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Abstract: The aim of this work was to compare the carbon (C) mineralization kinetics of three biochars
(Formosan ash (Fraxinus formosana Hayata), ash biochar; Makino bamboo (Phyllostachys makino
Hayata), bamboo biochar; and lead tree (Leucaena leucocephala (Lam.) de. Wit), lead tree biochar)
applied with two addition rates (2 and 5 wt %) in three excessive compost-fertilized (5 wt %) soils
(one Oxisols and two Inceptisols), and to ascertain the increasing or decreasing effect of biochar and
soil type in the presence of excessive compost. The study results of 400 days incubation indicated that,
in general, the potential of the three biochars for C sequestration is similar in the three studied soils.
The presence of excessive compost stimulated the co-mineralization of the more labile components of
biochar over the short term (first two months). The potential of biochar addition for neutralizing
soil pH and regulating the release of Al from soil for preserving soil organic carbon (SOC) might be
the important mechanisms in biochar-compost interactions, especially in the presence of excessive
compost. Overall, 5% application rate of three high temperature-pyrolysis biochars showed the
less detriments to studied soils. In these incubations of biochar, excessive compost, and soil, it is a
decreasing effect overall, that is, the enhanced storage of both biochar-C and SOC, which is expected
as a long-term carbon sequestration in soil. The recorded direction and magnitude of effect, both are
strongly influenced by biochar and soil type. When co-applied with excessive compost, the negative
(reducing CO2 release) effect with increasing biochar application rates was eliminated.

Keywords: biochar; feedstock; carbon sequestration; carbon stabilization; Oxisols; Inceptisols

1. Introduction

Many practices, such as inorganic N fertilization, zero-tillage, and the addition of large amounts of
manure and compost to soil, have been used to increase organic C, but these practices do not sequester
significant quantities of C into the soil because most of the organic matter is not stable and is mineralized
quickly [1], unlike the pyrogenic biomass (biochar). The application of carbon-rich pyrolysis biomass
(biochar) can be used as an important carbon sink, taking an important step towards sustainability and
soil organic matter (SOM) protection for tropical agriculture [2]. Therefore, applying biochar to soil
may have the potential to stabilize SOM and sequester C. Qayyum et al. [1] pointed out that charcoal
or organic materials produced at high temperature are the most suitable choice for long-term carbon
sequestration; on the contrary, low-temperature biochar may be a suitable choice for increasing soil
fertility, because compared with high-temperature biochar, the decomposition rate of compounds
in low-temperature biochar is faster, and these compounds are easily mineralized and released into
the soil. Keith et al. [3] employed novel 13C-depleted biochar to unambiguously identify source of C
(biochar or added LOM (labile organic matter) (sugar cane residue)/native SOM) mineralized in the
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soil. The incubation study of Keith et al. [3] showed the potential benefits of biochar application in the
stabilization of LOM in the soil; this benefit is slightly offset by the increased mineralization of labile
components of biochar in the presence of LOM. Additionally, application of biochar produced at the
higher temperature (550 ◦C) would be desirable for increased soil C-sequestration than at the lower
(450 ◦C) temperature, particularly combined with its high chemical recalcitrance. In an eight-month
field experiment, Plaza et al. [4] indicated that 20 t ha–1 biochar derived from holm oak (Quercus
ilex L.) chips through a slow pyrolysis process at 600 ◦C and organic fertilizer (i.e., municipal solid
waste compost and sewage sludge) application significantly increased SOM content. The results
suggested that a promoting action of biochar on C stabilization in organically-fertilized soils through
the formation of organo-mineral complexes by intimate interactions between mineral particles and
organic inputs. In addition, biochar stabilization can be influenced by soil type. The addition of
peanut-shell-derived biochar increased the cumulative CO2 emissions and the cumulative soil organic
carbon mineralization in coastal saline soil (pH 8.09), and could be attributed to labile C released from
biochar and enhanced microorganism proliferation [5]; however, the increased mineralized C only
accounted for less than 2% in the 0.1–3% biochar treatments, indicating that biochar may enhance C
sequestration in saline soil. On the contrary, biochar additions sometimes increase soil respiration and
CO2 emissions, which could partially offset C credits associated with soil biochar applications, and
many uncertainties are related to estimation of mineralization rates of biochar in soils [6]. Including
the biochar and soil type, and the period over which measurements are made can strongly influence
the direction and magnitude of effect recorded [7], and in some cases, biochar has a positive effect
(greater than expected) and in others has a negative (less than expected) one. However, over the long
term, biochar–soil interaction will enhance soil C storage via the processes of organic matter sorption
to biochar and physical protection.

The application of biochar as soil amendments may enable removal of C from the atmosphere,
resulting in long-term storage of C, with potential co-benefits such as soil improvement and increased
plant growth [8]. However, the variation in biochar characteristics can lead to variation in the effects on
soil processes and plant growth upon addition of biochar to soil [9]. Today, various biomass residues
and waste materials are being converted into biochar via controlled pyrolysis (incomplete combustion
under limited or no oxygen), like the ash and bamboo biochar described above. Thus, investigating the
properties of biochars produced from different biomass residues using a uniform pyrolysis process is
essential, furthering our understanding of how feedstocks affect biochar characteristics, their potential
effects on soils, and the potential of biochars to sequester C [9]. Clearly, a great deal of confusion
exists as to the short and long-term effects that biochar amendment will have on soil C cycling and
sequestration [7]. Ippolito et al. [10] proposed that it is plausible that various rates of biochar can
cause either a positive or negative effect of added labile organic C sources. As indicated in a previous
study [11], the doses of manure compost in Taiwan are recommended as 1% to 2%; however, some
farmers apply more than 2% to 5% in intensive cultivation periods for short-term leafy crops, in an
effort to add more N. In addition, under intensive and highly frequent tillage, the excessive-applied
composts have obvious decrease during one year. Based on our previous observations where only
one biochar was applied [11], we hypothesized that relatively low biochar application rates (e.g.,
2% by wt.) of three studied biochars would cause no effect, while an excessive biochar application
(e.g., 5% by wt.) would cause a negative effect even in the presence of excessive compost. Thus,
a 400-day laboratory incubation study was conducted with three well-characterized biochars mixed
with three soil types under constant laboratory incubation conditions. The objective was intended to
compare the C respiration rate to study the interaction between soil and biochar under the condition of
co-application of excessive compost, which may lead to changes in increasing or decreasing effects and
natural changes in C mineralization.
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2. Materials and Methods

