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Abstract: Biochar is useful for soil organic carbon (SOC) sequestration. However, the effects of biochar
aging and addition rates on SOC stabilization are unclear. A field experiment with four biochar
application rates (0% (control), 1% (LB), 2% (MB), and 4% (HB) of dry fluvo-aquic soil) was conducted.
Soil samples were sampled after 8, 12, and 24 months of its application to clarify the question. In
general, SOC gradually increased with the biochar application rate. SOC with HB was higher than that
in other treatments, while the ratio of microbial biomass carbon (MBC)/SOC and readily oxidizable
carbon (ROC)/SOC with HB was lower than that in other treatments (p < 0.05), indicating a positive
effect of HB for C stabilization over time. The effects of biochar on the soil carbon pool management
index (CPMI) changed from negative to positive after 8 and 24 months of biochar application. The
activities of β-D-glucosidase (βG), cellobiohydrolase (CBH), and β-N-acetylglucosaminidase (NAG)
under HB were higher than with other treatments after 12 and 24 months of biochar application
(p < 0.05) and negatively correlated with the ratio of MBC/SOC and ROC/SOC over time. The CPMI
was positively related with βG and CBH activities after 8 and 24 months of biochar application,
respectively (p < 0.05). HB increased the relative abundance of oligotrophs, including Acidobacteria,
Actinobacteria, and Chloroflexi, but decreased the relative abundance of copiotrophs, including
γ-Proteobacteria and Bacteroidetes over time (p < 0.05). The ratio of dissolved organic carbon
(DOC)/SOC was positively correlated with the bacterial oligotroph/copiotroph ratio and significantly
affected the oligotrophic and copiotrophic bacterial communities, especially after 8 and 12 months of
biochar application (p < 0.05). These findings reinforce that increasing the biochar application rate and
time enhances SOC stabilization by decreasing the proportions of labile organic carbon and making
oligotrophic/copiotrophic communities and enzyme activities more conducive to C sequestration.

Keywords: carbon stabilization; enzyme activities; bacterial communities; bacterial oligotroph/
copiotroph ratios

1. Introduction

The loss of soil organic carbon (SOC) in cultivated soils is affected by agricultural
practices [1,2]. Recycling agricultural wastes (such as crop residues, manure from different
animals, and biochar) used as organic fertilizer in agricultural systems is helpful for an
improvement in soil quality (fertility), carbon restoration, and environmental sustainability [3].

Biochar application is considered a strategy for rapid SOC sequestration because of its
high content of stable C [4–6]. However, the application of biochar has been found to exert
different effects on SOC stabilization, depending on the biochar characteristics, soil type,
and biotic and abiotic environments [7]. Yang et al. (2018) [8] found that biochar increases
C sequestration rates after 3 years of application to the Hapli-Udic Cambisol. However,
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N-enriched biochar application reduces SOC stabilization in paddy soils at 3 and 6 months
after its addition [9]. Maestrini et al. (2015) [10] found that fresh biochar accelerated the
mineralization of native SOC during the first 20 days after application and had a negative
effect after 200 days of incubation. In contrast, Wang et al. (2016) [11] found that part of the
studies in their meta-analysis showed improved stabilization of SOC on soils with biochar
addition within 0.5 years, with this effect disappearing over time. Clearly, there is a great
deal of confusion regarding the time effects of biochar application on soil C stabilization. A
single observation in time is insufficient to detect the function of biochar on SOC stability.

