soil pore water,
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the amendment did not reduce the concentrations of
Cu in shoot tissues. BC additions also stimulated soil
microorganisms, increasing basal respiration and
DHA activity and modifying microbial communities,
especially in soils supporting L. perenne. These results
indicate that BCs represent an effective tool to
remediate Cu-contaminated sandy soils.

Keywords Soil amendments - Metal-contaminated
soils - Immobilization - Microorganisms

Introduction

Metal(loid) contamination is a common condition in
soils surrounding smelters. Metals have high bioac-
cumulation potentials and are not biodegradable
(Adriano et al. 2004). Some metals, such as copper
(Cu), iron (Fe), manganese (Mn), and zinc (Zn), are
essential nutrients and are involved in many biochem-
ical reactions, but, at high concentrations, these metals
may be toxic to soil biota, especially microorganisms
(Giller et al. 1998). Soil microorganisms play impor-
tant roles in developing soil structure and stability,
carbon (C) and other nutrient cycling, and mediating
plant—soil interactions (Frey-Klett et al. 2011; Seguel
et al. 2013). The contamination of soils by metals,
then, may impact ecosystem recovery and remediation
efforts by specifically damaging the soil microbial
community (Meier et al. 2015).

Biochar (BC) is the product derived from various
feedstocks (ranging from lignocelluloses to manure)
that are pyrolyzed at different temperatures (usually
from 200 to 900 °C) (Shackley et al. 2012). The
addition of BC improves soil structure and nutrition
and may stimulate plant growth and invigorate
microbial communities (Khodadad et al. 2011). In
addition, the BC utilization may provide advantages to
the remediation of metal-contaminated soils promot-
ing plant growth and microbial activity, which may be
attributed to (1) metal(loid) adsorption and decreased
metal availability, (2) improvement in soil physio-
chemical properties such as soil pH and redox
potential, (3) supplementation of recalcitrant C pools,
(4) supply of limiting nutrients, and (5) improvement
in microbial habitat by the BC structures that are
suitable for microbial growth (Jones et al. 2011).

@ Springer

The incorporation of BC into Cu-contaminated soil
reduced the pore water Cu, increased the soil micro-
bial activity, and improved the growth of Oenothera
picensis, a chilean native metallophyte (Meier et al.
2017a; Moore et al. 2017). Because of the diversity of
soils that may be contaminated by metals, however,
more information is required on the effects of BC on
soil microbial communities and activities and the
response of plants to these metals (Ahmad et al. 2016).
Furthermore, there are few studies evaluating the
behavior of native Cu metallophytes (slow growing,
but adapted to high Cu concentrations) and traditional
agricultural plants (fast growing and presumably
sensitive to Cu) in response to BC and their effect on
soil microbial communities. Such information is
crucial for the development of effective approaches
for phytoremediation of Cu-contaminated soils.

The objectives of this study were to assess: (1) the
degree of immobilization of Cu by BC; (2) changes in
other soil chemical properties associated with BC
application; and (3) the diversity and the degree of
activity of microbial communities in a Cu-contami-
nated soil amended with BC. We incorporated BCs
produced from chicken manure (CMB), oat hull
(OHB), and pine bark (PBB) into Cu-contaminated
soil and evaluated the responses of plants and
microbes in soils cropped with a native Chilean
metallophyte, fragrant evening primrose (O. picensis),
and two agricultural plants, tomato (Solanum lycop-
ersicum) and perennial ryegrass (Lolium perenne).

Materials and methods
Soil collection and biochar production

A sedimentary Alfisol (Achreptic haploxeral) from
Chilicauquén series was obtained from the Ventanas
copper smelter situated in Puchuncavi Valley, Central
Chile (32°46/30"S, 71°28'17"W). The information of
the soil chemical analysis is available in Meier et al.
(2017b). Briefly: pH (water) 5.29, organic matter 3%,
cation exchange capacity (CEC) 4.63 cmol (+) kg™,
Cu 338 mg kg~ .

Three biochars were selected for this study, using as
feedstocks chicken manure (CMB), oat hull (OHB),
and pine bark (PBB), which were produced at the
Center of Waste Management and Bioenergy, Univer-
sidad de La Frontera (Temuco, Chile). The pyrolyzer
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conditions and physiochemical characterization of
CMB and OHB are reported in Moore et al. (2017).
Briefly, the temperature of pyrolysis reached was 500,
300, and 600 °C, for CMB, OHB, and PBB, respec-
tively, and maintained for 2 h. Macro- and micronu-
trients were measured according to Sadzawka et al.
(2006). Total C and N were measured in a CHNS/O
analyzer (Fisons EA 1108 Analyzer, CE Instruments,
Lancashire, UK). Cation exchange capacity (CEC)
was determined according to Mclntosh (1969),
whereas carboxylic acidities were measured using
methods proposed by Tan et al. (2005). Specific
surface area (Brunauer—-Emmett—Teller, BET) and
pore volume were determined using a Quantachrome
NOVA 1000e Analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA).

Plant growth experiment and copper fractionation
on the soil

The soil was hand-mixed with CMB, OHB, or PBB at
the rate of 0 (Control) or 3% w/w and watered at 60%
water retention capacity for 2 weeks. Seeds of the
metallophyte O. picensis and the agricultural plants S.
lycopersicum and L. perenne were sterilized using 2%
Chloramine-T solution for 5 min and then rinsed with
distilled water. The seeds were initially sown in
500-mL pots in triplicate in a greenhouse (25/
15 £ 3 °C day/night temperatures; 16/8 h light/dark
photoperiod; 80-90% relative humidity). Seedlings
were transplanted to 1-L pots containing BC-amended
soils and allowed to grow for 90 days. A Rhizon
sampler (Rhizosphere Research Products, Wagenin-
gen, the Netherlands) was connected to the pot to
collect soil pore water samples (10-15 mL) on days
30, 60, and 90 during the plant growth experiment.
The pH of soil pore water samples was measured
immediately after collection. After that, the soil pore
water sample was briefly refrigerated (5 °C) until the
Cu analysis by atomic absorption spectrophotometry
(AAS; UNICAM Solaar 969, Thermo Fisher Scien-
tific, Waltham, MA, USA).

At harvest, shoots and roots were washed separately
with Milli-Q water, oven-dried at 70 °C for 2 days,
and weighed. Then, these samples were ground, ashed
at 550 °C, and digested using concentrated HCI and
HNO3; and an acid solution composed by H,O-HCl—

HNOj3 mixture (8:1:1, v:v:v). Copper in the extract
was analyzed by AAS.

On the other hand, soil samples from the plant
growth experiment were air-dried and sequentially
extracted for Cu according to Tessier et al. (1979) for
easily exchangeable, carbonate-bound, Fe and Mn
oxide-bound, organic, and residual-bound fractions.
The reagents and operating conditions for the extrac-
tion steps are summarized in Park et al. (2011).
Briefly, the extraction was carried out in 50-mL
polyethylene centrifuge tubes. After each extraction
step, the supernatant solution was separated from the
solid phase by centrifugation (4000 rpm for 15 min).
The supernatant solution was stored at 4 °C in
polyethylene vessels for analysis, while the remaining
soil was washed with 10 mL of Milli-Q water, and the
washings were discarded after centrifugation. The
residual Cu fraction was determined according to
protocol EPA 3051A (USEPA 2007) in a microwave
digester (PerkinElmer Titan MPS, Perkin Elmer Inc.,
Waltham, MA, USA). The supernatant solutions from
all the steps were analyzed for Cu using EAAS.