2.1. Characterization of Soils and Compost

The characterizations of the three studied soils (15 cm depth) and poultry-livestock manure
compost were analyzed and described in previous studies [11] (Table S1). The three studied soils,
including Pingchen (Pc) soil, Erhlin (Eh) soil, and Annei (An) soil, are amongst the top 10 rural soils
of the occupied area in rural land of Taiwan. The Pingchen (Pc) soil series is a relict tertiary Oxisols
(slightly acidic Oxisols, SAO) in northern Taiwan. The Erhlin (Eh) soil series is an Inceptisols (mildly
alkaline Inceptisols, MAI) developed from calcareous slate old alluvial parent material in central
Taiwan. The Annei (An) soil series is also an Inceptisols (slightly acid Inceptisols, SAI) developed from
calcareous sandstone-shale new alluvial parent material in southern Taiwan. The term “slightly acidic”
indicates a soil pH ranging from 6.1 to 6.5, and “mildly alkaline” indicates the soil pH ranging from 7.4
to 7.8 [12]. Composite bulk soil samples of three study rural soil were collected in spring 2011 from
the upper layers of three fields in Taiwan. The Pc soil was collected from Taoyuan county, Eh soil
from Changhua county, and An soil from Tainan county, respectively. Soil samples were collected
from the cultivated layers (0–15 cm). Eight to ten soil cores (30 × 30 cm) were taken randomly and
mixed homogenously at each site. The soil was air-dried at room temperature and then ground to pass
through a 2-mm sieve before its use in the incubation.

The poultry-livestock manure compost used in this study was a commercial product (organic
fertilizer; Tianluo Composting Plant, Changhua, Taiwan) certified by the government and often
used by farmers. The main raw materials (>50 wt %) of the studied compost were poultry manure
(mostly chicken) and livestock manure (mostly swine). The dry matter content was higher than 65%.
The particle size distribution of the studied compost was as follows: >1 mm, 21%; 1–0.5 mm, 28%;
<0.5–0.25 mm, 20%; <0.25–0.105 mm, 18%; and <0.105 mm, 13%. The characteristics of studied compost
are shown in Table S1.

2.2. Preparation and Characterization of Biochar

Biochar produced from the stems and branches of formosan ash (Fraxinus formosana Hayata)
(ash biochar, A), makino bamboo (Phyllostachys makino Hayata) (bamboo biochar, B), and lead tree
(Leucaena leucocephala (Lam.) de. Wit) (lead tree biochar, L) in an earth kiln was produced by the Forest
Utilization Division, Taiwan Forestry Research Institute, Taipei, Taiwan [13–17]. The native species,
Formosan ash (Fraxinus formosana Hayata), has been used in plantations since the 1960s [18]. The lead
tree, or white popinac (Leucaena leucocephala (Lam.) de. Wit), is an exotic plant; however, because its
economic value has decreased over time, this plant has been left to proliferate by itself and has a strong
ability to compete with other plants, and many lead trees were cut down by local governments [19].
Bamboo grows quickly, especially Makino bamboo in Taiwan, has a high strength-to-weight ratio, and
as a kind of wood, is mainly composed of hemicelluloses, cellulose, and lignin, which can produce
higher value-added products via pyrolysis processes [20].

The charring for earth kilns typically requires several days and reaches temperatures up to
500–700 ◦C. The highest temperature in the kiln at the end of carbonization was above 750 ◦C.
The biochars were homogenized and ground into a mesh of <2 mm for analysis. The particle size
distribution of the studied biochar was as follows: >1 mm, 2%; 1–0.5 mm, 12%; <0.5–0.25 mm, 13%;
<0.25–0.105 mm, 54%; and <0.105 mm, 19% for ash biochar; >1 mm, 17%; 1–0.5 mm, 34%; <0.5–0.25
mm, 16%; <0.25–0.105 mm, 20%; and <0.105 mm, 12% for bamboo biochar; >1 mm, 8%; 1–0.5 mm,
37%; <0.5–0.25 mm, 22%; <0.25–0.105 mm, 18%; and <0.105 mm, 15% for lead tree biochar.

For the elemental analyses, the biochar samples were ground to <0.2 mm. Two replicates were
used for each analysis, and in some analyses, 3 replicates were used. The characterizations of biochar,
including pH, EC, CEC, exchangeable bases, BS%, total, and plant-available nutrients, were determined
and the analysis methods were described in a previous study [11]. In addition, elemental analysis,
including C, H, N, and O contents of biochars, was conducted using an Elementar vario EL cube
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(Elementar Analysensysteme GmbH, Langenselbold, Germany). Additionally, chemical functional
groups by Fourier transform infrared spectra (FTIR; PerkinElmer Pyris Diamond, PerkinElmer,
Waltham, MA, USA), X-ray diffraction (XRD) patterns (BRUKER AXS D8A, Bruker Corporation,
Billerica, MA, USA), and scanning electron microscopy (SEM) observations (FEI Inspect S, Thermo
Fisher Scientific Inc., Waltham, MA, USA) were also determined (Supplementary Materials).

2.3. Extracting Water-Soluble Biochar C and Analyses

Three biochars samples, A, B, and L, were each separately and gently shaken with deionized
water (water/biochar ratio 10:1) for 30 min [21]. Water extracts were filtered through 0.45 mm pore-size
nylon membrane filters (Whatman®, Maidstone, UK) and collected. This extraction process was
repeated 5 times for each biochar sample with three replicates. The pH and EC of the extraction and
water-extractable organic C (WEOC) concentrations were determined. The WEOC concentrations were
determined on an Aurora 1030C TOC analyzer (OI Corporation/Xylem, Inc., College Station, TX, USA).

2.4. Soil–Biochar Incubation Experiment

A 400-day incubation experiment was conducted for the investigation of C mineralization
investigation using 21 treatments of three soils and different feedstocks and rates of biochar. Similar to
previous studies [11,19,22], compost was then added to all soils at a rate of 5 wt % to test excessive
application. The economic viability of 5% manure compost is highly unlikely for most farmers, but
that was not the objective of the present work. Each soil was either incubated without biochar or with
biochar at 2% and 5% of soil mass (~0, 40, and 100 Mg ha−1; wt:wt). The 5% application rate was
chosen to help identify an upper level of soil detriments by biochar application, that is, decreasing
(absorbing) soil nutrients and increasing soil heavy metal contents. The following treatments for each
soil were established with five replicates (n = 105): (1) natural soil + 5% compost (Control); (2) soil
+ 5% compost + 2% ash biochar (A-2); (3) soil + 5% compost + 5% ash biochar (A-5); (4) soil + 5%
compost + 2% bamboo biochar (B-2); (5) soil + 5% compost + 5% bamboo biochar (B-5); (6) soil + 5%
compost + 2% lead tree biochar (L-2); and (7) soil + 5% compost + 5% leads tree biochar (L-5). Soil,
biochar, and compost were added to each jar and a spoon was used to thoroughly mix the samples.
Control soil samples were identically mixed.

