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Abstract: Biochar amendment is becoming a promising technology for mining soil restoration. The
addition of biochar can improve soil microbiological parameters related to soil quality, such as enzyme
activities. The aim of the present research was to evaluate the effect of rabbit manure (RM) and two
rabbit manure biochars prepared at two pyrolysis temperatures (300 and 600 °C) on the biochemical
properties of two mining soils in the Portman area (Spain) in the presence or absence of vegetation.
Soils were amended with the RM, the two biochars and a mixture of the rabbit manure and biochars
(50/50 w/w) at a rate of 10% in a mesocosms experiment to study the changes in dehydrogenase,
phosphomonoesterase, 3-glucosidase activities, geometric mean of enzyme activities (GMea) and
soil microbial biomass (SMB). Changes in individual enzyme activities were not always consistent.
However, when using the GMea as a measure of soil quality, our results showed an increase in the
GMea (217-360 times) after the addition of rabbit manure to mining soils, while this increase was
from 81-270 times following the addition of rabbit manure with biochar prepared at 300 °C. Therefore,
the use of biochar prepared at low temperatures could be a promising direction for the improvement
of soil quality and soil carbon sequestration.
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1. Introduction

Soils play an important role in the circular economy as they store mineral materials,
while providing renewable and bio-based resources. Soils are crucial in their role in closing
the biogeochemical cycles for water, nutrients and carbon. For this reason, soil conservation
and the improvement of soil quality is fundamental to secure the future provision of natural
resources and services for a growing world population [1]. Soil is a non-renewable resource
that must be conserved, particularly peatlands, which are able to sequester 312.1 Gt of
carbon dioxide [2]. For example, 100 years are necessary for the formation of 0.8 cm of
peat in the environmental conditions of southern Spain, where the soils for this study were
collected. For this reason, the use of alternative materials to peat, such as biochar, for the
restoration of degraded areas is essential for carbon sequestration and the struggle against
climate change.

The lack of soil productivity can be considered a soil degradation process. In the case
of soils from mining areas, the problem involves high concentrations of toxic compounds,
particularly metals and metalloids. Metals can be found in nature, but their amounts do
not exceed soil auto-depuration limits [3]; for that reason, the anthropogenic contribution
is the main source of soil contamination. Mine tailings are classified as Technosols [4],
which are soils altered by human activities [5]. In general, mining activities result in a low
organic matter content and erosion, leading to poor soil quality, among others negative
impacts [6-8].
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The poor soil quality in soils from mining areas limits the growth of a vegetative
plant cover. This cover would lead to the improvement of the soil’s physical, chemical and
biological properties. Soil biochemical properties (microbial structure, basal respiration,
C and N mineralization, microbial biomass and enzyme activity) can be used as early
indicators of changes in soil quality as they are more sensitive to alterations in management
than soil’s physical or chemical properties [9-11]. Indeed, the preservation of the soil
biodiversity is a cornerstone for the performance of essential ecosystem services related to
human wellbeing.

In order to assist revegetation, a number of amendments can be utilized. According to
Spanish legislation, amendments comprise organic or inorganic materials that modify or
improve soil properties [12]. In the case of organic amendments, the main objective is to
maintain or increase organic matter content to improve soil’s physical properties and the
biological or chemical soil activity. Historically, organic manures have been used for plant
nutrient supply [13], but nowadays, more modern approaches related to manure disposal
are required [14]. The reuse of animal residues can generate added value and provide
benefits to the soil, including a high amount of nutrients, organic matter and microbial
activity as well as an increased plant yield [15]. In addition, manure waste can reduce metal
mobility and bioavailability [15] due to the enhancement of, to some extent, geochemical
processes (precipitation, sorption, ion exchange and redox reactions). The disadvantages of
using manure waste are odor pollution, the contamination of soil and water bodies, and the
presence of pathogens [16]. In that particular scenario, biochar production appears as an
environmentally friendly solution in which the raw material (manure) can be transformed
to a carbon-rich product that is easy to store and apply and comes with several benefits to
soil quality [17-19].