Soil extracellular enzymes produced by microorganisms are proximate agents that
degrade soil organic matter (SOM) [12]. Hydrolytic enzymes, such as β-D-glucosidase
(βG), cellobiohydrolase (CBH), and β-N-acetylglucosaminidase (NAG), are responsible
for the decomposition of medium to simple organic molecules [13–15]. However, the
effects of biochar application on the activity of soil hydrolases involved in organic matter
decomposition are uncertain [16,17]. Elzobair et al. (2016) [18] found that biochar had no
effect on the potential activities of βG and NAG within 36 days after application. Foster et al.
(2018) [19] considered that the sorption and masking of active sites of enzymes by biochar
lead to a decrease in βG activity with increasing biochar application rates. In contrast,
Song et al. (2019) [20] determined that a high biochar addition rate increased βG and
NAG activities by changing soil properties after 1 or 2 years. Overall, the response of soil
extracellular hydrolytic enzymes to biochar is likely dependent on the biochar application
rate and time. However, the exact mechanism has yet to be elucidated [18,21]. Moreover,
soil enzymatic reactions regulate the formation and stabilization of labile organic carbon
fractions [13]. A study on the effect of biochar on the relations between organic carbon
stabilization and C-cycle enzyme activities over time can explore the underlying mechanism
of SOC transformation [22,23].

Microorganisms affect organic carbon fractions by a series of carbon-degrading en-
zymes and regulate SOC stabilization via their carbon-use trophic strategist [24,25]. Copi-
otrophs, such as β- and γ-Proteobacteria, Bacteroidetes, and Firmicutes, are typical bacteria
responsible for the turnover of labile organic carbon, while oligotrophs, such as α- and
δ-Proteobacteria and Acidobacteria, can degrade recalcitrant substrates [26,27]. Previous
studies have shown that the effect of biochar on soil microbial communities is complex
because of differences in biochar and soil conditions [28,29]. Gomez et al. (2014) [30] found
that the addition of biochar stimulated the growth of Gram-positive bacteria (G+ bacteria).
The relative abundances of Proteobacteria, Bacteroidetes, and Firmicutes responsible for
the degradation of recalcitrant C compounds decreased after 96 days of biochar application,
as reported by Wu et al. (2016) [31], but increased in the studies of Ding et al. (2013) [32]
and Hu et al. (2014) [33] under short-term biochar application. Cheng et al. (2019) [34]
found that biochar increased the relative abundance of Proteobacteria but decreased the
abundance of Bacteroidetes in bulk soils after 6 years of application. Previous studies have
shown that biochar affects the change in microorganisms over time [35]. However, the
responses of microbial attributes to biochar at different time scales remain unclear.

The application of biochar to agricultural soils is considered a promising strategy
for C sequestration because of its high carbon content, chemical recalcitrance, and stabil-
ity [36,37]. Notably, the long-term application of biochar to soils leads to different effects
on SOC stabilization compared to short-term application because of the biochar aging
process [28,38,39]. However, the underlying effect of the biochar aging process on the links
between SOC stabilization, C-cycle hydrolase activities, and bacterial groups involved in
C-use trophic strategies remains uncertain [40,41]. Moreover, previous studies lacked the
continuous time-scale effects of biochar on SOC stability. Thus, our objectives were to
make clear the (i) changes over time in the stabilization of SOC under different biochar
application rates; (ii) the interaction of biochar and time with the changes in the activities of
βG, CBH, and NAG; and (iii) the regulation of soil bacterial carbon-use trophic strategies
in SOC stabilization, considering the biochar aging process.
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2. Materials and Methods
2.1. Site Description and Field Experiment

The field experimental site is located in Niutun Town, Anyang, China (35◦16′57′′ N,
114◦24′29′′ E). This site has a sub-humid continental monsoon climate; the mean annual
air temperature and average annual precipitation are 13.4 ◦C and 634.3 mm, respectively.
The local planting system is wheat–maize rotation. The soil taxonomy system is fluvo-
aquic soil, the texture is sandy loam soil with pH of 7.80, and the contents of organic
carbon, total nitrogen (TN), phosphorous (TP), potassium (TK) were 10.90, 0.91, 1.01,
14.08 g·kg−1, respectively.

