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Abstract

Biochar has demonstrated effectiveness in environmental remediation. However, the
physicochemical properties of biochar change with natural aging, which potentially im-
pacts its efficacy. This study was designed to evaluate the effects of aged biochar (at 1% and
5% rates) on the growth of Chinese cabbage, greenhouse gas emission, and Cd remediation
in soils. Canada goldenrod (Solidago canadensis L.) feedstock biochar was subjected to three
artificial aging processes (freeze–thaw cycle, dry–wet cycle, and hydrogen peroxide oxida-
tion) to prepare aged biochar. Results showed that aging significantly altered properties
and structure of biochar. Biochar addition had no effect on CH4 emissions, but it decreased
cumulative N2O emission (all treatments) and increased cumulative CO2 emission (only
the pristine biochar at 5% application rate). Aged biochar showed no effect on microbial life
strategy and Shannon index. However, PB-5% application shifted the life history strategies
of A-strategists (resource acquisition microbe) towards Y-strategists (high-yield microbe)
such as Proteobacteria, Gemmatimonadota, Bacteroidota, Firmicutes and Actinobacteriota,
which partially attributed to the enhanced soil CO2 emission. Aged biochar reduced plant
uptake Cd and soil available Cd concentrations by up to 36.6% and 34.0%, respectively,
ascribing to improved soil physicochemical properties and functional bacterial abundance.

Keywords: biochar; artificial aging; Cd immobilization; greenhouse gas emission; soil
microbial community composition

1. Introduction
Biochar, a C-rich byproduct, is produced from anoxic thermochemical conversion of

organic biomass [1]. Over the last decade, increased interest has been placed on the potential
role of biochar as an environmentally functional material due to its unique properties (i.e.,
relatively large surface areas, highly porous, fused aromatic C structure) [2,3]. Research
indicates that negatively charged biochar can act as a strong sorbent to control the lability
of contaminants in amended system, thus reducing the persistence of pollutants [4,5].
Particularly, biochar is widely utilized as a multifunctional soil amendment because of its
perceived value on climate change mitigation and polluted soil remediation [6].
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Although biochar possesses a certain degree of chemical and biological stability, its
functionality is inevitably affected by different factors after application in soil, such as
precipitation, temperature, oxidation, biodegradation, etc., a phenomenon known as weath-
ering or aging [7–9]. Progressive aging can change the physicochemical properties of
biochar (i.e., element composition, surface morphology), correspondingly shifting soil
microbial structure and affecting its remediation performance [10]. In particular, natural
aging could promote biochar physical fragmentation and result in an abundance of oxygen-
containing function groups on its surface [11]. Because implementation of long-term aging
for biochar is time-consuming and often problematic, artificially approaches were then
developed and intended to accelerate and simulate the process [12–15]. These approaches,
such as physical process (i.e., freeze–thaw cycling) and chemical oxidation, were success-
fully employed [16–18]. For instance, Chang et al. (2019) demonstrated that leaching,
acidification, and oxidation aging resulted in a decline of cadmium (Cd) adsorption on corn
stalk biochar made at 650 ◦C [11]. Similarly, a meta-study from 22 published works demon-
strated that, in comparison with fresh biochar, the artificially aging biochar significantly
decreased CO2, N2O, and CH4 emissions by 11%, 15%, and 25%, respectively [19].

Research suggested that biomass feedstock also exserts a crucial influence on the pore
structures, surface functional groups, and elemental composition of biochar, which may
further determine its efficiency [1]. Currently, the spread of invasion plants is threatening
the structure and function of native ecosystems throughout the world. For example, Canada
goldenrod (Solidago canadensis L.), a perennial goldenrod weed originating from North
America, is expanding into Europe, Australia, New Zealand, and Asia, and it is listed as one
of the most destructive invasive plants in China [20]. Biochar production using invasive
plants as feedstocks may provide a win–win situation to effectively achieve resource
utilization and alleviate associated ecological issues. Some researchers have used invasive
plants as raw materials to produce biochar. For instance, Spartina alterniflora biochar
prepared under low-temperature pyrolysis conditions (350 and 450 ◦C) was beneficial to
immobilization of Cd in soil, and the available Cd content decreased by up to 26.9% [21].

Cadmium is one the most concerning heavy metals in agricultural soils, with 7% of the
arable land exceeding the limiting standard estimated by the Ministry of Environmental
Protection of China [22]. The Cd transfer through the soil–plant system is a main exposure
path for human bodies, causing a number of disorders such as kidney dysfunction, Itabirites
disease, and cancer [23]. As one of the most important vegetables, Chinese cabbage (Brassica
chinensis L.) is a main source of Cd for humans via the food chain. Numerous studies have
reported that biochar could immobilize Cd in soil, reducing its uptake by vegetable [24–27].