We placed 25 g of mixed soil sample in 30 mL plastic containers, which were subsequently put into
500 mL plastic jars. For the C mineralization test, a small plastic measuring vessel containing 10 mL of
distilled water and a vessel with 10 mL of 1 M NaOH solution were put into each 500 mL plastic jar to
avoid soil desiccation and to trap released CO2. The jars were sealed and incubated in the laboratory
(25–27 ◦C; 50–60% humidity). Soil moisture content was adjusted to 60% of field capacity before the
incubation and was maintained throughout the experiment using repeated weighting. The incubation
experiment was run for 400 days with 10 samplings after 1, 3, 7, 28, 56, 84, 140, 196, 294, and 400 days.
During each sampling, the vessel with 10 mL of 1 M NaOH solution was removed, resealed, and stored
until analysis for CO2 and replaced with fresh NaOH. The titrimetric determination method was used
to quantify the released CO2 [23]. Soil respiration data are reported as mg of CO2–C respired per
kilogram of soil. At the end of incubation, a soil sample of each treatment was collected for analysis
of plant available nutrients (P, K, Ca, Mg, Fe, Al, Mn, Cu, Pb, and Zn) using Mehlich-3 extraction.
To compare the changes and quantify the impacts of soil biochar amendments on nutrients, soil total C
(TC), total N (TN), and total P (TP) for each treatment were measured. The analysis methods were
described in previous studies [11].

2.5. Data Analysis and Statistics

The cumulative CO2 released and C mineralization kinetics were calculated based on the amount
of CO2–C released during different intervals of time in each treatment. The potential of different
feedstocks and addition rates of biochar for stabilizing and preventing the rapid mineralization
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of excessive compost were examined using the total mineralization coefficient (TMC), which was
calculated according to Díez et al. [24] and Méndez et al. [25], as follows:

TMC (mg CO2-C/g C) = CO2-C released/initial TOC, (1)

where CO2–C released is expressed as mg CO2–C g−1 soil and initial total organic carbon (TOC) is
expressed as g C g−1 soil.

The percentage of CO2–C release, TMC, TC, TN, TP, and available nutrients that declined
or increased due to biochar addition were calculated by the difference between biochar-amended
treatments and un-amended control treatment [26].

A double exponential model (Equation (2)) was used for the mathematical description of
biochar-amended soil C degradation assuming there were two C pools: a rapidly degrading C-pool
and a slowly degrading or recalcitrant C-pool [1,27]:

Ct = Cl × (e−k
l
t) + Cr × (e−k

r
t) (2)

The half-life of C in biochar-amended soil is:

t1/2 = ln(2)/k (3)

where Cl and Cr indicate the amounts of potentially mineralizable C in the labile and resistant fractions
(%), respectively; kl and kr are the respective mineralization rate constants (d−1); and t is time (d).
A nonlinear regression using a double-exponential model (Sigma plot 14.0, tolerance 1 × e–10, step size
100, and 1200 iterations) was performed to mathematically define the size and turnover rate of C1,
which corresponds to a small and easily mineralizable C pool with a high turnover rate (kl), and Cr,
which corresponds to a large stable pool with a low turnover rate (kr) consisting of stable C. The low
turnover rate value (kr) was used to calculate the half-life (t1/2) of the most stable C fraction using
Equation (3).

Statistical analyses (calculation of means and standard deviations, differences of means) were
performed using Statistical Analysis System (SAS) 9.4 package (SAS Institute Inc., SAS Campus Drive,
Cary, NC, USA). Arithmetic means of the released CO2–C, pH, TC, TN, TP, and available nutrients
were calculated from each consecutive measurement date. A repeated measure multivariate analysis
of variance (MANOVA) was used to test soils, biochars, rates, and their interaction on CO2–C release
from three soils for each incubation period (10 sampling times is the repeated measure). The feedstocks,
addition rates, and soils served as between-subject factors, and incubation time (repeated-measure
factor) served as the within-subject factor. Then, a three-way analysis of variance (ANOVA) was
applied to determine TC, TN, TP, available P, K, Ca, Mg, Fe, Al, Mn, Cu, Pb, and Zn affected by soils,
biochars, rates, and their interactions. The repeated measure MANOVA was carried out using the
general linear model (GLM) procedure. Results were analyzed by one-way ANOVA to test the effects
of each treatment. Significantly different means were compared via least significant difference (LSD)
based on a t-test at a 5% probability level. Values presented in graphs and text are means ± 1 standard
deviation (SD). The Pearson correlation coefficient (r) was calculated and canonical discriminant
analysis (CDA) using SAS 9.4 software (SAS Institute Inc., SAS Campus Drive, Cary, NC, USA). CDA
is a multivariate statistical technique that can identify differences among groups of individuals (or
treatments) and improve understanding the relationships among the variables measured within those
groups; CDA determines how best to separate or discriminate two or more groups of individuals
given quantitative measurements of several variables on these individuals [28]. The groups are defined
a priori of the calculations, and the discriminant functions explain a maximum part of the variance
and are calculated by linear combinations [29]. In addition, the standardized canonical correlation
coefficients are used to determine the factor that has the highest influence on the discriminant function
ignoring the sign before the value.
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3. Results

3.1. Biochar Characterization

Table 1 shows the basic parameters of ash (hard wood), bamboo (grasses), and lead tree (shrub)
biochar pyrolyzed at high temperature (500–700 ◦C). The pH and EC values of ash and bamboo
biochar were close and both higher than those for lead tree biochar, with B > A > L. The value of CEC
ranged from 5.20 to 15.5 coml kg−1 soil−1, with B > A > L. The higher pH and EC values could be
explained by the relatively higher concentration of available nutrients, especially for K, Ca, and Mg.
Additionally, the total element concentrations in the feedstock showed similar changes with available
concentrations. The elemental analysis results indicated that the contents of C, H, N, and O of the
three studied biochars were close. For three biochars, the C percentage was higher than 80%, H was
<2%, N was <1%, and O was <15%. The atomic ratios of (O + N)/C, O/C, and H/C of the three biochars
were lower than 0.15, 0.15, and 0.25, respectively. The FTIR spectra of the high-temperature-pyrolyzed
(>700 ◦C) ash, bamboo, and lead tree biochar all displayed similarly various low-intensity bands
(Figure S1). These FTIR spectra results agreed with the changes in elemental composition, indicating
high-temperature-pyrolyzed biochar has a higher aromatic structure content and fewer polar functional
groups. The X-ray diffraction (XRD) patterns of ash and lead tree biochars showed similar broad
humps (Figure S1), indicating a poorly crystalline C-rich phase in the biochar sample. No obvious peak
was observed in the XRD pattern of bamboo biochar, indicating no crystalline phase had formed. SEM
showed that the cell structure of the three biochars was mostly maintained after pyrolysis (Figure S1);
however, more structural collapse occurred in the bamboo biochar.