Soil microbial activity

Dehydrogenase activity (DHA) and soil basal respi-
ration were evaluated soon after harvesting according
to Anderson and Domsch, (1990). For the DHA
analysis, 3 g (dry weight basis) of fresh soil was
weighed into 50-mL sterile centrifuge tubes with
3 mL of a 0.5% triphenyltetrazolium chloride (TTC)
solution in 0.1 M tris buffer (pH 7.6-7.8) (Singh and
Singh 2005) and incubated for 24 h at 37 °C. After
that, 10 mL of methanol was added to each sample.
The absorbance of the samples was measured at
485 nm against the blank (sample without soil) in a
Thermo UV/Vis GENESYS spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA).

For soil basal respiration, 18 g (dry weight basis)
soil was weighed in a plastic tube which had its upper
part perforated to allow gas exchange. The moisture of
the soil was adjusted to 60% of the water retention
capacity, and the plastic tube was sealed in a Schott
bottle that contained 20 mL of NaOH solution
(0.05 M). The soils were incubated for 24 h at 22 °C
(Anderson and Domsch 1990). Plastic tubes were
removed, and 2 mL of 0.5 M BaCl, solution was
added to the solutions in the Schott bottles. After
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precipitation of BaCOs, phenolphthalein indicator was
added followed by titration of the solution with
0.06 M HCI until the red color disappeared.

PCR-DGGE of the bacterial and fungal
communities

The composition of bacterial and fungal communities
was analyzed by PCR-DGGE according to the method
described by Acuifia et al. (2013) and modified by
Moore et al. (2017). Total DNA in five soil samples
from BC treatments and controls was extracted using
FastDNA SPIN Kit for Soil (MP Biomedicals)
according to the manufacturer’s protocol. For bacterial
community analysis, fragments of 16S rRNA were
amplified by touchdown PCR using the specific primer
set EUBf933-GC (Iwamoto et al. 2000).

Fungal ITS regions (18S rRNA) were amplified
with the nested PCR using primer set ITS1F and ITS4
(for first round of PCR). One microliter from the first
PCR was used as a template for the second PCR using
primer set ITSIF and ITS2-GC; more details are
reported in Moore et al. (2017).

The PCR products from each of the soil replicates
from BC samples were visualized on an agarose gel
stained with 1% (w/v) of ethidium bromide. Denaturing
gradient gel electrophoresis (DGGE) analysis was
performed using a DCode system (Bio-Rad Laborato-
ries Inc., Hercules, CA, USA). PCR products (20 pL)
were loaded onto a 6% (w/v) polyacrylamide gel with
linear denaturing gradient (urea and formamide) rang-
ing from 50 to 70% for 16S rRNA and from 35 to 65%
for the 18S rRNA gene. The electrophoresis was run for
12 hat 100 V. The banding patterns were visualized by
staining the gel 1:10,000 with (v/v) SYBR Gold
(Molecular Probes, Invitrogen Co.) followed by image
capture using a GelDoc-IT TS2 imaging system
(Analytik Jena AG Company, Jena, Germany).

Finally, the similarities among the banding patterns
of the DGGE were analyzed using clustering and
dendrograms Phoretix 1D analysis software (Total
Lab Ltd., Newcastle upon Tyne, UK). Based on the
matrix obtained from Phoretix 1D analyses, the
changes in the microbial community composition
(presence or absence) and abundance of bacterial and
fungal groups were visualized using nonlinear multi-
dimensional scaling (NMDS) with PRIMER-v6 soft-
ware (www.primer-e.com) and clustered using the
Bray—Curtis similarity index.
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Statistical analyses

All experiments were conducted with three replicates.
The data collected were analyzed statistically using
XLSTAT software. Tukey’s multiple range tests were
used to compare the means of the treatments.
Variability in the data was expressed as the standard
error. p < 0.05 was considered to be statistically
significant.

Results
Biochar properties

CMB and PBB were strongly alkaline (9.1 and 9.2,
respectively), whereas OHB was slightly alkaline (7.8)
(Table 1). The CMB had higher macronutrient con-
tents than OHB and PBB, but the least amount of
carbon. The surface area of CMB was higher than that
of OHB and PBB. All BCs had negative { potentials,
highlighting PBB having the most negative potential
(— 40.5) (Table 1).

Effects of biochar on Cu immobilization in soil

The pH of soil pore water varied across treatments and
collection period (Fig. 1a). In soils supporting O.
picensis, the pH of pore water increased with the
addition of OHB, PBB, and CMB (0.3, 0.4, and 1.0
units, respectively) compared to that of the Control
over 90 days. A similar trend was observed for S.
Iycopersicum: The pH increased by 0.6, 0.7, and 1.2
units for OHB, PBB, and CMB, respectively. This
pattern was also evident for soils from L. perenne,
which had the largest difference between non-
amended and BC-amended treatments (Fig. 1a).

The increase in pH due to BC addition was
associated with reductions in Cu concentrations in
the soil pore water by up to 11-fold for O. picensis
amended with PBB compared to the Control on day 90
(Fig. 1b). For S. lycopersicum, the Cu concentration in
soil pore water was reduced by 1.8-, 2.9-, and 3.4-fold
by CMB, OHB, and PBB, respectively. For L.
perenne, all BCs reduced pore water Cu by ~ 5.5-
fold compared to that of the Control (Fig. 1b).

All BCs reduced the easily exchangeable fraction of
Cu in soils and increased the concentrations bounded
to organic matter and residual fractions (Fig. 2). These
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Table 1 General Parameter CMB OHB PBB
characteristics of the
chicken manure biochar Total C (%) 29.67 69.02 71.5
Eg\}/l[g))” ;’r?; }I’)‘i‘ibg;’rcl?ar Total N (%) 2.13 1.06 0.69
(PBB) biochars C/N ratio (%) 13.92 65.11 11231
P(gKg™ 19.4 2.1 221
K (g Kg™) 172 11.3 0.372
Ca (g Kg™h 54.0 1.0 75.8
Mg (g Kg™") 5.1 1.3 30.6
S (g Kg™ 4.6 - 15.5
pH (H,0, 1:5) 9.1 7.81 9.2
Electrical conductivity (1:5, uS cm™") 924 789 724
Total acidity (mmol g™ ) 4.4 3.41 5.09
Carboxylic acid (mmol g™') 0 0.28 0.30
Phenolic acid (mmol gfl) 4.4 3.13 4.79
BET (m* g") 11.51 0.16 1.30
Pore diameter (nm) 3.82 3.24 3.19
Pore volume (cm® g~ ") 0.009 0.003 0.007
BET Brunauer-Emmett— ¢ potential (mv) —294 — 405 ~ 258

Teller

effects were more pronounced for CMB, which
decreased the Cu exchangeable fraction by a minimum
of ~ 71% in all treatments evaluated. OHB and PBB
also decreased the exchangeable fraction of Cu by
about 67% and increased the Cu bound to organic
matter and residual fraction (mean of three plant
species). The efficacy of CMB in sequestering Cu was
greater than that of OHB and PBB (Fig. 2).