Biochar is a solid material obtained from thermochemical conversion of biomass in an
oxygen-limited environment [20]. Biochar is a carbon-rich product with several benefits:
(i) increased soil productivity; (ii) positive influence on soil’s physicochemical properties
(pH, porosity, bulk density and water-holding capacity); (iii) increased soil fertility due to
the biochar ash content; (iv) changes in soil microbial activity and nutrient cycling; (v) car-
bon storage [21-23]. In addition, several investigations have been performed with biochars
from manure waste [22-24] and their potential to enhance plant growth. The addition
of biochar to metal-contaminated soils can enhance plant yield, due to the reduction of
bioavailable fractions of metals and the improvement of soil physical properties [25-31].

Different studies have shown the influence of biochar in the soil biochemical properties.
A seminal work [32] studied the influence of sewage sludge biochar (pyrolysis temperature:
600 °C) in an Umbrisol, describing contrasting results for different enzymatic activities. For
example, dehydrogenase activity increased after the biochar addition while 3-glucosidase
decreased, and arylsulphatase activity was not affected by biochar addition. In addition,
the application of biochar can improve the resistance of soil microbial properties to drought,
which can have positives implications in the quality of restored soils [33]. For the particular
case of degraded mine soils or metal multicontaminated soils, the addition of biochar
to mining soils improves the nutrient and carbon availability, increasing the ratio C/N
as well as the soil water holding capacity, surface area and pH values; the reduction of
bioavailability of toxic compounds produce changes in soil microorganism, improving the
taxonomic diversity of the microorganism and recovering the soil microbiota structure [34].
For example, Tu et al. [35] concluded that the application of straw biochar (rate: 5%) reduced
the labile and bioavailable fraction of Cu and Cd and, at the same time, increased both
catalase and urease activities; Wen et al. [36] observed, after the addition of wood biochar
(rate: 3%) in a contaminated paddy soil, a reduction in the available forms of As, Cd and Pd
together with an increase in both catalase and urease activities. Gu et al. [31] emphasized
the complexity of finding an overall trend of biochar on particular soil enzymes as each
enzyme activity might reflect only a particular cellular function in response to the biochar
amendment. For this reason, these authors [31] used the geometric mean (GMea) as an
indicator of microbial enzymatic activities, concluding that the enzymatic activities of mine
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tailing did not increase after biochar addition. Indeed, the development of soil quality
indices, including the geometric mean of enzyme activities, has been extensively used to
study the biochar influence on soil quality [32,37]. In summary, soil biological properties
have been studied due to their functions as indicators of soil quality, taking into account
that soil microorganisms are more sensitive to contamination [38,39], and variables, such
as microbial biomass and enzyme activities, are an indirect measure of soil microbiota
presence [40].

Plants from the Brassica genus have been used in the revegetation of mining areas as
they tolerate high concentrations of metals. Brassica napus is an interesting species as it
has the potential to accumulate Cd, Pb and Zn. Recently, in many countries, programs of
renewable energy have started and acreage of rapeseed cultivation for biodiesel production
is increasing. For this reason, industrial utilization of the rapeseed (Brassica napus) oil
allows for the cultivation of this crop in polluted sites; thus, besides oil production, the
simultaneous process of phytoremediation can be undertaken [41].

The combination of biochar and plant growth can improve soil biochemical properties
and, therefore, enhance soil quality. For example, Lu et al. [42] observed an improvement on
soil biochemical properties after the application of eucalyptus biochar (600 °C) and poultry
litter biochar (400 °C) in a soil contaminated with Cd in the presence of Amaranthus tricolor L.
Briefly, they observed that microbial biomass and soil respiration were more pH-dependent
than soil enzymes. Recently, Alvarez et al. [37] concluded that, after the application of
different manure waste biochars to 10 mining soils multicontaminated by trace metals,
biochar can improve enzymatic activities in mining soils, reducing CO, emissions by more
than 28% in some cases and serving as an adequate strategy for C sequestration in soil.