Table 1. Chemical characteristics (mean value ± standard deviation) of studied ash, bamboo, and lead
tree biochars.

Characteristics Ash Biochar Bamboo Biochar Lead Tree Biochar

pH 1 10.3 ± 0.03 10.6 ± 0.04 9.9 ± 0.03
Electrical Conductivity (EC) (dS m−1) 1.97 ± 0.03 1/2.63 ± 0.04 2 2.16 ± 0.08 1/3.06 ± 0.09 2 0.77 ± 0.03 1/1.36 ± 0.02 2

Cation exchangeable capacity (CEC) (cmol(+) kg−1 soil) 8.46 ± 1.35 15.5 ± 6.64 5.20 ± 0.53
Exchangeable K (cmol(+) kg−1 soil) 7.22 ± 0.94 6.02 ± 1.72 1.91 ± 0.15

Exchangeable Na (cmol(+) kg−1 soil) 1.40 ± 0.05 1.17 ± 0.02 1.26 ± 0.01
Exchangeable Ca (cmol(+) kg−1 soil) 2.16 ± 0.27 0.30 ± 0.08 3.62 ± 0.32
Exchangeable Mg (cmol(+) kg−1 soil) 0.68 ± 0.05 0.21 ± 0.07 0.40 ± 0.02

Base saturation (BS) (%) 100 (119~155) 54.0 ± 17.9 100 (102~163)
Mehlich 3-P (mg kg−1) 872 ± 12.7 487 ± 29.1 96.6 ± 3.13
Mehlich 3-K (mg kg−1) 2389 ± 4.92 2886 ± 259 616 ± 41.8
Mchlich 3-Ca (mg kg−1) 3650 ± 115 465 ± 4.53 4093 ± 447
Mehlich 3-Mg (mg kg−1) 422 ± 8.29 218 ± 25.6 278 ± 8.17
Mehlich 3-Fe (mg kg−1) 88.4 ± 0.14 40.6 ± 0.35 65.5 ± 4.12
Mehlich 3-Mn (mg kg−1) 42.9 ± 0.05 44.4 ± 2.93 20.9 ± 0.90
Mehlich 3-Cu (mg kg−1) 7.92 ± 0.74 0.53 ± 0.01 0.02 ± 0.03
Mehclich 3-Pb (mg kg−1) ND 3 0.04 ND 3

Mehlich 3-Zn (mg kg−1) 6.24 ± 1.32 19.9 ± 1.90 0.35 ± 0.06
Total P (g kg−1) 1.81 ± 0.07 1.86 ± 0.04 0.55 ± 0.01
Total K (g kg−1) 1.59 ± 0.05 2.18 ± 0.03 0.63 ± 0.02

Total Na (g kg−1) 0.39 ± 0.01 0.34 ± 0.01 0.36 ± 0.01
Total Ca (g kg−1) 4.96 ± 0.18 0.51 ± 0.001 7.19 ± 0.40
Total Mg (g kg−1) 0.48 ± 0.02 0.30 ± 0.004 0.32 ± 0.02

Total Cu (mg kg−1) 13.7 ± 0.70 2.80 ± 0.08 1.36 ± 0.04
Total Pb (mg kg−1) 0.83 ± 0.36 0.83 ± 0.16 0.41 ± 0.02
Total Zn (mg kg−1) 9.40 ± 1.76 27.2 ± 0.50 1.73 ± 0.16
Elemental analysis

C% 83.0 ± 0.40 81.8 ± 0.37 82.5 ± 0.91
H% 1.49 ± 0.04 1.60 ± 0.12 1.50 ± 0.01
N% 0.54 ± 0.01 0.64 ± 0.05 0.70 ± 0.01
O% 12.6 ± 0.04 13.3 ± 0.13 12.0 ± 0.11

C/N ratio 154 128 118
(O + N)/C atomic ratio 0.114 0.129 0.116

O/C atomic ratio 0.108 0.122 0.109
H/C atomic ratio 0.215 0.234 0.219

1 The pH and EC of biochar were measured using 1:5 solid: solution ratio after shaking for 30 min in deionized
water; 2 Biochar EC was measured after shaking biochar–water mixtures (1:5 solid: solution ratio) for 24 h;
3 ND = not detected.
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3.2. Water Soluble Extracts of Biochar

The results of five-time water extraction are shown in Figure 1. Between the first and second
washing, the solution pH sharply declined, which then gradually declined between the second and
fifth washing. After five washings, the pH of three biochars was close: pH 7.67, 7.73, and 7.62 for
ash, bamboo, and lead tree biochar, respectively. The difference in solution pH between first and fifth
washing was highest (1.33 pH units) in ash biochar, followed by bamboo biochar (0.86 pH units), and
lead tree biochar (0.61 pH units). The changes in EC were similar to those of pH. The difference in
the solution EC between the first and fifth washing was the highest (0.90 dS m−1) in bamboo biochar,
followed by ash biochar (0.69 dS m−1) and lead tree biochar (0.27 dS m−1). Five washings extracted
most of the water extractable organic C (WEOC) and the cumulative WEOCs were 138, 189, and 35 mg
C kg−1 biochar for ash, bamboo, and lead tree, respectively (Figure 1). As biochar was added to soil
at application rates equivalent to 2% and 5% of total soil organic C, 2.75 and 6.89, 3.79 and 9.47, 0.71
and 1.77 mg water extractable C kg−1 soil were determined for ash, bamboo, and lead tree biochar,
respectively. In this study, bamboo biochar application produced more water extractable C.

Figure 1. The values of pH and electrical conductivity (EC), and concentrations of cumulative organic
C extracted from ash, bamboo, and lead tree biochar by water 5 times. Error bars represent standard
deviation of the mean (n = 3).

3.3. Carbon Mineralization

As shown in Figure 2, CO2 release significantly varied with the incubation time and showed
a similar tendency for all treatments (ptime < 0.0001, Table S2), except for time × biochar × rate
interaction. The rate of CO2–C release increased rapidly during the first 56 days, sharply declined
from days 56 to 196, and gradually decreased thereafter to the end of incubation for all treatments
(Figure 2). The between-subject effect, CO2–C releases were significantly affected by soil (p < 0.001),
biochar (p < 0.01), and rate (p < 0.0001), but there were no significant interactions between these factors
(p > 0.01) (Table S2). Except for the interaction between time, biochar, and rate, all possible interactions
between soil, biochar, rate, and time were significant (p < 0.001–0.0001).