Despite the vast scientific literature demonstrating a wide range of benefits associ-
ated with biochar application, including enhanced crop production, improved microbial
function along with immobilization of toxic metals in soil, and carbon sequestration to
mitigate climate change [28–31], limited information currently exists regarding soil green-
house gas (GHG) emission and Cd remediation responses with aged biochar application.
Thus, research is needed to better understand the potential role of aged biochar on soil
remediation and agricultural productivity. It was hypothesized that (1) aged biochar can
improve soil nutrient status after being applied to soil; (2) aged biochar can reduce Cd
accumulation in plant mainly by reducing soil available Cd content; (3) aged biochar can
alter GHG emissions while improving soil physical, chemical, and biological properties.
Thus, the objectives of the current study were to investigate the effects of aged biochar on
soil available Cd content and plant uptake of Cd, and soil GHG emissions on the growth of
Chinese cabbage.
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2. Material and Methods
2.1. Preparation of Biochar
2.1.1. Preparation of Pristine Biochar

Biochar material was produced in a slow pyrolysis process from Solidago canadensis
biomass. Biomass was pyrolyzed in a nitrogen atmosphere (the flow rate of 40 mL m in−1)
at a highest temperature of 500 ◦C and residence time of 120 min in a rotary furnace. The
obtained biochar was washed three times by deionized water and ethanol (volume ratio of
1:1) and vacuum dried for 24 h in the oven at 60 ◦C.

2.1.2. Preparation of Aged Biochar

Aging treatment, including physical and chemical processes, was carried out in the
laboratory over one month. For physical aging, we subjected the obtained pristine biochar
to 10 freeze–thaw cycles and followed by 10 dry–wet cycles. During the freeze–thaw cycle,
biochar samples were frozen at −20 ◦C for 12 h and then thawed at 25 ◦C for 12 h. For the
alternating dry–wet cycle, biochar samples were moisturized by adding deionized water to
maintained the water holding capacity of 100% for 12 h and then dried for another 12 h at
80 ◦C in an oven.

For chemical aging, the physically aged biochar was oxidized with 30% hydrogen
peroxide (H2O2) solution in a ratio of 1:20 (w/v) for 24 h [32]. After oxidation, the samples
were separated by vacuum filtration, repeatedly washed with deionized water to remove
any residual H2O2, and dried at 80 ◦C. The H2O2 oxidized biochar was reported exhibiting
surface properties resembling biochar naturally aged for 10 years [33].

2.2. Experimental Setup

Surface horizon (0–20 cm) of Fluvo-aquic soil (Luvisols consisting of fluviatile de-
posits with a silt texture) was collected from a crop field located in Zhenjiang, Jiangsu
Province, China (32◦09′47.0′′ N, 119◦32′24.4′′ E). Soil samples were air-dried, homogenized,
and sieved through a 2 mm screen. Selected physicochemical properties of the original
soil are shown in Table 1. The uncontaminated soil was mixed with cadmium chloride
(CdCl2·2.5H2O) to achieve soil total Cd concentration of 5 mg/kg, which was greater than
the value of 0.3 mg/kg (6.5 < soil pH ≤ 7.5) prescribed by the National Environmental
Protection Agency of China (GB15618-2018) [34]. Soil moisture content was maintained at
60% of the field capacity and incubated for one month under open conditions.

Table 1. Basic chemical properties of soil.

pH Total C Total N NH4-N NO3-N Total Cd Organic Matter

- ------------–------- --------------------mg/kg------------- -----g/kg-----

6.5 0.5 0.07 4.8 35.9 0.0 8.9

Chinese cabbage seeds were germinated in uncontaminated soils in an artificial climate
chamber. Once the third true leaf was fully unfolded, healthy seedlings of similar growth
were chosen, and three plants of approximately uniform size with equal spacing were
transplanted in each pot.

Approximately 1.5 kg of air-dried, Cd-contaminated soils were gently packed into
pot (11.5 cm tall, 20.5 cm and 11.2 cm in top and bellow diameter, respectively) to a bulk
density of ~1.33 g/cm3 and thoroughly mixed with fertilizer and biochar. Fertilizers were
applied at an equivalent rate of 160 kg N/ha and184 kg P/ha. Treatments consisted of a
factorial combination of two biochar types (pristine biochar and aged biochar) and two
application rates (1% and 5%, by weight basis): PB-1% (pristine biochar applied at 1%),
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PB-5% (pristine biochar applied at 5%), AB-1% (aged biochar applied at 1%), AB-5% (aged
biochar applied at 5%). According to previous studies, the biochar application rates of 1%
and 5% were more effective in promoting plant growth and immobilizing soil Cd [35,36].
In addition, control (no biochar, CK) treatment was also evaluated. Each treatment was
conducted in quadruplicate for a total of 20 pots.