With this background, we hypothesize that the application of biochar to metallic
mining soils, combined with a plant cover, may have a positive effect on the improvement
of the soil biological activity and can, therefore, be a promising alternative for the recovery
of degraded mining areas [43]. The objective of this research is to study the influence of
the combination of several amendments (biochar, rabbit manure and its combination) and
the growth of Brassica napus on soil enzymes activities and soil microbial biomass in two
mining soils of the Portman area (Spain). The Portman area is a well-known mining area in
Spain [43,44] with the presence of different mine tailings and soils with metals levels above
the regulatory limits.

2. Materials and Methods
2.1. Soil Selection

The two soils (51 and S2) were sampled from an area near a lead —zinc mine in Portman,
Murcia close to La Unién and Cartagena (Spain). The sampling was made as follows: a
similar amount of 30 subsamples (depth: 20 cm) wase collected randomly in each area,
and later, subsamples were mixed and homogenized. The soil S1 (Latitude: 37°35'23” N,
Longitude: 0°51'38” W) is classified as a Technosol [4], being a mine tailing, and the soil
S2 (Latitude: 37°35'22” N, Longitude: 0°51'54” W) is classified as a Cambisol [4], being
the main minerals of the area sulphides (sphalerite, galena, pyrite), phyllosilicates and
carbonates. Soils samples were air dried, crushed and passed through a 2 mm sieve.

2.2. Manure Biochar Preparation

The selected animal manure was rabbit manure (RM), obtained from the practice field
of the Universidad Politécnica de Madrid (UPM, Madrid, Spain). RM was air-dried and
passed through a 2 mm sieve. Two biochars were prepared from the pyrolysis of RM as
raw material: 500 g of RM were introduced in a 2 L reactor made of steel. Samples were
heated at 3 °C min—! using an N flow of 0.5 L min~1 until 300 and 600 °C, leading to B300
and B600, respectively. The final temperature was maintained during 1 h. The reactor used
for the pyrolysis was designed by Demede (http://demede.es, accessed on 20 December
2021) with specifications for our research group.
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2.3. Soils and Rabbit Manure and Biochars Characterization

The pH and electrical conductivity (EC) of soils (S1 and S2) were measured with a
Crison micro-pH 2000 and a Crison 222 conductivimeter, which weighed 10 g of the soil
and 25 mL of distilled water. The cation exchange capacity (CEC) was determined with the
cohex (hexaminecobalt III) method, according to a standardized protocol ISO 23,470 [45].
This procedure was also used to measure the exchangeable K* in the solution with a Perkin
Elmer Analyst 400 Atomic Absorption Spectrophotometer. The oxidizable organic carbon
(Coxi) was calculated using the Walkley—Black method [46], and the available phosphorus
(P) was determined by the Olsen method [47]. The total content in the Cd, Cu, Zn, As, Pb
and Zn was determined using an Inductively Coupled Plasma Mass Spectrometry (ICP-MS)
after the sample digestion with 3 mL of concentrated HCl and 1 mL of HNOj3 following the
USEPA 3051a method [48].

For the RM, B300 and B600, the pH and EC were measured with the same aforemen-
tioned equipment but with a ratioof 4 g L~ (H,0). The C.y, CEC, P, exchangeable K*
and metal content were determined with the different process previously explained for
soils. In addition, the proximate analysis and elemental analysis were performed for the
amendments. The proximate analysis was determined using a thermogravimetric analyzer
TGA Labsys Setaram, where 20 mg of the amendments were heated at a rate of 20 °C min !
until 600 °C under an N, atmosphere at a flux of 40 mL min~!; at this point, an air at-
mosphere was introduced until there was a constant weight. The range of temperatures
between 30 and 150 °C involve the moisture loss and150 to 600 °C correspond to the volatile
matter content (VM); the final loss was related to ash and the fixed carbon (FC) content was
calculated by the difference. The elemental analysis (C, H, N and S) was determined by
dry combustion using a LECO CHNS 932 Analyzer, and oxygen (O) was obtained by the
following calculation: 100% — (C + H+ N + S + Ash).