In SAO, application of 2% and 5% ash biochar (A2 and A5) and 5% bamboo biochar (B5)
significantly increased cumulative CO2–C compared to the control, with A5 (+16.6%) > A2 (+8.2%) ≈
B5 (+8.5%), but applications of B2, L2, and L5 produced no significant effect (Figure 3a). No significant
effect of biochar addition was found in MAI soil. A similar effect was observed in SAI and SAO soils,
but the order of significant increase effect was A5 (+16.7%) ≈ A2 (+10.2%) ≈ L5 (+13.0%) > B5 (+8.7%).
Respiration per unit of total organic C (TMC) significantly decreased with increased biochar addition
for all studied soils (Figure 3b), with control > A2 ≈ B2 ≈ L2 >A5 ≈ B5 ≈ L5. However, the L5 treatment
had the significantly lowest TMC value in SAI soil.
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Figure 2. Cumulative CO2-C evolution and C release for all treatments from SAO, MAI, and SAI soil
during the incubation period. A2 (2% ash biochar), A5 (5% ash biochar), B2 (2% bamboo biochar), B5
(5% bamboo biochar), L2 (2% lead tree biochar), L5 (5% lead tree biochar). Values represent means
(n = 5) ± standard deviation (error bars). SAO: slightly acidic Oxisols; MAI: mildly alkaline Inceptisols;
SAI: slightly acid Inceptisols.

Figure 3. (a) CO2-C released (mg C kg−1 dry weight) and (b) total mineralization coefficient (TMC)
(mg CO2-C g−1 C−1) from excessive compost-fertilized SAO, MAI, and SAI soil treated with 2% (2) and
5% (5) of biochar derived from ash (A), bamboo (B), and lead tree (L) compared to the untreated soil (as
the control) after the C incubation experiment. Each value is the average ± standard deviation from
five independent experiments. Means compared within a soil, followed by a different lowercase letter,
are significantly different at p < 0.05 using a one-way ANOVA (multiple comparisons vs. studied soil +

0% biochar as a control).
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In addition, the values of CO2 release compared within a biochar, as presented in Figure 4a,
indicated that soil type in relation to biochar addition showed insignificant difference after ash biochar
addition. However, in bamboo biochar and lead tree biochar treatments, the SAO soil and SAI soil
both with 2% biochar addition showed insignificantly but relatively lower cumulative CO2 release.
The MAI soil in three biochar treatments all presented relatively higher cumulative CO2 release, and
the amount of cumulative released CO2 was close to each other. The trend of TMC, presented in
Figure 4b, indicated that the SAO soil with 2% addition of three biochars showed significantly lower
value than the MAI and SAI soil, and with 5% addition of bamboo biochar and lead tree biochar both
showed significantly lower value than the MAI and SAI soil.

Figure 4. (a) CO2-C released (mg C kg−1 dry weight) and (b) total mineralization coefficient (TMC)
(mg CO2-C g−1 C−1) from excessive compost-fertilized SAO, MAI, and SAI soil treated with 0% (control),
2% and 5% of biochar derived from ash, bamboo, and lead tree after the C incubation experiment. Each
value is the average ± standard deviation from five independent experiments. Means compared within
a biochar, followed by a different lowercase letter, are significantly different at p < 0.05 using a one-way
ANOVA (multiple comparisons vs. studied soil).

3.4. Kinetics of Carbon Mineralization

With increasing addition rate, the labile C pool evidently decreased compared to the control
(Table 2), but the three biochars were similar for the same addition rate. In the three soils, for the 5%
addition of three biochars, the first phase was short (about 9–10% for all three biochars) due to the
relatively less-mineralizable C pool (Cl) and the rate constants (kl) were high compared with other
treatments. The control had the highest amounts of Cl: 23.1%, 23.1%, and 27.8% for SAO, MAI, and
SAI soils, respectively, and the first phase was longer with lower rate constants. The 2% addition of the
three biochars in three soils had smaller Cl pools than the control, in general, about 14% and 15–16%
for SAO, and MAI and SAI soil, respectively.
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Table 2. Kinetic parameters 1 of carbon mineralization.

Soil Treatment
Labile C Pool Resistant C Pool

Rsqr Adj RsqrCl
(%)

kl
(% d−1)

t1/2
(d)

MRT
(d)

Cr
(%)

kr
(% d−1)

t1/2
(yr)

MRT
(yr)

SAO Control 23.1 0.0174 40 57 76.9 0.0003 6 9 0.9330 0.9260
A2 14.2 0.0163 43 61 85.8 0.0002 9 14 0.9751 0.9725
A5 9.00 0.0170 41 59 91.0 0.0001 19 27 0.9950 0.9944
B2 14.3 0.0168 41 60 85.7 0.0002 9 14 0.9642 0.9605
B5 9.32 0.0158 44 63 90.7 0.0001 19 27 0.9911 0.9902
L2 14.4 0.0169 41 59 85.6 0.0002 9 14 0.9631 0.9593
L5 8.79 0.0176 39 57 91.2 0.0001 19 27 0.9805 0.9785

MAI Control 23.1 0.0174 40 57 76.9 0.0003 6 9 0.9330 0.9260
A2 15.0 0.0156 44 64 85.0 0.0002 9 14 0.9993 0.9989
A5 9.30 0.0150 46 67 90.7 0.0001 19 27 0.9995 0.9992
B2 16.7 0.0143 48 70 83.3 0.0002 9 14 0.9995 0.9992
B5 9.60 0.0151 46 66 90.4 0.0001 19 27 0.9993 0.9989
L2 16.6 0.0149 47 67 83.4 0.0001 19 27 0.9995 0.9993
L5 9.10 0.0178 39 56 90.9 0.0001 19 27 0.9993 0.9990

SAI Control 27.8 0.0168 41 60 72.2 0.0003 6 9 0.9990 0.9986
A2 16.2 0.0149 47 67 83.8 0.0002 9 14 0.9994 0.9991
A5 9.63 0.0153 45 65 90.4 0.0001 19 27 0.9993 0.9991
B2 15.0 0.0178 39 56 85.0 0.0002 9 14 0.9993 0.9991
B5 10.2 0.0140 50 71 89.8 0.0001 19 27 0.9994 0.9992
L2 15.9 0.0168 41 60 84.1 0.0002 9 14 0.9992 0.9989
L5 9.82 0.0158 44 63 90.2 0.0001 19 27 0.9994 0.9991

1 Cr = 100-Cl; Parameters of the double-exponential equation were obtained by nonlinear regression using Sigma
plot 14.0.; kl, rate constant for relatively easily mineralizable C pool (Cl); kr, rate constant for slowly mineralizable C
pool (Cr); MRT, mean residence time; Rsqr, R square; Adj Rsqr, adjusted R square.