After eight weeks, Chinese cabbage was harvested. The root and aboveground part
of the plant were washed and dried in an oven at 65 ◦C until a constant weight. Dry
plant samples were grounded and sieved through a 100 mm mesh for further analysis.
Rhizosphere soil was collected and preserved at −80 ◦C for microbiological analysis.
Subsamples of soil were also taken for chemical analysis.

2.3. Greenhouse Gas Emission Determination

During plant growth, Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O)
emissions were measured at 1, 3, 7, 10, 17, 25, and 32 days using the static chamber
technique at the same time of a day (8:00 a.m. to 10:00 a.m.), which corresponded to the
daily average temperature and mean flux [37]. The chamber was manufactured using a
transparent acrylic tube (20 cm height, 4.5 cm diameter, base area:16 cm2) equipped with a
flange around the edges. The top of the chamber was equipped with a sampling port fitted
with a rubber septum (1 cm diameter) enabled for gas extraction. At each gas collection,
the headspace was sampled using a 15 mL syringe at 10 min intervals (0, 10, 20, and 30 min
after chamber closure). Gas samples were immediately transferred to evacuated glass
vials (10 cm3) and analyzed by gas chromatography (GC 2010, Shimadzu, Kyoto, Japan)
with a micro-electron capture detector for N2O, a flame ionization detector for CH4, and
a thermal conductivity detector for CO2 detection. Cumulative gas emissions (reported
as kg/ha) were calculated by linear interpolation of the average emissions between the
measured days.

2.4. Biochar Characterization

Biochar pH and electronic conductivity (EC) were measured using a 1:20 ratio
(solid:/deionized water) by a dual channel pH/conductivity meter. The total carbon
(C), oxygen (O), hydrogen (H), and nitrogen (N) concentrations of the pristine and aged
biochar were determined by dry combustion in an elemental analyzer (Vario macro cube,
Elementar, Langenselbold, Germany). Total Cd concentrations of biochar were measured
after aqua regia digestion protocol by an inductively coupled plasma mass spectrometry
(ICP-MS, ICPE9820, Shimadzu, Kyoto, Japan). The specific surface area, pore volume,
and pore size of two biochars were determined using a fulling automatic specific sur-
face and porosity analyzer (JW-BK122F, Gaobo General Instrument, Beijing, China). A
Gemeni 300 SEM equipped a Smartedx EDS (ZEISS, Sigma 300, Oberkochen, Germany)
was employed to observe the biochar morphology before and after aging.

2.5. Soil Property Characterization

Soil pH was determined using 2.5 g of air-dried soil at a 10:1 (v/w, distilled water/soil)
ratio by a pH meter (PHS-25, LeiCi, Shanghai, China). Soil temperature, salinity, and EC
were measured using a portable digital senor (Shunda TR-6D kit, Tongde Co., Beijing,
China). Total N and C were determined by the combustion method using an elemental
analyzer (Vario macro cube, Elementar, Langenselbold, Germany). Soil organic C (SOC)
was analyzed by wet oxidation in potassium dichromate solution 1 N and sulfuric acid as
described by the Walkley–Black method [38].

Soil extractable NO3-N and NH4-N concentrations were determined by shaking 2.5 g of
soil with 25 mL of 2 M KCl solution for 1 h [39]. Extracts were filtered through a Whatman
#45 filter paper and analyzed for NO3-N and NH4-N using a UV spectrophotometer
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(UV2550, Shimadzu). Absorbance was measured at 667 nm and 540 nm for NH4-N and
NO3 -N, respectively. Total Cd concentration in soil was determined using the HF-H2SO4-
HclO4 solution as described by Alsaleh et al. [40]. The available Cd concentrations in soil
were determined according to the diethylenetriamine pentaacetic acid (DTPA) extraction
method [41].

To further identify the speciation distribution of Cd in soil (acid-extractable, reducible,
oxidizable, and residual fractions), four steps of the Community Bureau of Reference (BCR)
sequential extraction method were performed [42]. The detailed procedure is described
in Supplementary Information. The Cd concentration in the extractants was analyzed
with inductively coupled plasma mass spectrometry (ICP-MS, ICPE9820, Shimadzu, Kyoto,
Japan) for the soil and plant. The content of microbial biomass C (MBC) was measured using
the fumigated extraction method [43]. Soil dissolved organic C (DOC) was measured using
the combustion oxidation nondispersive infrared absorption method on a total organic C
analyzer (Multi NC 3100, Analytic Jena, Jena, Germany).