2.4. Experimental Design

Two soils (S1 and S2) were amended at a rate of 10% (w/w) with five amendments:
(1) RM, (2) B300, (3) B600, (4) B300+RM and (5) B600 + RM. The last two amendments were
the combination of 50% of the corresponding biochar with the 50% of RM. Amended soils
were introduced in pots (volume of 500 mL). The control soils corresponded to (1) both
soils without amendments (51, 52) and (2) the amendments soils without plant growth. For
each pot, the mesocosms were filled first with a gravel layer (100 g), followed by 300 g of
the respective mixture. In half of the mesocosms, 10 seeds of Brassica napus were sown in
the surface layer. Then, pots were introduced in an incubator with light cycles every 12 h
at a controlled temperature of 20 to 25 °C for 45 days. Each treatment was weighed for
an initial weight, which was replenished daily by the addition of an equivalent mass of
distilled water. All treatments were undertaken in triplicate.

In summary, for both soils, treatments were labelled as S1, S1 + B300, S1 + B600,
S1 + B300 + RM, S1 + B600 + RM and 51 + RM and as S2, S2 + B300, S2 + B600, S2 + B300 + RM,
S2 + B600 + RM and S2 + RM.

2.5. Soil Enzyme Activities and Microbial Biomass Measurements

Dehydrogenase, phosphomonoesterase and 3-glucosidase activities were determined
after 45 days of incubation. The geometric mean (GMea) index was calculated as a suitable
measure of soil biochemical activity that integrated the abovementioned enzymes [32].
For dehydrogenase activity, 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyltetrazolium chlo-
ride (INT) was used as the substrate, and the activity of the enzyme was expressed in
umol INTF g~! h~!. Phosphomonoesterase and B-glucosidase were determined after
incubating soils with a substrate containing a p-nitrophenyl moiety, and then, in the en-
zymatic hydrolysis, the amount of released p-nitrophenol was measured. Both enzymes
were expressed as pmol p-nitrophenol g~! h~! [32]. The GMea offers unifying informa-
tion from variables that possess different units and range of variation, and it has been
established as an adequate index for estimating soil biochemical quality after the addition
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of different amendments, including biochar, as follows: GMea = (phosphomonoesterase
x -glucosidase x dehydrogenase)l/ 3 [39]. Soil microbial biomass (SMB) was assessed by
the difference between the carbon content of the fumigated and unfumigated samples (fol-
lowing chloroform fumigation-extraction method) with a commonly used factor (Kc = 0.45)
for soils amended with organic materials [49].

2.6. Statistical Analysis

The significance of the differences among means was assessed by analysis of variance
(ANOVA). Duncan’s multiple range test (p < 0.05) was implemented using the Statgraphics
Centurion XVLI software for the calculations. Every analysis was performed in triplicate.

3. Results and Discussion
3.1. Soils and Amendments Characterization

Table 1 summarized the physicochemical properties of both soils (51 and S2), rabbit
manure (RM) and the 2 biochars (B300 and B600) soils. The soils had alkaline pH values
showing different electrical conductivity (EC). For 51, the EC was 2200; meanwhile, for S2,
the EC was 300 uS cm™~!. For both soils, the oxidizable organic carbon (C,yi) was under
1%, which underscores the importance of performing an organic amendment in order to
increase soil productivity. The cation exchange capacity (CEC) did not present significant
differences between the two soils, and the bioavailable P content was an order of magnitude
higher in 52 compared to S1. The two selected soils had a sandy loam texture. Both soils
(Table 1) exceeded the critical soil metal concentration, indicating that toxic effects are likely,
which are 3-8 mg kg ! for Cd, 20-50 mg kg ! for As, 100-400 for Pb and 70-400 for Zn,
according to [50]. Furthermore, S2 soil had a Cu soil content higher than the critical soil
value (60-125 mg kg~ 1) [50].

Table 1. Chemical and physical properties of soils, rabbit manure (RM) and biochars (B300 and B600).