The half-life (t1/2) and mean residence time (MRT) in the labile C pool were about 39–43 and
57–63 days, 39–48 and 56–70 days, and 39–50 and 56–71 days for SAO, MAI, and SAI soils, respectively.
In addition, the half-life and MRT mostly slightly increased with increased addition rate. During the
second phase of C mineralization, 2% and 5% addition treatments showed larger pools of relatively
stable C (Cr) and the rate constants (kr) were lower in these treatments compared with the control.
The half-life and MRT of C in the SAO and SAI soils calculated on the basis of the slow reaction rate
constant (kr) followed the sequence A5 = B5 = L5 >A2 >B2 > L2 > control (Table 2). In the MAI soil,
the sequence was A5 = B5 = L2 = L5 > A2 > B2 > control.

3.5. Nutrient Availability

In addition, at the end of incubation, all selected soil parameters were significantly affected by soil
(p < 0.0001). Biochar had no significant interactions with TC and M3-Ca and -Mn, and the rate had no
significant interactions with TN, TP, and M3-P, -Ca, -Mn, and -Zn (p < 0.01) (Table 3). The interactions
of soil × biochar significantly affected (p < 0.0001) almost all soil variables, except for TC and M3-Ca.
However, biochar × rate and soil × rate interactions just significantly (p < 0.01–0.0001) affected the
concentrations of M3-K, -Ca, and -Cu; and M3-Ca, -Mn, -Cu, and -Pb, respectively. The concentrations
of M3-P, -K, -Fe, -Cu, -Pb, and -Zn were significantly affected by interactions of soil × biochar × rate
(p < 0.01–0.001).
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Table 3. Summary of three-way ANOVA results on soil total C (TC), total nitrogen (TN), total phosphorus (TP), and Mehlich-3 extractable nutrients (P, K, Ca, Mg, Fe,
Al, Mn, Cu, Pb, and Zn) in three soils (Soil), three biochars (Biochar), and biochar application rates (Rate) after 400 days of C incubation.

Source df 1 TC TN TP P K Ca Mg Fe Al Mn Cu Pb Zn

Soil 2 *** 2 *** *** *** *** *** *** *** *** *** *** *** ***
Biochar 2 ns *** * *** *** ns * *** *** ns *** *** ***

Rate 2 *** ns ns ns *** ns ** ** *** ns ** *** ns
Soil × Biochar 4 ns *** *** *** *** ns *** *** *** *** *** *** ***
Biochar × Rate 4 ns ns ns ns *** * ns ns ns ns ** ns ns

Soil × Rate 4 ns ns ns ns ns * ns ns ns ** *** *** ns
Soil × Biochar × Rate 8 ns ns ns ** ** ns ns * ns ns * * *

Source n TC TN TP P K Ca Mg Fe Al Mn Cu Pb Zn

Soil
SAO 35 A 3 A A B C C C B A C A A A
MAI 35 B B B A A A B C C A B B B
SAI 35 C C B C B B A A B B C C C

Biochar
Ash 30 A B B A B B B A B AB B B B

Bamboo 30 B A A A A A A A A A A A A
Lead tree 30 AB A B B C AB A B B B B C C

Rate
0% 15 C A A B C A A A A A A A A
2% 45 B A A A B A A A B A A A A
5% 45 A A A AB A A B B C A B B A

1: df = degree of freedom; 2 * p < 0.01; ** p < 0.001; *** p < 0.0001, ns = not significant (p >0.0001); 3 The different uppercase letter indicates significant difference (p < 0.05) within the means
of column of soils, biochars, and addition rates.
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The significant test of mean values between three soils, including seven treatments with three
replicates for each soil, indicated that the contents of TC, TN, and M3-Cu, -Pb, and -Zn were in the
order SAO > MAI > SAI (Table 3, Tables S3 and S4). The SAO soil also had the significantly highest
content of TP and M3-Al. The contents of M3-K, -Ca, and -Mn were ordered as MAI > SAI > SAO.
Significant differences between the three biochars were found for the contents of M3-K, -Pb, and -Cu,
with bamboo > ash > lead tree. In general, the content of the selected soil variables was significantly
highest in bamboo biochar, and were insignificant between ash and lead tree biochars. Of the three
rates, the results showed that there were no significant effects on the contents of TN, TP, and M3-Ca,
-Mn, and -Zn. The 2% addition rate also had no significant effects on the contents of M3-Mg, -Fe, -Cu,
and -Pb, but in comparison, the 0% rate (control) showed significantly higher contents of TC and M3-K,
and a significantly lower content of M3-Al. The contents of TC and M3-K were significantly the highest
for the 5% addition rate, in contrast, M3-Al content was significantly the lowest (Table 3).

3.6. Canonical Discriminant Analysis

Figure 5 shows that the chemical behavior of the studied soils could be differentiated from
each other. The underlying dataset of the entire C incubation experiment was used. Canonical
discriminant function 1 (Can1) explained 59.3% of the variability of the chemical behavior of the seven
treatments, Can2 explained 40.7%, and both functions together explained 100%. In general, the three
soils were discriminated separately according to their chemical behavior. However, Can1 and Can2
both discriminated the soils to three groups, i.e., the SAO, MAI, SAI soils (Figure 5). Standardized
canonical discrimination coefficient (SCC) and correlations (r) between CDFs and original variables
revealed that the available M3-Al and -Mn were most important for the discrimination of the soils
based on Can1, followed by TC, TN, and M3-P, -K, -Mg, and -Pb (Table S5). For the discrimination
of the soils based on Can 2, the M3-Fe, -Pb, and -Zn were mainly responsible parameters, followed
by M3-P and -K. The chemical behavior of the seven treatments for SAO, MAI, and SAI soils can be
differentiated (Figure S2, Table S5).

Figure 5. Canonical scores of the first two canonical discriminant functions (Can) of SAO, MAI, and
SAI soil. SAO: slightly acidic Oxisols; MAI: mildly alkaline Inceptisols; SAI: slightly acid Inceptisols.