Plant growth and metal uptake

In general, the addition of BCs increased the plant dry
weight and reduced the plant Cu uptake; these effects
were dependent on the plant species and type of BC
applied (Table 2). For O. picensis, OHB, PBB, and
CMB increased the shoot biomass production by 24,
31, and 70%, respectively, compared to that of
Controls. Similarly, PBB, OHB, and CMB increased
the root biomass by 27, 31, and 54%, respectively. The
BCs also increased the growth of L. perenne by
~ 25% (mean of the three BCs) for shoots and roots.
The most significant benefit of BCs was noted for the
growth of S. lycopersicum because of its extreme
sensitivity to Cu in non-amended soils. Shoot and root
growth increased 14-fold and fourfold, respectively,
with the addition of CMB, with substantial benefits
also noted for the other BCs (Table 2).

The effects of BC on plant Cu concentration were
dependent on the plant species and type of BC
(Table 2). In O. picensis, CMB and OHB reduced
the root Cu concentration by ~ 50% and PBB by
~ 30%, but no change was observed in shoots
(Table 2). In S. lycopersicum, only CMB decreased
the root Cu concentration (~ 51% than that of the
Control) and only PBB reduced the shoot Cu concen-
tration. In L. perenne, no effect was evident either in
the roots or shoots for any of the BCs (Table 2).

Soil microbial activity

The type of BC promoted, in most of the treatments,
the microbial activity (i.e., basal respiration and DHA)
compared to control soils, and these activities were
influenced also by plant species (Table 3). In the case
of O. picensis, the basal respiration increased by 20,
33, and 55% using OHB, CMB, and PBB treatments,
respectively, compared to Control. A similar trend was
observed in S. lycopersicum, with 2, 43, and 77%
increases for OHB, CMB, and PBB treatments,
respectively. This stimulation produced by BCs was
even more pronounced in soils supporting L. perenne,
with 186-228% increases in basal respiration com-
pared to Controls (Table 3). The DHA activity was
generally increased for all plants by BCs except for O.
picensis grown in PBB (Table 3). In the case of S.

@ Springer



1446 Environ Geochem Health (2021) 43:1441-1456
B O e o) N} A o
T M Tive 1 <] TV 1 100 %
7.5 fa
7.0
75 %
6.5 ;\?
T 60 s
=
2 50%
55 E
2
5.0 5
25 %
45
30 6 9% 30 60 9% 30 6 9
days days days
Oenothera pi Solc lycopersic Lolium perenne
0 %
=Control 4Qat Hull derived biochar (OHB)
1.0 »Chicken Manure derived biochar (CMB) <Pine Bark derived Biochar (PBB)
o,
0.9 /F\‘ B 100 %
08 ¥ T
_ 07
50 75 %
]
< 06 . <
E 0.5 B <
o a =
0.4 #_JF—_‘ £
a 2 50%
03 =
® 2
0z “ =
=
01 N@;‘: B b y 2 b o
- b b b % b b b 25 %
T 30 6 9% 30 6 9% 30 6 9%
days days days
Oenothera pi i Sol lycopersicum Lolium perenne
0 %
Fig. 1 pH (top) and Cu concentration (bottom) in soil pore ’
water collected on days 30, 60, and 90 from Cu-contaminated o
soils amended with chicken manure biochar (CMB), oat hull C 100%
biochar (OHB), and pine bark biochar (PBB) at 0 or 3% (w/w).
Each value represents the mean of three replicates £ standard
error. Different letters within a column indicate a significant
difference at p < 0.05 according to Tukey’s multiple range tests 75 %
S
lycopersicum, the BCs increased the DHA by 80% g
(mean of results for three BCs), whereas PBB, OHB, E 50 %
and CMB increased it by 1.5-, 2.1-, and 2.4-fold for L. §
perenne, respectively. "E
)
Composition of bacterial and fungal communities 5%
DGGE profiles and NMDS for the bacterial and fungal
communities for all the treatments are shown in 0%
Figs. 3, 4, and 5. The DGGE profiles from BC- Control  OHB CMB PBB
amended soils have different banding patterns Treatments

@ Springer




Environ Geochem Health (2021) 43:1441-1456

1447

«Fig. 2 Copper fractions in soils following plant growth for
90 days on Cu-contaminated soil treated with chicken manure
biochar (CMB), oat hull biochar (OHB), or pine bark-derived
biochar (PBB) applied at 0 (Control) or 3% (w/w). Soils grown
with: a O. picensis; b S. lycopersicum; and ¢ L. perenne

compared to Controls, indicating significant changes
in microbial communities in response to BC applica-
tion (Figs. 3, 4, and 5). These changes are further
modified by the plant species grown in the soils. For
example, no clear difference was observed in bacterial
and fungal communities for the metallophyte O.
picensis for all the BC treatments (Fig. 3). However,
changes in the bacterial communities in soils support-
ing L. lycopersicum indicated strong similarity among
groups (70-80%) for OHB, CMC, and PBB treatments
(Fig. 4); fungal communities were not so clearly
separated. Differences were also evident in microbial
and fungal communities in soils from L. perenne for
all the BC treatments (Fig. 5).

The microbial structure and diversity from BC-
amended soils were expressed by richness (S), Shan-
non—Wiener (H), and Simpson (D) indices (Figs. 6, 7,
and 8). OHB, CMB, and PBB additions did not

Table 2 Shoot and root biomass production and Cu concen-
tration in plant tissues of Oenothera picensis, Solanum
lycopersicum, and Lolium perenne grown in Cu-contaminated

produce any change in the richness of bacterial and
fungal communities in the case of O. picensis
(Fig. 1a). The BCs promoted only bacterial diversity
as indicated by Shannon-Wiener (Fig. 6b) and Simp-
son indices (Fig. 6¢). For S. lycopersicum, BC addi-
tions increased bacterial, but not fungal, richness and
diversity, whereas the opposite trend was observed in
the case of L. perenne (Fig. 7), where all the BCs
produced changes only in fungal community richness
and diversity (Fig. 8).