2.6. Illumina-Based 16S rRNA Sequencing for Identification of Microbial Species

The bacterial community composition in different treated soils was analyzed using
high-throughput sequencing technology. Briefly, bacterial DNA was extracted from soils
using the Quant-iT PicoGreen dsDNA Assay Kit. The quality and purity of the extracted ge-
nomic DNA were checked using 1% agarose gel electrophoresis. Specific primer pairs 338F
(5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
were used to selectively amplify the V3-V4 region of the bacterial 16S rRNA gene. DNA was
amplified by polymerase chain reaction. Sequence reads processing was performed using
QIIME (version 1.9.0). Operational taxonomic unit (OTU) was picked by Vsearch v1.11.1,
followed by dereplication, cluster, and detection of chimeras. Generally, the threshold of
97% similarity is set as 1 OTU.

Soil microbial alpha diversity was expressed using the Shannon index. Microbial life
strategies were determined at the phylum level. Considering that biochar applied in soils
is likely to create a gradient in resource availability [44–46], microbial taxa were catego-
rized into high-yield microbial strategists (Y-strategists, analogous to copiotrophs) and
resource-acquisition strategists (A-strategists, analogous to oligotrophs). Proteobacteria,
Gemmatimonadota, Bacteroidota, Firmicutes, and Actinobacteriota were categorized as
Y-strategists [47,48], while Acidobacteriota, Chloroflexi, Verrucomicrobiota, and Plancto-
mycetota were classified as A-strategists [49,50]. The relative abundance of Y-strategists and
A-strategists were summed to calculate oligotrophic/copiotrophic phyla ratio, a reflection
of changes in microbial life strategies with biochar addition.

2.7. Statistical Analyses

One-way analysis of variance (ANOVA) and Duncan’s test were employed to assess
variations in soil properties and response variables among different treatments at p-value ≤
0.05 using SAS (Version 9.4, SAS Institute Inc., Cary, NC, USA) [51]. The LSMEANS/PDIFF
procedure was used to compare means. Microbial community structures based on the Bray–
Curtis distance were subjected to principal coordinates analysis (PcoA) and PERMANOVA
analysis (permutations = 999) in R (Version 4.4.1, R Core Team 2022, Vienna, Austria. ‘vegan’
and ‘ggplot2′ packages) [52]. The correlations between soil variables and greenhouse gas
emission rate (CO2, N2O, and CH4 emission) were tested by Pearson correlation analyses.
Redundancy analysis (RDA) was performed using the ‘vegan’ package to evaluate the
changes in cumulative greenhouse gas emission, plant growth, and Cd uptake in relation
to soil variables and microbial community traits. Their correlations were also tested by
Mantel test in R (‘vegan’ package).
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3. Results
3.1. Selected Properties of Biochar

Aging processes influenced the physicochemical properties of biochar (Table 2,
Figures 1 and S1). After aging, the pH value decreased from 8.8 (pristine biochar) to
8.1 (aged biochar). Similar decrease was observed in specific surface area (from 24.8
m2/g to 12.5 m2/g). Conversely, an approximate 58.6% increase in pore size was noted in
aged biochar. It also had significantly higher electrical conductivity (EC) and C/N ratio
(137.1 vs. 124.3) than those of pristine biochar, particularly for EC (4.7 vs. 37.9 µS/cm for
pristine biochar and aged biochar, respectively).

Table 2. Basic physical and chemical properties of biochars.

Property Unit Pristine Biochar Aged Biochar

pH - 8.8 8.1
EC µS/cm 4.7 37.9

Specific surface area m2/g 24.8 12.5
Total pore volume cm3/g 0.01 0.01

Pore size Å 20.3 32.2
C % 76.6 52.0
H % 2.5 3.9
N % 0.6 0.4
S % 0.1 0.2

C/N - 137.1 124.3
C/H - 30.9 13.3

Total Cd mg/kg 0.0 0.0

(B)  

(A)  

Figure 1. The SEM image and EDS analysis of biochar before (A) and after (B) aging.

As illustrated in the SEM images (Figure 1), pristine biochar exhibited a smooth tubular
structure with numbers of orderly arranged pores; however, after aging, the micromorphol-
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ogy of biochar underwent substantial changes, showing varying degrees of crack, pore wall
collapse, and surface roughness. Total C content of biochar surface decreased from 84.3%
(pristine biochar) to 72.3% (aged biochar). Conversely, oxygen content in aged biochar was
substantially higher than that of pristine biochar (12.9% vs. 22.6%).