In this experiment, four treatments with four levels of biochar rates, such as 0%
(control), 1% (LB), 2% (MB), and 4% (HB) of dry fluvo-aquic soil, were applied to topsoil
(0–20 cm depth) before winter wheat seeding in October 2020, each with three replicate plots
(4 × 4 m2). The biochar was made from peanut shell under 500 ◦C for 10 h, with contents
of organic carbon, nitrogen, phosphorous, potassium of 447.0, 12.3, 7.0, and 25.8 g·kg−1,
respectively, and had a pH of 10.08.

2.2. Soil Sampling and Analysis
2.2.1. Soil Sampling and Initial Treatment

Soil sampling was performed after 8 months (June 2021), 12 months (October 2021),
and 24 months (October 2022) of biochar addition. Bulk soil (depth: 0–20 cm) was collected
from each plot by using a five-point sampling method with soil sampler. The soil cores
were passed through 2 mm sieve, homogenized, and divided into three parts. One part
was frozen and stored at −80 ◦C for bacterial community diversity analysis; the second
part was used for the analysis of DOC, microbial biomass carbon (MBC), and enzyme
activities (βG, CBH, and NAG); and the other part was air-dried at room temperature for
physicochemical analysis.

2.2.2. Analysis of Soil Physicochemical Properties

SOC was determined by using oil bath-K2CrO7 oxidation method [42]. Total nitrogen
(TN) was analyzed by using the Kjeldahl procedure [43]. The available nitrogen (AN)
was determined using the alkaline hydrolysis diffusion method [44]. Available phospho-
rus (Olsen-P) was extracted using sodium bicarbonate Olsen method [45]. Soil pH was
measured at a soil-to-water ratio of 1:2.5 (w/v) suspension with pH meter (PHS-2F). Soil
moisture (SM) was measured using gravimetric method at 105 ◦C.

The readily oxidizable carbon (ROC) was determined by the potassium permanganate
oxidation colorimetric method [46]. DOC was extracted using 0.5 M potassium sulfate
(soil–water ratio of 1:4) and analyzed using a TOC analyzer (TOC Vwp; Shimadzu Corp.,
Tokyo, Japan) [25]. MBC was determined and calculated using the fumigation–extraction
method [47].

2.2.3. Analysis of Soil Enzyme Activities

The βG, CBH, and NAG activities were measured fluorometrically using 4-methylumb
elliferone (MUB)-linked model substrates (4-MUB-β-D-glucoside, 4-MUB-β-D-cellobioside,
and 4-MUB-N-acetyl-b-D-glucosaminide, respectively) [48–50].

2.2.4. High-Throughput Sequence Processing

The primers 338F and 806R were used to amplify the bacterial 16S rRNA gene (V3–V4
region) (GeneAmp 9700, ABI, Waltham, MA, USA). PCR was conducted using 20 µL
reaction mixtures containing 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM dNTPs, 0.8 µL of
each primer (5 µM), 0.4 µL of FastPfu Polymerase, and 10 ng of template DNA. Thermal
cycling programs were as follows: denaturation at 95 ◦C for 3 min, 27 cycles at 95 ◦C for
30 s, annealing at 55 ◦C for 30 s, elongation at 72 ◦C for 45 s, and extension at 72 ◦C for
10 min. The PCR mixture (20 µL) and PCR products were purified and quantified using
QuantiFluor™-ST (Promega, Inc., Madison, WI, USA). Sequencing was conducted on an
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Illumina MiSeq platform (San Diego, CA, USA). For details on sequence data processing,
refer to Qiu et al. (2023) [25].

2.3. Calculation and Statistical Analysis

One-way ANOVA was used to test the difference in soil carbon components, soil
enzyme activities, relative abundance of the bacterial community, and carbon pool man-
agement index (CPMI). Two-way ANOVA was used to detect the effects of biochar and
time on soil labile organic carbon fractions, carbon pool activity, and CPMI. Non-metric
multidimensional scaling (NMDS) was used to analyze the effects of biochar rate and time
on bacterial groups. The links between the bacterial community structure and labile organic
carbon, carbon pool dynamics, extracellular enzyme activities, and soil physicochemical
properties were identified by using R (v.4.2.1).