4. Discussion

4.1. CO2 Emissions as Affected by Biochar

During the first 56-day incubation period (Figure 2), co-application of biochar and excessive
compost stimulated CO2 emissions from three rural soils. As suggested in previous reports [30,31],
co-metabolism contributes to accelerating biochar decomposition (or increased soil CO2 effluxes) in soils
in the presence of easily metabolized organic C or additional labile organic C sources. We speculated
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that the addition of excessive labile organic C sources (compost) may increase on the C mineralization
of the three soils; however, the inactive biochar could not diminish C mineralization by stabilizing
the labile C pool from excessive compost at the beginning of co-application. In line with a previous
study [11], the sharp decline in CO2 emissions after day 56 in SAO soil suggested that the half-life,
or mean residence time (MRT), of such easily metabolized organic C was short, followed by SAI and
MAI soils (Table 2). In addition, in this study, the net CO2 emissions were higher for the biochar
and compost mixtures compared to control (with compost and without biochar) alone (Figure 3a).
Under the condition of adding formosan ash biochar, soil type showed insignificant difference on the
cumulative CO2 release (Figure 4a), but the MAI soil in three biochar treatments all presented relatively
higher cumulative CO2 release. This could be attributed the carbonate content (0.81%) in the MAI
soil [11], which released additional CO2 than acidic SAO and SAI soil. Biochar feedstock and pyrolysis
temperature affect the emissions of CO2 from the interaction of biochar with compost organic matter
(COM) [32]. In addition, the same authors [32] suggested that net CO2 emissions were lower for the
biochar and compost mixtures (compared to compost alone), suggesting that biochar may stabilize
COM and diminish C mineralization. However, our findings suggested that the potential of three
biochars for stabilizing COM and diminishing C mineralization may be inadequate, probably due to
the excessive compost. Carbon dioxide emissions increased significantly with application of 5% biochar
in SAO and SAI soils with lower pH, especially for formosan ash biochar, but insignificant increase in
MAI soil with a higher pH compared to the control (Figures 2 and 3). Comparing within three soils, the
cumulative CO2 evolution for almost all treatments, except the A5 treatment in SAO soil, was relative
higher in MAI soil, followed by SAI and SAO soils. Our findings are in line with those in previous
reports [11,21,33] which could be attributed to much smaller extractable Al and Mn concentrations
(both highly toxic) in high-pH soil and therefore more microbial biomass than the low pH soil [34].
Besides, Watanabe [35] presented the effects of active Al and Fe (acid ammonium oxalate-extractable
Al and Fe: Alo and Feo) on the preservation of organic carbon (OC) in tropical soils. The reports
indicated that Alo and Feo are the most important components for OC preservation not only in the less
weathered temperate soils but also in highly weathered tropical soils. In the more weathered soils,
Alo may be more important than Feo probably because Al is more soluble at low pH and has greater
opportunity to associate with OC, whereas Fe tends to crystallize and lose its reactivity compared with
Al. Fe oxides and clay contents are less correlated with OC [35]. The contents of Feo and Alo) in g kg−1

were 3.13 and 2.53, 2.61 and 0.65, 7.53 and 0.98 for SAO, MAI, and SAI soils, respectively (unpublished
data). The significantly higher active Al content in SAO soil has the potential to better preserve OC.

The excessive nitrogen fertilizer application could lead to serious soil acidification [36]. In this
study, the excessive compost was an excessive nitrogen fertilizer, and may lead to soil acidification
during nitrification. The high pH value of the three biochars suggested highly alkaline characteristics,
which might be attributed to the hydrolysis of salts of alkali and alkaline elements like calcium (Ca),
potassium (K), magnesium (Mg) [37], and sodium (Na) [38]. The high pH of biochar is advantageous
when applied to acidic soil or substrates, where biochar acts as a liming material [39]. The higher pH
value of ash and bamboo biochar has the potential to neutralize soil acidification during nitrification,
and thus increase the CO2 release by facilitating soil microbiological activity, especially for acidic
soil. In addition, the soil pH after 400 d N mineralization incubation (unpublished data) in SAO soil
indicated that compared with control (pH 5.9) the pH changes were −0.13 (A2), −0.01 (A5), −0.02
(B2), −0.03 (B5), −0.02 (L2), and +0.14 (L5) pH unit, respectively. For MAI soil (control pH 6.5), the
pH changes were −0.09 (A2), −0.09 (A5), −0.05 (B2), −0.10 (B5), −0.06 (L2), and −0.07 (L5) pH unit,
respectively. For SAI soil (control pH 6.3), the pH changes were −0.10 (A2), +0.07 (A5), +0.02 (B2),
0.00 (B5), +0.13 (L2), and +0.10 (L5) pH unit, respectively. However, the soil pH at day 1 was pH 6.6,
7.4, and 7.3 for the control of SAO, MAI, and SAI soil, respectively. Thus, soil pH change in SAO and
SAI soil was relatively lower than in MAI soil, suggesting the acidic soil neutralization by biochar
additions, even in the presence of excessive compost.
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Further, the study results of Méndez et al. [25] also showed that the soil respiration increases
after biochar addition, and Smith et al. [40] suggested that the results have been attributed to biochar
being not as inert as publicly believed but providing significant amounts of labile C used as soil as
an energy source by soil micro-organisms. In addition, a labile biochar C fraction, such as 0.44%
water-extractable C in Miscanthus giganteus biochar pyrolyzed at 350 ◦C [21] and 0.35% soluble C in
switchgrass biochar [40], is presumably more microbially degradable than other biochar fractions and
therefore easily available shortly after biochar addition to soil microorganisms. The relatively higher
WEOC in ash and bamboo biochar, with much smaller scales of 0.01% and 0.02%, respectively, also
suggested that relative higher available C could be applied after the addition of this two biochars
and has the potential for enhancing C mineralization (increased soil CO2 effluxes). The enhancing
effect of lead tree biochar was less pronounced because of the lower pH and much lower WEOC.
In addition, the cumulative total inorganic N (TIN) (NH4

+-N + NO3
--N) 7.95 (5.65 + 2.30), 10.7 (5.04

+ 5.69), and 9.59 (8.59 + 1.00) mg kg−1 biochar in ash, bamboo, and lead tree biochar, respectively
(unpublished data). The enhancing effect was also in relevant with the release of ammonium. The 2%
and 5% additions of the three biochar treatments generally reduced the M3-Al concentration compared
to the control (Table S3), but bamboo biochar treatments in SAO soil, in contrast, showed increases.
In general, the A5 treatment reduced more M3-Al concentration in three soils, and therefore increased
microbial biomass, suggesting more C was mineralized.