3.2. Soil CO2 and NO2 Emissions

Soil CO2 emission flux was affected by biochar treatment × the sampling day interac-
tion (p < 0.0001, Figure 2A). Despite the significant effect, the impact of biochar on soil CO2

emission flux was inconsistent and mainly observed at the 1st and 10th sampling events.
At the first day, PB-1% increased CO2 emissions by an average of 46.8% compared to other
treatments. However, in subsequent sampling events, biochar either increased or had no
effect on CO2 emission. Overall, addition of PB-5% increased cumulative CO2 emission by
an average of 37.3% compared to other treatments (p = 0.047, Figure 2B).

Figure 2. Soil CO2 and N2O emission rates (A,C) and cumulative CO2 and N2O emission (B,D)
during the whole experimentas affected by different treatments. Abbreviations: CK (no biochar
application), PB-1% (pristine biochar applied at 1%), PB-5% (pristine biochar applied at 5%), AB-1%
(aged biochar applied at 1%), AB-5% (aged biochar applied at 5%). Note: *, **, mean significant
at p < 0.05, 0.01, respectively. Bars with the same letters across different treatments are not statis-
tically different (p > 0.05). Data represent the average across four replicates (n = 4). Values are the
means ± standard error.

Biochar had no significant effect on soil CH4 emissions, whereas N2O emission
fluxes were significantly affected by biochar treatment and the sampling day interac-
tion (p < 0.0001, Figure 2C). The fluxes were low at the first week but then followed a
rapid increase at day 10 for all treatments. Overall, greater cumulative N2O emission
was associated with CK (1.04 kg/ha) compared to the average across other treatments
(0.26 kg/ha) (p < 0.0001, Figure 2D).

3.3. Soil Cd, Plant Cd Uptake, and Plant Biomass

Generally, the Cd speciation in soil showed no significant differences across treatments,
except that AB-5% decreased the residual Cd more than other treatments (2.3% vs. 5.4% for
AB-5% and other treatments, respectively) (Figure 3A).
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Figure 3. Effect of aging and rate of biochar application on Cd speciation (A) and concentration (B).
Bars with the same letters across treatments are not statistically different (p > 0.05) (n = 4). Abbrevia-
tions: CK (no biochar application), PB-1% (pristine biochar applied at 1%), PB-5% (pristine biochar
applied at 5%), AB-1% (aged biochar applied at 1%), AB-5% (aged biochar applied at 5%).

In terms of plant available Cd in soil (Figure 3B), lower concentration was associated
with aged biochar and PB-5% treatments compared to CK and PB-1%. Similarly, compared
to CK, the Cd concentration in plants was significantly reduced with biochar application
(except of PB-5%). Particularly for AB, average across its application rate, plant Cd uptake
was reduced by as much as 36.6%. Conversely, biochar application increased plant biomass
(p = 0.001), with a promotion of 63.9% to 111.3% compared to that of CK (Figure 3B).

3.4. Changes in Soil Microbial Communities and Their Life Strategies

The Venn diagram (Figure S3) reveals that, irrespective of biochar type, CK and 1% of
biochar application rate share slightly greater operational taxonomic unit compared to that
in soils treated with 5% rate biochar (5.8% vs. 5.3%). Differences in microbial community
structure were found with biochar application based on Bray–Curtis distance through PcoA
analyses (Figure 4A), with CK, PB-1%, and AB-1% being different from PB-5%; however,
there was also a certain distance among AB-1%, PB-1%, and PB-5% soils, implying their
difference in varying microbial community structure.

The relative abundance of soil microbial communities of different treatments varied in
terms of phylum, class, and genus levels (Figure 4B–D). Proteobacteria, Gemmatimonadota,
Actinobacteria, Acidobacteria, and Bacteroidota were the top five microbes at the phylum
level for all treatments, and their sum was greater in PB-5%-treated soil (94.1%) than other
soils (averaged of 91.6%) (Figure 4B). Similarly, at the class level, the top five soil microbes
were Gammaproteobacteria, Alphaproteobacteria, Gemmatimonadetes, Actinobacteria,
and Bacteroidia, the sum of which were greater in PB-5%-treated soil (81.5%) relative to
other soils (averaged of 77.6%) (Figure 4C). Most of the dominant genera at the genus
level were Sphingomonas and Gemmatimonas in all treatments (accounted for 30.7–37.6%)
(Figure 4D).