S1 S2 RM B300 B600
pH 79al 8.1b 9.2¢ 8.6d 10.8 e
EC (uScm~120°C) 2200 a 300 b 620 ¢ 340b 390 b
Coxi (%) 0.3a 09b 20.1¢ 204 ¢ 5.1d
CEC (cmol. kg™1) 10.6 a 12.2a 99 ¢ 146 d 127 e
P (mg kg™1) 722 a 6632 b 4700 ¢ 1600 d 800 e
Fe (gkg™1) 185a 113a 34b 2.8b 52c¢
Cd (mg kg™ 1) 16 a 20 a 0.31b 0.30b 0.39 ¢
Cu (mg kg™1) 47 a 207 b 69 ¢ 82d 90e
As (mg kg™1) 530 a 1183 b 1.7 ¢ 1.6¢ 1.6 ¢
Pb (mg kg™ 1) 2770 a 2848 b 7.8 ¢ 54d 7.6 ¢
Zn (mgkg™) 6373 a 8573 b 675 c 924 d 1008 d
Ash (%) - - 40.1 50.6 614
VM (%) - - 38.8 30.1 4.9
FC (%) - - 19.5 19.4 33.7
Ratio FC/(VM + FC) - - 0.33 0.39 0.87
C (%) - - 20.1 31.3 29.6
H (%) - - 3.1 3.3 13
N (%) - - 1.9 2.1 0.8
S (%) - - 0.3 0.5 0.4
0 (%) - - 33.9 12.1 6.5
H/C - - 1.85 1.26 0.53
o/C - - 1.26 0.29 0.16

! Values followed by the same letter are not significantly different (p = 0.05) using Duncan’s test.

All the amendments (RM, B300 and B600) showed alkaline pH, but there was a
variation in the pH after the RM pyrolysis, where the B300 had a lower pH value compared
to the RM, and the B600 had a higher pH value. In this case, the pyrolysis temperature
played an important role. According to Al-Wabel et al. [51], the pH decrease with a lower
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temperature of production is explained by the separation of alkaline salts and organic
materials. The electrical conductivity (EC) values were lower and similar in the biochars
compared with the RM. The C; content of B600 was the lowest (5.13%) while the Cyi
content of the RM and B300 exceeded 20%. The carbon structure changes with the pyrolysis
temperature, and at higher temperatures, the carbon structure is more aromatic with lower
H/C ratios [52]. Indeed, the H/C ratio decreased from 1.85 (RM) to 1.26 (B300) and 0.53
(B600) after pyrolysis. CEC increased between 28% (B600) and 47% (B300) after pyrolysis,
similar to the results of Gaskin et al. [53], who found higher CEC for biochars obtained by
pyrolysis at low temperatures. The available P in biochar decreased when compared to the
raw material (RM), reducing the risk of nutrient leaching and, therefore, of groundwater
contamination. The ash content in biochars was at least 10% greater than raw material
due to ash concentration during pyrolysis. The proximate analysis showed that volatile
matter (VM) diminished with the pyrolysis temperature reaching values 87% lower than
raw material at 600 °C, similar to the results found by other authors [21]. According to this
data, the fixed carbon (FC) content increased by 14.2% after pyrolysis at 600 °C.

The elemental analysis of the samples was also included in Table 1. The percentage
of C increased in the biochars, with respect to RM, and the lowest values of H, N and
O were found in B600. The volatilization process of light compounds that take place
during pyrolysis could explain these results. For example, some of the N functional
groups are stable at low pyrolysis temperatures and recalcitrant to degradation but can
be decomposed at the highest temperature used in our experiment [53]. Dehydration and
condensation reactions are also involved in the decrease of O and H content due to the
reduction process of O functional groups after pyrolysis [54]. Consequently, the O/C and
H/C ratios significantly decreased with the pyrolysis temperature due to the influence
of the pyrolysis temperature in the aromatic structure of biochars [55]. The metal content
of the rabbit manure and biochars (B300 and B600) did not exceed the limits of Spanish
legislation for their use as fertilizers [12]. In comparison to the legislation on the use of
sewage sludge in soils [56], the metals concentration was below the threshold in most cases
(Cd, Cu, Pb and As), except in the case of Zn where the content of RM and biochars were
higher than Spanish regulatory levels (150450 mg kg ~').