The carbon pool management index (CMPI) was calculated by the following formulas
(Blair et al., 1995) [46]:

Carbon pool index (CPI) = (treatment SOC/control SOC) × 100

Carbon pool activity (A) = ROC/(SOC − ROC) × 100

Carbon pool activity index (AI) = (A/control SOC pool activity) ×100

CMPI = CPI × AI × 100.

3. Results
3.1. Soil Organic Carbon and Labile Organic Carbon Components

The biochar application rate had a significant effect on the SOC content based on the
two-way ANOVA. The SOC content, DOC/SOC ratio, and MBC/SOC ratio changed over
time. The ROC/SOC ratio was affected by the main and interactive effects of the biochar
application rate and time (p < 0.05, Table S1). Specifically, the SOC contents in HB were
36.9%, 47.1%, and 62.9% more than that in the control after 8, 12, and 24 months of biochar
application, respectively (p < 0.05, Figure 1). Compared to the control, MB increased SOC
after 12 and 24 months of biochar application. LB had no effect on the SOC content over
time (p < 0.05). Furthermore, HB decreased the ratios of MBC/SOC and ROC/SOC over
time compared to the control (p < 0.05, Table 1). Compared to the control, the decreases in
MBC/SOC with HB were 37.9%, 27.2%, and 38.9%, and the decreases in ROC/SOC with
HB were 42.8%, 24.7%, and 24.0% (p < 0.05).

Table 1. Change in labile organic C fractions, including dissolved organic C (DOC), microbial
biomass C (MBC), and readily oxidizable carbon C (ROC), accounting for total SOC (%), carbon pool
management index (CPMI) in different biochar treatments with time.

Time Treatments DOC/SOC MBC/SOC ROC/SOC CPMI

8 months

Control 1.25 ± 0.10 Aa 2.99 ± 0.31 Ba 25.70 ± 5.32 Aa 100.00 ± 0.00 a
LB 1.25 ± 0.17 Aa 2.68 ± 0.30 Bab 17.98 ± 0.96 Ab 67.21 ± 8.01 Bc
MB 1.25 ± 0.07 Aa 2.37 ± 0.05 Bb 19.05 ± 0.83 Bb 78.69 ± 6.69 Cb
HB 1.09 ± 0.11 Aa 1.86 ± 0.22 Bc 14.70 ± 1.98 Ab 66.50 ± 3.79 Bc

12 months

Control 0.53 ± 0.03 Ba 6.14 ± 0.66 Aa 19.20 ± 1.75 Aa 100.00 ± 0.00 a
LB 0.59 ± 0.08 Ba 5.14 ± 0.35 Ab 17.99 ± 3.55 Aab 102.51 ± 14.54 Aa
MB 0.53 ± 0.03 Ba 5.19 ± 0.42 Ab 15.44 ± 1.27 Cab 94.89 ± 8.49 Ba
HB 0.49 ± 0.05 Ba 4.47 ± 0.31 Ab 14.46 ± 1.76 Ab 104.05 ± 8.33 Aa
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Table 1. Cont.

Time Treatments DOC/SOC MBC/SOC ROC/SOC CPMI

24 months

Control 0.38 ± 0.05 Ca 2.24 ± 0.18 Ba 21.55 ± 1.05 Aa 100.00 ± 0.00 b
LB 0.34 ± 0.02 Ca 2.27 ± 0.26 Ba 21.92 ± 1.30 Aa 100.87 ± 3.27 Ab
MB 0.33 ± 0.02 Ca 2.07 ± 0.18 Ba 21.97 ± 2.29 Aa 117.95 ± 8.58 Aa
HB 0.25 ± 0.05 Cb 1.37 ± 0.14 Cb 16.37 ± 0.34 Ab 116.09 ± 7.93 Aa

Note: Different capital letters mean the differences in labile organic C fractions with time under the same treatment
(p < 0.05). Different lowercase letters mean the differences in labile organic C fractions with different treatments
over the same time (p < 0.05).
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Regarding carbon pool management, the CPMI was influenced by the main and
interactive effects of the biochar application rate and the time after application (p < 0.05,
Table S1). Compared to the control, LB, MB, and HB decreased the CPMI% by 32.8%,
22.3%, and 33.5%, respectively, after 8 months of biochar application. However, these
differences disappeared after 12 months, and MB and HB significantly increased the CPMI
after 24 months (p < 0.05, Table 2).