Compared to CK, the relative abundance of total copiotrophs increased by 6.2%
while that of oligotrophs decreased by 25.0% with PB-5% addition. Therefore, the olig-
otroph/copiotroph ratio of PB-5% decreased dramatically by 30.1% (Figure S2A). Concur-
rently, the Shannon index was slightly decreased with PB-5% addition, but no difference
was found across other treatments (Figure S2B).
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Figure 4. The PcoA (A) and structure of microbial community at phylum (B), class (C), and genus
(D) level in soils of control (CK) or treated by pristine biochar (PB-1% and PB-5%) and aged biochar
(AB-1% and AB-5%).

3.5. Relationship Between Soil Factors and Plant Biomass, Plant Cd, and Greenhouse Gas Emission

Although there was generally a significant correlation between soil variables and
GHG emission rate, the relatively low coefficients (0.03–0.37) suggested that other factors
involved in determining the variation of GHG emissions (Figure 5A). Soil temperature ex-
plained 25% of the variation in CO2 emissions (coefficient of 0.25) and a positive correlation
was found. Similarly, there were positive correlations between soil moisture, EC, salinity,
and CH4 and N2O emissions (coefficient of correlation ranging from 0.17 to 0.37).

The redundancy analysis results (Figure 5B) indicated that the first two principal
components explained 55.3% and 32.3% of the overall variance, respectively (p = 0.002).
Plant biomass was significantly and positively correlated with Chloroflexi while negatively
correlated with Nitrospirota and Acidobacteriota (p < 0.05). Plant Cd uptake was positively
correlated with Nitrospirota (p < 0.05), while plant Cd and cumulative CO2 emission
were both negatively correlated with Gemmatimonadota, Chloroflexi, Myxococcota, and
Acidobacteriota (p < 0.05). Cumulative N2O emission was positively correlated with
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Nitrospirota, Gemmatimonadota, Acidobacteriota, Myxococcota and negatively correlated
with Chloroflexi (p < 0.05).

  
(A) (B) 

 
(C) 

Figure 5. (A) Correlation between soil variables and GHG emission rate (mg/m2/d). Note: The
colors in the panels represent Pearson’s correlation coefficients, with red and green indicating positive
and negative correlations, respectively. *** indicates p < 0.001; ** indicates p < 0.01; * indicates p < 0.05.
(B) RDA analysis, including the top 10 bacterial communities at phylum level in different treatments
as explanatory variables and cumulative GHG emissions, plant growth and Cd uptake as response
variables. Abbreviations: CK (no biochar application), PB-1% (pristine biochar applied at 1%), PB-5%
(pristine biochar applied at 5%), AB-1% (aged biochar applied at 1%), AB-5% (aged biochar applied at
5%). (C) Cumulative GHG emissions, plant growth and Cd uptake are related to each soil variable by
Mantel test. Abbreviation: T = soil temperature, M = soil moisture, S = soil salinity, EC = soil electrical
conductivity, MBC = soil microbial biomass carbon, DOC = dissolved organic carbon, SOC = soil
organic carbon.

In addition, the Mantel test (Figure 5C) and correlation analysis (Figure S4) revealed
that plant biomass was positively correlated with microbial biomass carbon, NH4-N, and
NO3-N, while plant Cd was negatively correlated with soil organic carbon and NO3-N;
cumulative N2O emission was negatively correlated with soil organic carbon, microbial
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biomass carbon, dissolved organic carbon, NH4-N, and NO3-N; cumulative CO2 emission
was negatively correlated with bacterial richness and the oligotroph/copiotroph ratio while
positively correlated with dissolved organic carbon.

4. Discussion
4.1. Greenhouse Gas Emissions as Affected by Biochar Application

Soil CO2 emissions, which involve both heterotrophic (macro- and microorganism
decomposition of organic matter) and autotrophic component (plant root respiration),
are regulated by numbers of biotic and abiotic factors such as environmental conditions,
substrate availability (C/N ratio), soil microbial composition, and activity [53]. In the
current study, the emission pattern of CO2 over time was coincident with changes in soil
temperature, with greater fluxes occurring on days 1 (27.4 ◦C) and 10 (28 ◦C) when soil
temperatures were relatively higher (averaged 22.9 ◦C of other sampling days). Also cor-
roborating our correlation data, previous studies have shown that higher soil temperature
is often associated with greater microbial activity, thereby favoring CO2 production [54].