3.2. Soil Enzyme Activities and Soil Microbial Biomass (SMB)

The effect of the different amendments and Brassica napus growth on biochemical
properties was evaluated by phosphomonoesterase, 3-glucosidase and dehydrogenase
activities (Figure 1). For S1 soil, the addition of RM, B300 + RM and B600 + RM increased
phosphomonoesterase activity while the addition of B600 biochar reduced the value of this
enzymatic activity below control soil values (51). For S2 soil, there was a similar trend,
with the addition of B300 biochar resulting in an increase in phosphomonoesterase activity.
In general, the presence of Brassica napus did not change the behavior of phosphomo-
noesterase, in accordance with previous studies [57]. The highest value of this enzyme
activity was reached with the RM and B300 + RM treatment, which could be related to the
higher amounts of available P supplied by the B300 and B300 + RM treatments. Indeed, the
P availability of B600 biochar decreased by 83.8% with respect to rabbit manure. Similar
results were found by Liang et al. [33], who observed the lowest values of phosphomo-
noesterase activity in soils amended with poultry litter biochar produced at 600 °C while
the addition of biochar prepared at 400 °C improved this enzyme. For soil S1, 3-glucosidase
(Figure 2) increased in the treatments B300, B300 + RM and RM and also after the addition
of the B600 + RM amendment combined with the presence of Brassica napus. For soil S2,
the presence of Brassica napus had an influence in the increment of this enzyme after the
application of all amendments. Variations in enzymes, such as 3-glucosidase, degrading
major soil organic matter components can be related to changes in the decomposition rate,
mediated by changes in substrate availability. Therefore, the different results obtained
for the 3-glucosidase can be related to the presence of fresh organic matter supplied by
the plants and the higher content of volatile matter (VM) and, therefore, the labile carbon
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of the RM and B300 with respect to the B600. Indeed, the VM content of the B600 was
reduced 74.5% after pyrolysis at 600 °C. Some investigations [33,58] demonstrated that
-glucosidase activity diminished with biochars prepared at 500 °C, which is the pyrolysis
temperature; this is a key factor related to the behavior of this enzyme activity. Finally, for
both soils, dehydrogenase activity involved in soil respiration was improved for all treat-
ments except for the addition of the B600 to S1 soil due to the addition of the labile organic
matter. This was in agreement with previous studies, which recorded an increase of this
activity related to an increase in carbon substrate and improvements in soil aeration and
soil pH associated with biochar use [57,59]. The low values obtained in 3-glucosidase and
dehydrogenase activities after the application of the B600 biochar are likely a consequence
of its more aromatic carbon structure, compared to the biochar obtained by pyrolysis at
300 °C. Higher temperatures imply a more stable carbon material, making it more difficult
for the microorganisms to use the C content as a source of energy [59]. On the contrary,
the C structure for the biochars obtained at lower temperatures show a more aliphatic
structure, which is more available for soil microbiota. A way to measure this particular
result is the volatile matter (VM) and fixed carbon (FC) content of the materials, where
a high VM content is related to light C structures, and high FC content is linked to more
aromatic and stable C structures. The VM content of the B600 was 4.93% while the B300 and
RM had contents around 30%, according to the oxidizable organic carbon content (Coy).

The obtained results are similar to the conclusions of other investigations. For example,
Liang et al. [33] also reported the decrease of the phosphomonoesterase activity with the
addition of the poultry litter biochar produced at 600 °C whereas the activity increased
with the soils amended with the biochar at 400 °C. In the case of the 3-glucosidase activity,
the lowest values were found with biochars obtained at 600 °C while it has been reported
that biochars produced by pyrolysis at 350 °C improved dehydrogenase activity [58,59].