Discussion

Biochar additions to a Cu-contaminated soil improved
the chemical properties of the soil, stimulated the
microbial activity, and increased the capacity of the
soil to support plant growth, as has been reported or
other soils and other metals (Lu et al. 2015; Park et al.
2011). The BC alkalinity was associated with base
cations, including K™, Ca2+, and Mg+, which increase
the base saturation of soil and, therefore, increase the
soil pH (Xu et al. 2012). Additionally, the presence of
functional groups in the surface of BC such as

soil amended with chicken manure biochar (CMB), oat hull
biochar (OHB), and pine bark biochar (PBB) at doses of 0 or
3% (W/w)

BC (%) Biomass (g) Cu concentration (g g’l)
Shoot Root Shoot Root
O. Picensis
Control 0 3.72 + 0.09° 0.66 + 0.05¢ 2421 + 1.37° 307 &+ 15.6*
OHB 3 4.63 £ 0.19™ 0.87 + 0.03% 24.22 + 2.76 150 + 18°
CMB 3 6.32 + 0.38° 1.05 + 0.05 20.98 + 1.76 149 + 25.1°
PBB 3 4.89 + 0.07° 0.84 + 0.05% 19.63 + 1.78% 202 + 30.3°
S. lycopersicum
Control 0 0.81 & 0.07° 0.36 & 0.03° 38.72 £ 5.73* 140 + 7.7%
OHB 3 9.37 £+ 0.28° 1.15 £+ 0.01° 24.92 + 3.20% 118 + 5.9°
CMB 3 12.79 &+ 0.96* 1.57 £ 0.07° 22.85 + 3.39% 68.3 + 3.9°
PBB 3 8.82 + 0.31° 1.46 + 0.18" 21.11 + 1.71° 123 + 13.6*
L. perenne
Control 0 6.40 + 0.18" 1.73 £ 0.17° 48.05 + 5.31° 614 + 3.5°
OHB 3 7.73 £ 0.11° 1.88 + 0.12%° 39.08 + 6.28° 61.1 + 6.2°
CMB 3 8.22 + 0.42° 229 + 0.17%° 34.44 + 2.89° 59.8 + 4.5
PBB 3 8.71 + 0.03* 237 £ 0.07° 37.18 + 4.46 56.9 + 2.0°

Each value represents the mean of three replicates & standard error. Different letters within a column indicate a significant difference
at p < 0.05 according to Tukey’s multiple range tests
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Table 3 pH, microbial basal respiration, and dehydrogenase activity (DHA) in a Cu-contaminated soil amended with chicken
manure biochar (CMB), oat hull biochar (OHB), and pine bark biochar at doses of 0 or 3% (w/w)

BC (%) pH Basal respiration (mg CO, kg™' h™") DHA (mg TPF kg™' 24 h™")

O. Picensis

Control 0 5.8 + 0.03° 12.5 £ 0.78° 13.0 + 0.46°

OHB 3 6.1 +0.12° 15.1 £ 1.20° 21.0 + 0.51*

CMB 3 6.7 £+ 0.15° 16.6 + 2.06° 16.5 + 0.31°

PBB 3 6.2 £+ 0.01° 194 + 3.19° 9.6 & 0.12¢
S. lycopersicum

Control 0 5.5 + 0.09° 134 + 0.78° 115+ 0.2°

OHB 3 6.1 +0.01° 13.6 £ 0.37° 21.2 + 0.06*

CMB 3 6.7 + 0.08° 19.2 + 2.80° 20.6 + 0.03*

PBB 3 6.2 + 0.06" 23.7 + 1.88° 20.6 + 0.38°
L. perenne

Control 0 6.2 £ 0.08° 12.3 4+ 0.65° 8.8 +0.21¢

OHB 1 6.8 &+ 0.03° 23.1 + 2.16° 19.2 + 0.22°

CMB 1 7.4 £ 0.10° 28.0 + 2.54° 21.2 + 0.28°

PBB 5 6.9 + 0.12° 22.9 + 2.49° 13.7 + 0.48°

Each value represents the mean of three replicates + standard error. Different letters within a column and season indicate a
significant difference at p < 0.05 according to Tukey’s multiple range tests
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Fig. 3 Dendrogram of denaturing gradient gel electrophoresis
(DGGE) profiles (a, ¢). Non-metric multidimensional scaling
(NMDS) (b, d) of microbial communities from Oenothera
picensis growing in a Cu-contaminated soil with the addition of
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chicken manure biochar (CMB), oat hull biochar (OHB), and
pine bark-derived biochar (PBB) applied at doses of 0 or 3% (w/
w). a, b Correspond to bacterial communities, whereas c,
d correspond to fungal communities
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Fig. 4 Dendrogram of denaturing gradient gel electrophoresis
(DGGE) profiles (a, ¢). Non-metric multidimensional scaling
(NMDS) (b, d) of microbial communities from Solanum
lycopersicum growing in a Cu-contaminated soil with the

carboxyl, phenolic, and hydroxyl (-COOH, C-OH, —
OH) may contribute to the formation of stable com-
pounds with Cu, reducing its bioavailability and
toxicity (Yuan et al. 2011).

Influence of biochar on Cu distribution and plant
uptake

Bioavailability is critical to the toxicity of metals to soil
microorganisms and plants growing in metal-contam-
inated soils (Giller et al. 1998; Cornejo et al. 2008;
Meier et al. 2017a). The major factors influencing the
speciation distribution of heavy metals in soil include
intrinsic properties of metals, physicochemical soil
characteristics (pH, organic matter, and oxide content),
and environmental factors (temperature and moisture).
BCs can modify some chemical properties of the soil,
such as soil pH and CEC, indirectly promoting metal
immobilization. Moreover, the immobilization and
stability of metals occur by the complexation of metals
with functional groups on BCs. For the Cu ion, the

addition of chicken manure biochar (CMB), oat hull biochar
(OHB), and pine bark-derived biochar (PBB) applied at doses of
0 and 3% (w/w). a, b Correspond to bacterial communities,
whereas ¢, d correspond to fungal communities

specific and the negatively charged BC immobilizes the
positive Cu cations via the electrostatic attractions
(Zhang et al. 2013). Although the BCs used in the
current study differed in their physicochemical char-
acteristics (Table 1), they generally were all beneficial
in remediating the Cu-contaminated soil. OHB and
PBB had a much lower surface area (0.16 and 1.30
m” g~ ', respectively) than CMB (11.51 m* g™ ), but
other properties such as the pH, pore structure and
volume, and a negative { potential suggest that Cu
immobilization by OHB and PBB was also of high
magnitude (Table 1, Figs. 1 and 2), and BCs were
effective at sequestering Cu from available pools in the
soil (Zhao et al. 2013). Our results show that BCs
decreased available Cu by reducing the exchangeable
Cu fraction and transferring Cu to soil organic matter
and residual fraction pools (Fig. 2), which have been
previously reported by Moore et al. (2017). These
patterns indicated that Cu is being sequestered in BC
particles, which would play an important role in
remediation of Cu-contaminated soils.