Our data showed no significant effects of biochar application on CO2 fluxes during
most sampling events; however, pristine biochar (PB-1%) promoted CO2 emission on the
first day, and a similar situation was observed on day 10 (PB-5% and AB-1% resulted in
CO2 spikes). Although labile C from biochar was expected to have a positive priming
effect (a stimulus facilitates the decomposition of native soil organic carbon) and promote
microbial activity, these data implied that biochar effects on soil CO2 are likely short-lived
and dependent on biochar characteristics and soil variables [55].

The observed increase in CO2 emission in PB-5% was not surprising, as previous
research has confirmed similar phenomena under exogenous organic amendments such as
organic fertilizers and biochar [56]. One possible reason is that pristine biochar inherently
contained less resistant C molecules, which directly induced the priming effect on soil
organic matter through biochar-derived C, thereby becoming a direct source of CO2 [57].
Another possible reason is that pristine biochar (5% rate) indirectly affected microbial
diversity by regulating soil bacterial community composition, plant litter, and root exudates.
Conversely, most of aged biochar-C was an aromatic form that can be more recalcitrant to
microbial decomposition since labile C in pristine biochar was likely degraded in the aging
process [58].

In contrast with many studies conducted under controlled laboratory and field condi-
tions that demonstrated significant decrease in CH4 with biochar addition [59], both aged
and pristine biochars showed no effect on CH4 emission. Lack of biochar response herein
was likely attributed to the aerobic conditions because CH4 is predominantly produced
under anaerobic conditions [60]. Differences in biochar types and application rate, soil con-
ditions, and environmental factors co-affect treatment manifestations. However, soil N2O
emissions were significantly reduced with biochar addition compared to unamended con-
trol. The reduction in N2O emissions was likely caused by direct absorption of N on biochar
surface and followed by indirect inhibition of N mineralization [61]. The exact mechanisms
by which biochar influences N availability in soils are not fully understood. Earlier studies
proposed that both biotic (mineralization/immobilization, nitrification/denitrification) and
abiotic (sorption of ammonium and nitrate N onto biochar) processes affected N dynamics
in biochar-amended soils [55]. In addition, over the course of Chinese cabbage growth,
plants could directly absorb the inorganic N in soil and reduce the available N for N2O
production. The negative correlation between cumulative N2O emission and plant biomass
supports this hypothesis.
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4.2. Soil Cd Content and Plant Cd Uptake as Affected by Biochar Application

Regardless of biochar type and application rate, we observed a reduction in available
Cd concentration in soil when biochar was applied. This response was likely due to the
contribution of enhanced SOC content in biochar treatments, which aids in the adsorption
and fixation of Cd [62]. Moreover, as depicted in Figure 3B, biochar application significantly
reduced plant Cd uptake (except for PB-5%) and simultaneously promoted plant biomass
in Cd-contaminated soils, which was also in agreement with other studies [63]. Biochar
addition in soil alleviated Cd toxicity that should inhibit Chinese cabbage growth, therefore
favoring plant biomass accumulation. In addition, compared to CK, aged biochar (1%
and 5%) and pristine biochar (only 1%) application reduced Cd accumulation in plants.
One likely explanation is that biochar application may have affected nutrient status in soil,
possibly resulting in varied Cd uptake by plants [64]. The relationship between plant Cd
uptake with SOC and soil NO3-N further supported this hypothesis.

Plant Cd assimilation and remediation effect of Cd contamination in soil depend
on both total Cd content and its speciation distribution. The acid soluble and reducible
fractions of Cd are bioavailable for plants, while the oxidizable and residual fractions are
recalcitrant (e.g., bound to organic matter and sulfides) [65]. In the current study, except for
AB-5% decreasing the residual Cd more than other treatments, no significant differences
in Cd speciation in soil were observed for biochar treatments. A similar situation was
observed in a previous study [66]. Prolonging the duration of the experiment may show
significant differences in the future.

4.3. Linking Microbial Communities with Greenhouse Gas Emission in Biochar-Treated Soils

Earlier studies have reported that biochar application to soil can influence nitrification
and denitrification processes regulated by microorganisms [15,67,68]. The higher relative
abundance of key soil bacteria such as Proteobacteria and Verrucomicrobiota in biochar-
treated soils was reported, involving in the cycling of N2O. For example, according to
Yan et al. (2023), Proteobacteria could contribute to N stabilization and subsequently
suppress N2O emissions [69]. Similarly, recent research identified Verrucomicrobiota as the
key bacterial species in the inhibition on N2O emission [70]. The authors explained that
Verrucomicrobia may inhibit the nitrification process by an antagonistic relationship with
bacteria carrying the ammonia-oxidizing archaea and nirS genes.