Nevertheless, it is not easy to obtain a general conclusion about the effect of the
different treatments in a specific enzyme, due to the many properties involved in the
regulation of soil enzyme activities. For this reason, the GMea index has been used several
times to study the influence of biochar in soil quality. For example, Paz-Ferreiro et al. [32]
used this index to study the influence of biosolids biochar in an Umbrisol and Lu et al. [38]
to evaluate the soil quality in a soil contaminated with Cd after the addition of poultry
litter and eucalyptus biochars. More recently, Cardenas-Aguiar et al. [57] used the GMea
index to study the changes in the soil quality of two mining soils after treatment with
biochar and hydrochar prepared from different manures. For the S1 soil, the amendments
B300, B300 + RM, B600 + RM and RM increased soil biological activity, with the best result
obtained with the application of rabbit manure (RM) without Brassica napus. For S2 soil,
all amendments, except the addition of biochar B600, improved the GMea index with the
highest results being obtained by rabbit manure (RM) (with or without plants) and the
mixture of biochar B300 and rabbit manure (RM) with Brassica napus.



Sustainability 2022, 14, 1866

8of 13

Pl
«
o

al)

P
o
o

L
«
o

w
=3
1=

N
w
o

cd

[l

«n

o
o

Phosphomonoesterase (umol (g h)*)
[ N
o o
o o

[
w
o

<4
o
o

fg

b,c &d

|

s1

ot
«
o

a2)

B-glucosidase (umol (g h)1)
BoBoN N w
8 &8 8 & 8

[
w
o

ab ;5

L B

°
8

S1+B300

B Control [ Brassica napus

cd cd

e
cd d
ab - b,cl—l—’
0 = |

S$1+B600 S1+B300+RM S1+B600+RM

S1+RM

s1

e
w
«

a3)

Dehydrogenase (umol (g h)?)
e e o o e
= i N N w
(=) w o w o

e
o
o

1N

<4
o
o

S1+B300

EControl [ Brassica napus

b,c

S$1+B600 S1+B300+RM S1+B600+RM

S1+RM

s1

1.60
a4)
1.40
1.20
1.00

0.80

GMea Index

0.60

0.40

0.20

hm

[

0.00

S$1+B300

@ Control [ Brassica napus

Il i

S1+B600 S1+B300+RMS1+B600+RM

S1+4RM

S1+B300

B Control [ Brassica napus

S$1+B600 S1+B300+RM S1+B600+RM

S1+RM

P
o
o

Now

'
o
o

Phosphomonoesterase (umol (g h?)
5
o

e
«
o

0.00

B-glucosidase (umol (g h)?)
e B B N N
v o w o wu
o o o o =]

e
=3
1=

e
w
«

e
w
o

0.25

0.20

0.15

0.10

Dehydrogenase (umol (g h)?)
&

o
8

1.40

1.20

1.00

0.80

GMea Index

0.60

0.40

0.20

0.00

S
u o u o
© © © o

N
Q
15
o
o

b1)

f
e
1 .
c
c
b
a a

S2 S2+B300 S2+B600 S2+B300+RMS2+B600+RM  S2+RM

B Control [ Brassica napus

f
of of ef
de
c
b b
a

S2 S$2+B300 S2+B600 S2+B300+RM S2+B600+RM  S2+RM

b2)

@ Control O Brassica napus

b3)

f
d.e,f f
c.ge
cd
bjc
ab
a
aﬂ

s2 S2+B300 S2+B600 S2+B300+RMS2+B600+RM  S2+RM

E Control [ Brassica napus

b4)

a

S2+B600 S2+B300+RM S2+B600+RM

S2 S2+B300 S2+RM

E Control [ Brassica napus

Figure 1. (al) phosphomonoesterase activity (umol (g~h)_1) for S1 soil, (a2) B-glucosidase activity
(umol (g~h)_1) for S1 soil, (a3) dehydrogenase activity (umol (g-h)_l) for S1 soil, (a4) GMea index
for S1 soil, (b1) phosphomonoesterase activity (pmol (g-h)*l) for S2 soil, (b2) B-glucosidase activity
(umol (g-h)_l) for S2 soil, (b3) dehydrogenase activity (pmol (g-h)_l) for S2 soil, (b4) GMea index for
52 soil. Values followed by the same letter are not significantly different (p = 0.05) using Duncan’s
test. The differences were made between soils and enzymes.
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Figure 2. SMB (ug g_l) for Brassica napus treatments and the respective control soils: (a) S1 soil
and (b) S2 soil. Values followed by the same letter are not significantly different (p = 0.05) using
Duncan'’s test.