@ Springer



1450

Environ Geochem Health (2021) 43:1441-1456

A Pese [ L LML |
PBB (b) N |
rose [T T
o [ M |

owsey [T | JRTINEN |
one
cue 0
—:CMB(a) [ THOa
ow [T T ]

) _: comol | I |
conve 9 [T T TN |
— s 55—

T T T T T
[0,55 0,60 065 070 0,75 080 085 090 095 I,ODJ

TR E— -
Y e
) —

PBB (b)

PBB (c)
CMB (b)
CMB (c)
OHB (c)
CMB (a)
OHB (b)
OHB (a)

S E— |

e

T T
0,50 0,60 0,70 0,80 0,90 1,00 J

—~ <

7 N, 2D Stress: 0,13 = 2D Stress: 0,08
B S Contot )
\\ /" Control (b) Ny
| PBB (b) CMB (a) \ 77N / \
\ \
\ \l ,/ Control (b)\\ / Control (¢) N P =y
\ / AN
\_PBB(O) cue(e) | / | ! \ e 7 fowew N
N / // Control (¢) | I \ / ._oHB (o) \\
N PBB()  cmB () / / / | \ / = \
~ / / / | Control (a) \ / \
S~ e | / | \ ! \
N i / i [ I
Vi ~\\\ | / \‘ cmBy | \(ons @ |
// OHB (¢) N \ / \ | . \ i
N \ Control (a) / 2= | \ 1 /
[ N Va \ 7 BB (a)y | \\gcmB (¢! /
~_." \ 2 ) ~— 7 /
| \, - / / / A
i \ \ / / / Sl e
\ N\ Voo / / T
\\ \\ \ ‘w88 (0" // Similarity
\ ] \ / ———— 40
\ OHB (b)/l \\ / 50
\ Similarity 4
/ N 7 —
N_OHB@ 40 s b
Sso_ 7 ————55

Fig. 5 Dendrogram of denaturing gradient gel electrophoresis
(DGGE) profiles (a, ¢). Non-metric multidimensional scaling
(NMDS) (b, d) of microbial communities from Lolium perenne
growing in a Cu-contaminated soil with the addition of chicken

The BC applications were effective in increasing
the pH of soil pore water (Fig. 1a). Soil pH has strong
effects on the solubility and mobility of Cu; thus, an
increase in pH reduced the Cu concentration in soil
pore water when compared to the Control treatments
(Fig. 1b). This is supported by several studies indi-
cating that the application of BC increases the pH of
acid soils, thereby enhancing the adsorption and
complexation of Cu cations on both BC and native
soil clays and (oxy)hydroxides and reducing Cu
bioavailability (Ahmad et al. 2012; Cornejo et al.
2008; Moore et al. 2017). This benefit can be attributed
to the “liming effect” of BC alkaline chemical due to
the presence of oxides, hydroxides, and carbonates
(Beesley et al. 2011). The increase in soil pH causes
precipitation of metal (oxy)hydroxides, which
reduces, in the current study, Cu mobility (Figs. 1
and 2) (Park et al. 2011; Lucchini et al. 2014).

Copper ion immobilization by organo-metal com-
plex formation with BC components may also play a
role in reduced plant toxicity and, thus, increases in

@ Springer

manure biochar (CMB), oat hull biochar (OHB), and pine bark-
derived biochar (PBB) applied at doses of 0 and 3% (w/w). a,
b Correspond to bacterial communities, whereas ¢, d correspond
to fungal communities

shoot and root biomass production in Cu-contaminated
soil (Table 1) (Park et al. 2011; Oustriere et al. 2016).
This effect is evident from the increased Cu in the
organic fraction of soils amended with BCs (Fig. 2).
Although we observed substantial reductions in pore
water Cu and exchangeable Cu as well as increased Cu
in organic and residual pools, the influence on plant Cu
concentrations was relatively modest in spite of the
growth benefits (Table 2). Indeed, the largest reduc-
tions in tissue Cu were noted for the roots of O.
picensis, a native metalliferous plant. This suggests
that, while BCs reduced Cu in pore water and its uptake
by this metallophyte, the impacts on Cu accumulation
in the agricultural plants may be less pronounced
because these species limit Cu uptake in general. Thus,
while the reduction in pore water Cu is not strikingly
evident as a chemical signature in L. perenne or S.
lycopersicum, the reduction in free Cu in the rhizo-
sphere has significant benefits to the plant. Increases in
plant growth (and microbial activity) may also be
attributed to BC-derived nutrients (Lu et al. 2015),
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which explains the better performance of CMB than
OMB and PBB, respectively.

Effect of biochar on soil microbial properties

Soil basal respiration and dehydrogenase activity
Microbial activity plays a central role in the seques-
tration and processing of C and nutrients in soils.

Metal-mediated changes in microbial communities or
their activity would be expected to limit nutrient

B 15+

[
(=)
L
[

Richness (S)

wn
1

=R
n > o
[} [] L
®
&

Shannon-Wiener index (H) ©
(= o
tn =
[} 1

S
[
L

S
[u—y
(9]

1

10+

Simpson Index (1/D)

0~

Control OHB CMB PBB

hull biochar (OHB), and pine bark-derived biochar (PBB)
applied at O (control) or 3% (w/w). a, ¢, e correspond to bacterial
communities, whereas b, d, e correspond to fungal communities

cycling and the capacity of contaminated soils to
support plant growth. In the current study, an increase
in the basal respiration, reflecting higher microbial
activity, was noted for soils amended with BCs
(Table 3). This is consistent with previous reports in
which BC addition increased the microbial activity
and CO,-C liberation from soils (Jones et al. 2011;
Meier et al. 2017a, b; Moore et al. 2017). To further
assess the impacts of Cu on microbial activity, we
measured the biological oxidation of organic com-
pounds in soil by dehydrogenases, which act as proton
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Fig. 7 Genetic richness (a, b), Shannon-Wiener index (c,
d) and Simpson index (e, f) of bacterial and fungal communities
supported by Solanum lycopersicum growing in a Cu-contam-
inated soil with the addition of chicken manure biochar (CMB),

acceptors in C oxidation reactions (Burns et al. 2013),
being indicative of the overall microbial activity (Gu
et al. 2009; Salazar et al. 2011). The addition of BCs to
Cu-contaminated soil increased the DHA activity
compared to Control treatments (except in O. picensis
amended with PBB), and OHB was, in general, more
effective than CMB and PBB (Table 3). This is in
accordance with Igalavithana et al. (2017), who
observed clear patterns of variation of DHA activity
in heavy metal-contaminated soils after the

@ Springer

Control OHB CMB PBB

oat hull biochar (OHB), and pine bark-derived biochar (PBB)
applied at 0 (Control) or 3% (w/w). a, ¢, e Correspond to
bacterial communities, whereas b, d, e correspond to fungal
communities

application of BCs due to the immobilization of
metals. Together, these studies suggest that BCs may
stimulate microbial activity by first reducing the
availability of free Cu in the soil solution and second
by providing available C sources and nutrients to soil
microbes. Both of these processes would increase
microbial proliferation, thus increasing DHA activity
(Lehmann et al. 2011), and also promote further Cu
immobilization in microbial biomass (Meier et al.
2017a).
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Soil microbial communities