The high value of TMC results in a more fragile humus (the amorphous fraction of soil organic
matter) and thus in a lower quality of soil [24], and the lower TMC means that organic matter is
conserved more efficiently and maintains the activity of the microorganisms responsible for soil
organic matter biodegradation. In this study, the control (excessive compost only) presented the
high value of TMC, and the value of TMC significant decreased with biochar addition increased.
The results are in line with our previous study [11], suggesting that 2% ash biochar had significant
lower TMC value than the 0.5% and 1.0% treatments. The TMC values of 2% and 5% additions showed
insignificant differences between three biochars, which indicated similar potentials for conserving
organic matter more efficiently. The kinetic parameters of C mineralization showed a very low rate
constant and a longer half-life for the resistant C pool in the 5% treatment in the three soils relative
to the control (Table 2), which, consistent with the lower TMC value, suggested the more efficient
conservation of organic matter. Additionally, the relative lower TMC value in SAO soil with 2% and
5% biochar addition (Figure 4b) suggested that adding biochar, especially bamboo biochar and lead
tree biochar, could efficiently conserve the organic matter in the SAO soil than in MAI and SAI soil.
Soil type evidently influence the effect of biochar addition on conservation of organic matter, such as
the excessive compost in current study.

4.2. C Sequestration and Nutrient Availability as Affected by Biochar

As indicated in Table 2, the half-life and MRT of resistant C of the three soils were similar: 6 and
9 years for the control, 9 and 14 years for the 2% rate, and 19 and 27 years for the 5% rate. The 2%
and 5% biochar additions extended the half-life and MRT of C in three soils, which were increased
about 50% and 200%, respectively. However, the effect of the three biochars on the three soils were
insignificant in the condition of excessive compost co-application. The results of the current study
showed that the TC contents with 2% and 5% biochar addition evidently increased, ranging from
45% (L2) to 61% (A2&B2) and from 119% (B5) to 162% (A5) SAO for the SAO soil; from 48% (B2)
to 75% (A2&L2) and from 162% (B5) to 193% (L5) for the MAI soil; and from 72% (B2) to 91% (A2)
and from 214% (L5) to 226% (B5) for the SAI soil, respectively. (Table S4). In general, the potential
of the three biochars for C sequestration is similar in the three studied soils. Carbon (%w/w dry) is
by far the most important component of biochar, where it occurs as a structure of six atoms bonded
together [41], and this makes biochar the third purest form of C after diamond and graphite. Hydrogen
and oxygen decrease at higher pyrolysis temperature due to the weak bonding of H and O within
the biochar, gradually cleavage and cracking occur with increasing temperature [42]. The biochars
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used in the current study were high-temperature pyrolysis products with an accumulation of black C.
This property makes it inert and resistant to microbial degradation [43]. A low O/C ratio indicates a
relatively high degree of aromaticity and reduced hydrophilicity [44], essentially because the greater
extent of carbonization causes the removal and loss of polar H- and O-containing functional groups
from the original feedstock [45]. According to Pariyar et al. [38], the half-life of the three studied
biochar is > 1000 years, as the O/C ratio is <0.2. The H/C ratio is < 0.3, suggesting that substances have
a very highly condensed aromatic ring system [46]. Thus, the three studied biochars, having stable
characteristics with H/C ≤ 0.6 and O/C ≤ 0.4 [47], could be used for soil application to sequester C.

The simultaneous application of biochar and compost resulted in enhanced soil fertility, in addition
to enhance C sequestration [48]. A combination of biochar with compost showed the best plant growth
and C sequestration, but had no effects on N and P retention [49]. In two highly weathered soils in
Hawai’i (Oxisols and Ultisols), the combined application of 2% (w/w) wood biochar and 2% (w/w)
compost (vermicompost or thermocompost) biochar blend significantly increased pH and EC; reduced
exchangeable Al; reduced Mn and Fe in the Oxisols; increased P, K, and Ca content of the soils;
and increased Ca, Mg, and Fe uptake [50]. In the current study, the K content obviously increased,
especially in the B5 treatment, increasing 74%, 55%, and 66% for SAO, MAI, and SAI soils, respectively
(Table S2). The changes in other soil variables occurred on a much smaller scale, ranging from −10%
to +10%, and were variable in the three soils (Table 1). Pariyar et al. [38] indicated that biochar with
high C content is profitable in terms of C sequestration and can be used as a resource to adsorb the
pollutant from the soil. However, the changes in available Cu, Pb, and Zn contents in SAI soil were
higher compared to the control, especially for Pb (15–34%; Table S2). The influence of the combined
application of biochar and excessive compost on selected soil variables was much lower than reported
by Berek et al. [50]. In the condition of excessive compost in the soil, the addition of 2% and 5%
high-temperature-pyrolyzed biochar derived from ash, bamboo, and lead tree has obvious potential
for C sequestration and increasing available K content.

5. Conclusions

The current study results presented that different biochars could have a positive effect (increasing
CO2 release) in some soils and a negative (reducing CO2 release) one in other. The MRT data in our
study supports the claim that even with excessive compost, biochar has the potential to be a suitable
tool for soil carbon sequestration. In addition, our research results showed that biochar has potential
advantages in stabilizing the excessive labile organic matter in the soil. When co-applied with excessive
compost, a positive synergistic increase in soil extractable K content occurred, which could be beneficial
in K-deficient highly weathered or leaching soils. However, the changes in other soil nutrient and
heavy metal contents were insignificant in the three soils. Overall, 5% application rate of three high
temperature-pyrolysis biochars did not have significant decrease in soil nutrients content or have
obviously risk in increasing Cu, Pb, and Zn content, suggesting the less detriments to studied soils.
Based on the above conclusions, we accepted our hypothesis that, in the presence of excessive compost,
lower application rate (e.g., 2% by wt.) would not cause a negative effect, and we reject our hypothesis
that greater biochar application rates (i.e., 5% by wt.) would cause a negative effect. The biochar and
soil type can strongly influence the direction and magnitude of effect recorded.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/11/1749/s1,
Figure S1: Spectra of FT-IR and XRD, and SEM images of three studied biochars derived from ash (A), bamboo (B),
and lead tree (L), Figure S2: Canonical scores of the first two canonical discriminant functions (Can) of seven
treatments for SAO, MAI, and SAI soil. Table S1: Characteristics of studied compost and three soils, Table S2.
Significance (p value) of repeated-measures MANOVA results on CO2-C release after 400 days of incubation,
Table S3: Mean values of soil total C (TC), total nitrogen (TN), total phosphorus (TP), and Mehlich-3 extractable
nutrients of biochar treatments of three soils after 400-day C mineralization incubation, Table S4: Percentage (%)
of mean relative value of soil fertility after 400-day C mineralization incubation, Table S5: Standardized canonical
coefficients (SCC) and correlation coefficients (r) between the first two canonical discriminant functions (Can) and
variables on three soils and of seven treatments on each soil.
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