Although N2O emission was significantly reduced with biochar application, CO2

emission was promoted in PB-5% amended soils. According to the microbial sequencing
result, PB-5% application stimulated the members of bacterial phyla Proteobacteria and
Actinobacteria. At the genus level, several bacterial taxa alternately dominated, includ-
ing Lysobacter, Arenimonas, and unclassified_Micrococcaceae, likely due to their high heat
resistance ability [71,72]. Compared to aged biochar, pristine biochar addition resulted in
higher SOC and labile C fraction, which likely promoted microbial growth and metabolism,
thereby accelerating the decomposition of soil organic matter [73]. Moreover, pristine
biochar may have led to growth and metabolic activity stimulations for microorganisms
involved in nutrient cycling. Our data of varying bacterial diversity in different treatments
further verified the hypothesis, with PB-5% application shifting the bacterial community
from A- to Y-strategists, as supported by decreased oligotroph/copiotroph ratio. Abrupt
resources availability in soils are expected to favor the fast-growing microbial proliferation
and the dominance of copiotrophs [74]. Soils dominated by Y-strategists, such as Proteobac-
teria, Gemmatimonadetes, Bacteroidetes, Firmicutes, and Actinobacteria, are expected to
survive in copiotroph soils with higher SOC mineralization, which is also consistent with
our CO2 emission data. Similar results have been reported in a field study, where biochars
(47.1–67.5 tons totally) applied in rice paddy soils (pH = 7.07) increased labile C availability
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to microbes and shifted bacterial communities, favoring the soil life-history strategies of
copiotroph bacteria [73].

4.4. Linking Microbial Communities with Cd Remediation in Biochar-Treated Soils

Although biochar addition led to changes in microbial structure and abundance in
soil, Proteobacteria had the highest relative abundance of 51.0–54.5% for all treatments. In
line with our results, Xu et al. (2023) proved that Proteobacteria are more easily adapted to
heavy metal-rich environment than other microorganisms [75]. Among these treatments,
application of PB-5% in soil exhibited no effect in reducing plant Cd uptake relative to CK,
probably related to the reduced abundance of Acidobacteria, because Acidobacteria favor
plant Cd uptake as indicated by Bandara et al. (2022) [76]. Niu et al. (2021) also reported
that Acidobacteria were able to secrete organic acids that can release heavy metals from
soil binding sites, thereby enhancing plant uptake [77,78]. Additionally, our data suggested
the addition of pristine biochar at the 5% rate decreased the diversity of soil microbial
communities compared to other treatments, as seen from the reduced Shannon index,
because a high rate of biochar application may exert more pressure on some microbes,
leaving the most resistant species to remain, thus minimizing their diversity [79,80].

As mentioned above, although decreased available Cd concentration was observed in
all biochar-treated soils, only three treatments (PB-1%, AB-1%, and AB-5%) significantly
reduced the Cd concentration in plant. Despite the complexity and multiple mechanisms
involved in fixation and speciation transformation of Cd in the soil–plant system, data
reported here and in previous studies suggest that both biotic and abiotic factors, includ-
ing soil microbes, soil property, and biochar characteristics [81–83], might result in the
inconsistent effects across biochar treatments. Further research is especially necessary to
explore microbial mechanisms and quantify transformation pathways using such as isotope
labeling techniques to refine our conclusions.

5. Conclusions
Our data highlighted the importance of both biochar type and the application rate

in affecting biochar performance. This is particularly evident for the remediation of Cd-
contaminated soil and GHG emission during Chinese cabbage growth. Although biochar-
treated soil exhibited significantly reduced cumulative N2O emission, PB-5% treatment
increased soil cumulative CO2 emission by 45.7%, likely ascribing to the increased labile
C components and stimulated microbial activity. Data also demonstrated that higher
application rate of pristine biochar shifted the soil bacterial life history strategy towards
copiotrophs, characterized by a lower oligotroph/copiotroph ratio. Despite the fact that
biochar application showed no effect in total Cd concentration in soil, aged biochar pro-
moted plant biomass and simultaneously decreased plant Cd uptake and available Cd
concentration. These responses were attributed to a combination of biotic (i.e., functional
bacteria) and abiotic factors (i.e., reduced Cd toxicity, improved nutrient status) that pro-
vided favorable conditions for plant growth.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae11070800/s1, Table S1. Selected soil chemical property
as affected by biochar application. Figure S1. FTIR spectra of pristine biochar (blue) and aged
biochar (orange). Figure S2. Changes in life strategies and Shannon index as affected by biochar
treatments. Figure S3. Venn diagram represents the unique OTUs among treatments. Figure S4.
Pearson correlation between soil factors and plant biomass, plant Cd uptake, and GHG emission.
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