The structure and function of microbial communities
within soils are complex, and the presence and
variable abundance of these groups, mainly bacteria
and fungi, have a profound effect on soil function and
health, as does the application of organic matter and
BC (Atkinson et al. 2010). Past studies have reported
that the application of BCs to soils affects microbial
functions rather than microbial community structure
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0 (Control) or 3% (w/w). a, ¢, e Correspond to bacterial
communities, whereas b, d, e correspond to fungal communities

in soils supporting agricultural plants, such as wheat
(Rutigliano et al. 2014), and in soils supporting native
Cu metallophytes, such as O. picensis (Moore et al.
2017). In contrast to these studies, we observed
changes in the microbial community structure under
the influence of BCs and these changes were functions
of the plant species and type of BC used (Figs. 3, 4,
and 5). BC additions influenced bacterial and fungal
richness and diversity of Cu-contaminated soils in
comparison with non-amended soils, and these
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changes were more evident using CMB probably due
to the higher nutrient content of the feedstock used
(Hass et al. 2012: Meier et al. 2017a, b). However, the
changes observed were highly variable, which is in
accordance with soil heterogeneity in general.
Domene et al. (2014) also observed high variability
among microbial communities in field plot replicates,
which might have prevented significant BC effects
from being detected. A similar trend was observed by
Moore et al. (2017), who found changes in soil
bacterial and fungal populations evaluating O. picen-
sis in a 2-year experiment. In contrast to these studies,
changes were detected in the agricultural plants in the
current work (Figs. 3 and 4). The literature indicates
that BC application benefits microbial communities
through changes in soil physical and chemical char-
acteristics (Lehmann and Joseph 2009; Atkinson et al.
2010), providing protection to microorganism residing
into its porous structure (Pietikdinen and Kiikkilad
2000), supplying C sources and macronutrients (Smith
et al. 2010; Thies and Rillig 2009), and/or immobi-
lizing pollutants (Moore et al. 2017). In the current
study, the increases in bacterial diversity after BC
amendment of soil supporting agricultural plants may
be attributed to reductions in Cu in pore water (Fig. 1)
and the alkalinity of biochar (liming effect) and to the
contribution of some nutrient by the amendment
(Fig. 1, Table 1). That these differ among BC sources
may contribute to differences in microbial and plant
response to BC addition, and such variation should be
considered in soil remediation activities.

Conclusions

The present study demonstrated that BCs increased the
soil pH, decreased the Cu bioavailability, helped
support the growth of both metalliferous and agricul-
tural plants, and promoted the microbial activity and
community diversity. However, these BC effects were
dependent on the type of biochar used and the plant
species grown in the Cu-contaminated soil. BC
incorporation into the Cu-contaminated soil reduced
the Cu availability by ~ 70%, decreasing Cu in the
exchangeable fraction while increasing Cu in organic
matter and residual fractions. The physicochemical
changes in the soil produced by BC application
stimulated the growth of O. picensis (up to 68%), S.
lycopersicum (up to 12.3-fold), and L. perenne (up to

@ Springer

36%). These improvements in growth were not
associated with reductions in Cu concentrations in
plant roots or shoots, indicating a complex dynamic
between Cu bioavailability, uptake, and toxicity. Soil
microbial activity (respiration and DHA) also
increased with BC application, which may be
attributed to changes in the diversity and richness of
bacterial and fungal communities in BC-amended soil.
Through their influences on the soil physicochemical
characteristics, benefits to plant growth, and stimula-
tion of the soil microbial community, BC application
represents an effective tool that can be used to enhance
remediation of Cu-contaminated soils.

Acknowledgements This research was supported by
Fondecyt Project Number 11150480.

References

Acuiia, J.J., Jorquera, M. A., Barra, P.J., Crowley, D.E., & de la
Luz Mora, M. (2013). Selenobacteria selected from the
rhizosphere as a potential tool for Se biofortification of
wheat crops. Biology and Fertility of Soils, 49(2), 175-185.
https://doi.org/10.1007/s00374-012-0705-2

Adriano, D. C., Wenzel, W. W., Vangronsveld, J., & Bolan, N.
S. (2004). Role of assisted natural remediation in envi-
ronmental cleanup. Geoderma, 122(2-4), 121-142. https://
doi.org/10.1016/j.geoderma.2004.01.003.

Ahmad, M., Ok, Y. S., Kim, B.-Y., Ahn, J.-H., Lee, Y. H.,
Zhang, M., et al. (2016). Impact of soybean stover- and
pine needle-derived biochars on Pb and As mobility,
microbial community, and carbon stability in a contami-
nated agricultural soil. Journal of Environmental Man-
agement, 166, 131-139. https://doi.org/10.1016/j.jenvman.
2015.10.006

Ahmad, M., Soo Lee, S., Yang, J. E., Ro, H. M., Han Lee, Y., &
Sik Ok, Y. (2012). Effects of soil dilution and amendments
(mussel shell, cow bone, and biochar) on Pb availability
and phytotoxicity in military shooting range soil. Ecotox-
icology and Environmental Safety, 79, 225-231. https://
doi.org/10.1016/j.ecoenv.2012.01.003.

Anderson, T., & Domsch, K. (1990). Application of ecophysi-
ological quotients (qCO, and gD) on microbial biomasses
from soils of different cropping histories. Soil Biology &
Biochemistry, 22, 251-255.

Atkinson, C. J., Fitzgerald, J. D., & Hipps, N. A. (2010).
Potential mechanisms for achieving agricultural benefits
from biochar application to temperate soils: A review.
Plant and Soil, 337(1-2), 1-18. https://doi.org/10.1007/
s11104-010-0464-5.

Beesley, L., Moreno-Jimenez, E., Gomez-Eyles, J. L., Harris,
E., Robinson, B., & Sizmur, T. (2011). A review of bio-
chars’ potential role in the remediation, revegetation and
restoration of contaminated soils. Environmental Pollu-
tion, 159(12), 3269-3282. https://doi.org/10.1016/j.
envpol.2011.07.023.


https://doi.org/10.1007/s00374-012-0705-2
https://doi.org/10.1016/j.geoderma.2004.01.003
https://doi.org/10.1016/j.geoderma.2004.01.003
https://doi.org/10.1016/j.jenvman.2015.10.006
https://doi.org/10.1016/j.jenvman.2015.10.006
https://doi.org/10.1016/j.ecoenv.2012.01.003
https://doi.org/10.1016/j.ecoenv.2012.01.003
https://doi.org/10.1007/s11104-010-0464-5
https://doi.org/10.1007/s11104-010-0464-5
https://doi.org/10.1016/j.envpol.2011.07.023
https://doi.org/10.1016/j.envpol.2011.07.023

Environ Geochem Health (2021) 43:1441-1456

1455

Burns, R. G., DeForest, J. L., Marxsen, J., Sinsabaugh, R. L.,
Stromberger, M. E., Wallenstein, M. D, et al. (2013). Soil
enzymes in a changing environment: Current knowledge
and future directions. Soil Biology & Biochemistry. https://
doi.org/10.1016/j.s0ilbio.2012.11.009.

Cornejo, P., Meier, S., Borie, G., Rillig, M. C., & Borie, F.
(2008). Glomalin-related soil protein in a Mediterranean
ecosystem affected by a copper smelter and its contribution
to Cu and Zn sequestration. Science of the Total Environ-
ment, 406, 154-160. https://doi.org/10.1016/j.scitotenv.
2008.07.045.