For the GMea, as a general behavior, the following results were found: (i) the addition
of rabbit manure (RM) to both soils enhanced soil biochemical properties leading to the
highest values; (ii) the amendments B300, B300 + RM and B600 + RM improved soil
biological activities; (iii) the mixture of rabbit manure (RM) and biochar produced at 600 °C
(B600) improved the properties of B600 and increased the GMea index; (iv) the growth
of Brassica napus had a positive effect on enzyme activities, with respect to the treatments
without plants, when it was combined with B300 + RM in the soil S1 and with B300, B600,
B300 + RM and B600 + RM for S2 soil. These last results differed from Cardenas et al. [57],
who observed a decrement on the GMea index in different mining soils in the presence
of Brassica Napus after the application of rabbit manure biochars (pyrolysis temperature:
450 °C and 600 °C) and hydrochars (hydrothermal carbonisation temperature: 190 °C
and 240 °C) in a metal multicontaminated soil. Nevertheless, the improvement of the
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GMea index when biochar is combined with plants has been previously described by
Lu et al. [38] using Amaranthus combined with poultry litter. These authors attributed part
of this improvement in biochemical properties to a possible immobilization of trace metals
in soils after the application of biochar or other organic amendments.

Finally, the higher content of labile carbon content (C,y;), volatile matter (VM), bioavail-
able P of rabbit manure (RM) and B300 could be the reason for the improvement of
the overall enzyme activity (GMea index) when this amendment, alone or combined, is
added to soils.

Figure 2 shows the SMB for soils with and without Brassica napus growth. The microbial
biomass is related to the enzyme activities because phosphomonoesterase, 3-glucosidase
and dehydrogenase act on the substrates used by microorganisms to grow. SMB can
provide insight on the long-term trajectory of soil organic matter dynamics. As discussed
in Section 3.1, the carbon skeleton of the amendments was vastly different. In general, soils
presented more SMB when a more labile form of carbon (RM > B300 > B600), which is more
accessible to the microorganisms, was added. In particular, for the soil S1, the best results
were obtained from the application of B300 and rabbit manure (RM) without Brassica napus
while for the soil S2, higher values were obtained from the mixture of B300 and RM in
the presence of Brassica napus. The presence of Brassica napus reduced the soil microbial
biomass (SMB) in both control soils (S1 and S2). This fact was previously described by
Cardenas et al. [58] in two mining soils with a similar basic pH although Gasco et al. [60]
did not observe any negative effect with the presence of Brassica napus in a mining soil
with a pH of 4.3. The addition of the different amendments, combined with the presence
of Brassica napus, had a diverse effect on the SMB, depending on soil. Indeed, only the
addition of the B300 had a negative effect on the SMB, probably due to the phytotoxicity of
the biochar B300 previously described by [61].

4. Conclusions

In general, we found that the choice of amendment was more important that the
presence or absence of vegetative cover for increasing soil biological properties. The
presence of Brassica could have other long-term benefits, including immobilizing heavy
metals, mitigating soil erosion and providing a feedstock for fuel, which were not evaluated
here. There tended to be consistency in the best performing amendments across both soils.
The overall enzyme activity reached the higher values after the application of rabbit manure
to both soils (Cambisols and Technosols). Furthermore, the mixture of rabbit manure with
biochar prepared at 300 and 600 °C improved the soil biochemical activities with respect to
the sole application of biochars. Moreover, the effect of the combination of the amendments
and Brassica napus on biochemical properties depends on soil type and whether or not the
amendment effect is enzyme-specific. In summary, (i) the application of rabbit manure,
rabbit manure biochar prepared at 300 °C or the application of mixtures of rabbit manure
with biochars prepared at 300/600 °C can improve the soil quality of degraded areas by
mining activities and serve as an adequate technique for soil remediation; (ii) the use of
biochar prepared at low temperatures for soil remediation could be a promising research
direction to reduce the economic cost of the thermal treatment, while contributing to soil
carbon sequestration.
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