Domene, X., Mattana, S., Hanley, K., Enders, A., & Lehmann, J.
(2014). Medium-term effects of corn biochar addition on
soil biota activities and functions in a temperate soil
cropped to corn. Soil Biology & Biochemistry, 72,
152-162. https://doi.org/10.1016/j.s0ilbio.2014.01.035.

Frey-Klett, P., Burlinson, P., Deveau, A., Barret, M., Tarkka,
M., & Sarniguet, A. (2011). Bacterial-fungal interactions:
Hyphens between agricultural, clinical, environmental, and
food microbiologists. Microbiology and Molecular Biol-
ogy Reviews, 75(4), 583-609. https://doi.org/10.1128/
mmbr.00020-11.

Giller, K. E., Witter, E., & Mcgrath, S. P. (1998). Toxicity of
heavy metals to microorganisms and microbial processes
in agricultural soils: A review. Soil Biology & Biochem-
istry, 30(10-11), 1389-1414. https://doi.org/10.1016/
S0038-0717(97)00270-8.

Gu, Y., Wang, P., & Kong, C. H. (2009). Urease, invertase,
dehydrogenase and polyphenoloxidase activities in paddy
soil influenced by allelopathic rice variety. European
Journal of Soil Biology, 45(5-6), 436—441. https://doi.org/
10.1016/j.js0bi.2009.06.003.

Hass, A., Gonzalez, J. M., Lima, I. M., Godwin, H. W.,
Halvorson, J. J., & Boyer, D. G. (2012). Chicken manure
biochar as liming and nutrient source for acid Appalachian
soil. Journal of Environmental Quality, 41(4), 1096-1106.
https://doi.org/10.2134/Jeq2011.0124.

Igalavithana, A. D., Lee, S. E., Lee, Y. H., Tsang, D. C. W,
Rinklebe, J., Kwon, E. E., et al. (2017). Heavy metal
immobilization and microbial community abundance by
vegetable waste and pine cone biochar of agricultural soils.
Chemosphere, 174, 593-603. https://doi.org/10.1016/].
chemosphere.2017.01.148.

Iwamoto, T., Tani, K., Nakamura, K., Suzuki, Y., Kitagawa, M.,
Eguchi, M., et al. (2000). Monitoring impact of in situ
biostimulation treatment on groundwater bacterial com-
munity by DGGE. FEMS Microbial Ecology, 32, 129-141.

Jones, D. L., Edwards-Jones, G., & Murphy, D. V. (2011). Biochar
mediated alterations in herbicide breakdown and leaching in
soil. Soil Biology & Biochemistry, 43(4), 804-813.

Khodadad, C. L. M., Zimmerman, A. R., Green, S. J., Uthandi,
S., & Foster, J. S. (2011). Taxa-specific changes in soil
microbial community composition induced by pyrogenic
carbon amendments. Soil Biology & Biochemistry, 43(2),
385-392.

Lehmann, J., & Joseph, S. (2009). Biochar for environmental
management: Science and technology. London: Earthscan.

Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A., Hockaday,
W. C., & Crowley, D. (2011). Biochar effects on soil
biota—A review. Soil Biology & Biochemistry, 43(9),
1812-1836. https://doi.org/10.1016/j.s0ilbio.2011.04.022.

Lu, H., Li, Z., Fu, S., Méndez, A., Gasco, G., & Paz-Ferreiro, J.
(2015). Combining phytoextraction and biochar addition
improves soil biochemical properties in a soil contami-
nated with Cd. Chemosphere, 119, 209-216. https://doi.
org/10.1016/j.chemosphere.2014.06.024.

Lucchini, P., Quilliam, R. S., DeLuca, T. H., Vamerali, T., &
Jones, D. L. (2014). Does biochar application alter heavy
metal dynamics in agricultural soil? Agriculture, Ecosys-
tems & Environment, 184, 149-157. https://doi.org/10.
1016/j.agee.2013.11.018.

Mclntosh, J. L. (1969). Bray and Morgan soil test extractants
modified for testing acid soils from different parent mate-
rials. Agronomy Journal, 61, 259-265.

Meier, S., Curaqueo, G., Khan, N., Bolan, N., Cea, M., Eugenia,
G. M., et al. (2017a). Chicken-manure-derived biochar
reduced bioavailability of copper in a contaminated soil.
Journal of Soils and Sediments. https://doi.org/10.1007/
s11368-015-1256-6.

Meier, S., Curaqueo, G., Khan, N., Bolan, N., Rilling, J., Vidal,
C., et al. (2015). Effects of biochar on copper immobi-
lization and soil microbial communities in a metal-con-
taminated soil. Journal of Soils and Sediments. https://doi.
org/10.1007/s11368-015-1224-1.

Meier, S., Curaqueo, G., Khan, N., Bolan, N., Rilling, J., Vidal,
C., et al. (2017b). Effects of biochar on copper immobi-
lization and soil microbial communities in a metal-con-
taminated soil. Journal of Soils and Sediments. https://doi.
org/10.1007/s11368-015-1224-1.

Moore, F., Gonzilez, M.-E., Khan, N., Curaqueo, G., Sanchez-
Monedero, M., Rilling, J., et al. (2017). Copper immobi-
lization by biochar and microbial community abundance in
metal-contaminated soils. Science of the Total Environ-
ment. https://doi.org/10.1016/j.scitotenv.2017.10.223.

Qustriere, N., Marchand, L., Galland, W., Gabbon, L., Lottier,
N., Motelica, M., et al. (2016). Influence of biochars,
compost and iron grit, alone and in combination, on copper
solubility and phytotoxicity in a Cu-contaminated soil from
a wood preservation site. Science of the Total Environment,
566, 816-825. https://doi.org/10.1016/j.scitotenv.2016.05.
091.

Park, J. H., Choppala, G. K., Bolan, N. S., Chung, J. W., &
Chuasavathi, T. (2011). Biochar reduces the bioavailability
and phytotoxicity of heavy metals. Plant and Soil, 348,
439-451. https://doi.org/10.1007/s11104-011-0948-y.

Pietikdinen, J., Kiikkil4, O., & Fritze, H. (2000). Charcoal as a
habitat for microbes and its effect on the microbial com-
munity of the underlying humus. Oikos, 89, 231-242.

Rutigliano, F. A., Romano, M., Marzaioli, R., Baglivo, 1., Bar-
onti, S., Miglietta, F., et al. (2014). Effect of biochar
addition on soil microbial community in a wheat crop.
European Journal of Soil Biology, 60, 9-15. https://doi.
org/10.1016/j.ejsobi.2013.10.007.

Sadzawka, A., Carrasco, M. A., Grez, R., Mora, M., Flores, H.,
Neaman, A., et al. (2006). Metodos de andlisis recomen-
dados para los suelos de Chile. Santiago de Chile: Instituto
de Investigaciones Agropecuarias.

Salazar, S., Sanchez, L. E., Alvarez, J., Valverde, A., Galindo, P.,
Igual, J. M, et al. (2011). Correlation among soil enzyme
activities under different forest system management prac-
tices. Ecological Engineering, 37(8), 1123—-1131. https:/
doi.org/10.1016/j.ecoleng.2011.02.007.

@ Springer


https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.1016/j.soilbio.2012.11.009
https://doi.org/10.1016/j.scitotenv.2008.07.045
https://doi.org/10.1016/j.scitotenv.2008.07.045
https://doi.org/10.1016/j.soilbio.2014.01.035
https://doi.org/10.1128/mmbr.00020-11
https://doi.org/10.1128/mmbr.00020-11
https://doi.org/10.1016/S0038-0717(97)00270-8
https://doi.org/10.1016/S0038-0717(97)00270-8
https://doi.org/10.1016/j.ejsobi.2009.06.003
https://doi.org/10.1016/j.ejsobi.2009.06.003
https://doi.org/10.2134/Jeq2011.0124
https://doi.org/10.1016/j.chemosphere.2017.01.148
https://doi.org/10.1016/j.chemosphere.2017.01.148
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.chemosphere.2014.06.024
https://doi.org/10.1016/j.chemosphere.2014.06.024
https://doi.org/10.1016/j.agee.2013.11.018
https://doi.org/10.1016/j.agee.2013.11.018
https://doi.org/10.1007/s11368-015-1256-6
https://doi.org/10.1007/s11368-015-1256-6
https://doi.org/10.1007/s11368-015-1224-1
https://doi.org/10.1007/s11368-015-1224-1
https://doi.org/10.1007/s11368-015-1224-1
https://doi.org/10.1007/s11368-015-1224-1
https://doi.org/10.1016/j.scitotenv.2017.10.223
https://doi.org/10.1016/j.scitotenv.2016.05.091
https://doi.org/10.1016/j.scitotenv.2016.05.091
https://doi.org/10.1007/s11104-011-0948-y
https://doi.org/10.1016/j.ejsobi.2013.10.007
https://doi.org/10.1016/j.ejsobi.2013.10.007
https://doi.org/10.1016/j.ecoleng.2011.02.007
https://doi.org/10.1016/j.ecoleng.2011.02.007

1456

Environ Geochem Health (2021) 43:1441-1456

Seguel, A., Cumming, J. R., Klugh-Stewart, K., Cornejo, P., &
Borie, F. (2013). The role of arbuscular mycorrhizas in
decreasing aluminium phytotoxicity in acidic soils: A
review. Mycorrhiza, 23(3), 167-183. https://doi.org/10.
1007/s00572-013-0479-x.

Shackley, S., Carter, S., Knowles, T., Middelink, E., Haefele, S.,
Sohi, S., et al. (2012). Sustainable gasification-biochar
systems? A case-study of rice-husk gasification in Cam-
bodia, Part I: Context, chemical properties, environmental
and health and safety issues. Energy Policy, 42, 49-58.
https://doi.org/10.1016/j.enpol.2011.11.026.

Singh, J., & Singh, D. (2005). Dehydrogenase and phospho-
monoenterase activities in groundnut (Arachis hypogacea
L.) field after diazinon, imidacloprid and lindane treat-
ments. Chemosphere, 60, 32—42.

Smith, J. L., Collins, H. P., & Bailey, V. L. (2010). The effect of
young biochar on soil respiration. Soil Biology & Bio-
chemistry, 42(12), 2345-2347. https://doi.org/10.1016/j.
s0ilbio.2010.09.013.

Tan, K. H. (2005). Soil Sampling, Preparation, and Analysis.
Boca Raton, FL: CRC Press. https://doi.org/10.1201/
9781482274769.

Tessier, A., Campbell, P. G. C., & Bisson, M. (1979). Sequential
Extraction Procedure for the Speciation of Particulate
Trace Metals. Analytical Chemistry, 51, 844-851. https://
doi.org/10.1021/ac50043a017

Thies, J., & Rillig, M. C. (2009). Characteristics of biochar:
biological properties. In J. Lehmann & S. Joseph (Eds.),

@ Springer

Biochar for environmental management. London:
Earthscan.

USEPA. (2007). Microwave assisted acid digestion of sedi-
ments, sludges, soils and oils. Washington, DC: Environ-
mental Protection Agency.

Xu, T.,Lou, L. P, Luo, L., Cao, R. K., Duan, D. C., & Chen, Y.
X. (2012). Effect of bamboo biochar on pentachlorophenol
leachability and bioavailability in agricultural soil. Science
of the Total Environment, 414, 727-731. https://doi.org/10.
1016/j.scitotenv.2011.11.005.

Yuan, J. H., Xu, R. K., Wang, N., & Li, J. Y. (2011). Amend-
ment of acid soils with crop residues and biochars. Pedo-
sphere, 21(3), 302-308.

Zhang, X., Wang, H., He, L., Lu, K., Sarmah, A., Li, J., et al.
(2013). Using biochar for remediation of soils contami-
nated with heavy metals and organic pollutants. Environ-
mental Science and Pollution Research, 20(12),
8472-8483. https://doi.org/10.1007/s11356-013-1659-0.

Zhao, S., Feng, C., Wang, D., Liu, Y., & Shen, Z. (2013). Salinity
increases the mobility of Cd, Cu, Mn, and Pb in the sediments
of Yangtze Estuary: Relative role of sediments’ properties
and metal speciation. Chemosphere, 91(7), 977-984. https://
doi.org/10.1016/j.chemosphere.2013.02.001.

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.


https://doi.org/10.1007/s00572-013-0479-x
https://doi.org/10.1007/s00572-013-0479-x
https://doi.org/10.1016/j.enpol.2011.11.026
https://doi.org/10.1016/j.soilbio.2010.09.013
https://doi.org/10.1016/j.soilbio.2010.09.013
https://doi.org/10.1201/9781482274769
https://doi.org/10.1201/9781482274769
https://doi.org/10.1021/ac50043a017
https://doi.org/10.1021/ac50043a017
https://doi.org/10.1016/j.scitotenv.2011.11.005
https://doi.org/10.1016/j.scitotenv.2011.11.005
https://doi.org/10.1007/s11356-013-1659-0
https://doi.org/10.1016/j.chemosphere.2013.02.001
https://doi.org/10.1016/j.chemosphere.2013.02.001

	Effects of three biochars on copper immobilization and soil microbial communities in a metal-contaminated soil using a metallophyte and two agricultural plants
	Abstract
	Introduction
	Materials and methods
	Soil collection and biochar production
	Plant growth experiment and copper fractionation on the soil
	Soil microbial activity
	PCR-DGGE of the bacterial and fungal communities
	Statistical analyses

	Results
	Biochar properties
	Effects of biochar on Cu immobilization in soil
	Plant growth and metal uptake
	Soil microbial activity
	Composition of bacterial and fungal communities

	Discussion
	Influence of biochar on Cu distribution and plant uptake
	Effect of biochar on soil microbial properties
	Soil basal respiration and dehydrogenase activity
	Soil microbial communities


	Conclusions
	Acknowledgements
	References