Table 2. Correlations among the C-degrading enzyme activities and soil labile organic carbon
components with time.

Time DOC/SOC MBC/SOC ROC/SOC

8 months
βG −0.348 −0.051 −0.275

CBH −0.571 −0.283 −0.117
NAG −0.308 −0.320 −0.267

12 months
βG −0.045 −0.843 ** −0.660 *

CBH −0.140 −0.863 ** −0.617 *
NAG −0.207 −0.705 * −0.595 *

24 months
βG −0.499 −0.772 ** −0.803 **

CBH −0.607 * −0.889 ** −0.777 **
NAG −0.402 −0.788 ** −0.783 **

Note: DOC/SOC—the ratio of DOC to SOC; MBCC/SOC—the ratio of MBC to SOC; ROC/SOC—the ratio of
ROC to SOC; βG—β-D-glucosidase; CBH—cellobiohydrolase; NAG—β-N-acetylglucosaminidase; * is significant
at p < 0.05; ** is significant at p < 0.01.
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3.2. Carbon-Degrading Enzyme Activity

Compared to the control, LB significantly decreased βG and CBH activities after
8 months of biochar application (p < 0.05, Figure 2). After 12 months, LB, MB, and HB
significantly increased βG and CBH activities, and MB and HB significantly increased NAG
activity (p < 0.05). After 24 months, βG, CBH, and NAG activities were higher than those
under the control treatment (p < 0.05). Notably, carbon-degrading extracellular enzyme
activities in the control were stable during the whole incubation period, and the activities of
βG, CBH, and NAG after 12 months were higher than those after 8 and 24 months (p < 0.05).
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3.3. Bacterial Community Composition

The biochar application rate significantly altered the bacterial groups after 12 and
24 months (p < 0.05; Figure 3a). The predominant bacterial components under different
treatments were similar. The total relative abundance of Actinobacteria, Proteobacteria,
Acidobacteria, Chloroflexi, and Firmicutes accounted for approximately 83% (Figure S1).
Specifically, compared with the control, HB increased the relative abundance of the olig-
otrophs, Acidobacteria and Actinobacteria, after 12 months of biochar application (p < 0.05;
Figure 3b). After 24 months, the relative abundance of Chloroflexi was higher under HB
than in the control group (p < 0.05). Over time, the relative abundance of Firmicutes,
which are copiotrophs, significantly increased after 24 months of biochar application in
all treatments (p < 0.05). The relative abundance of γ-Proteobacteria and Bacteroidetes
under MB and HB decreased over time (p < 0.05). The relative abundance of Actinobacteria
decreased with an increase in the biochar application rate and time (p < 0.05). The relative
abundance of Acidobacteria with MB and HB increased over time (p < 0.05). The bacterial
oligotroph/copiotroph ratio was not affected by biochar treatment but was higher after
12 months of MB and HB application than after 8 and 24 months (p < 0.05).
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Figure 3. Effect of biochar applications on soil bacterial community composition with time. (a) Non-
metric multidimensional scaling (NMDS) of bacterial communities among different biochar additions.
(b) The relative abundance of bacterial communities belonging to copiotrophs and oligotrophs at the
phylum level. (c) Change in bacterial oligotroph/copiotroph ratios. Different lower letters mean the
differences in bacterial oligotroph/copiotroph ratios with different treatments under the same time
(p < 0.05). Different capital letters mean the differences in bacterial oligotroph/copiotroph ratios with
time under the same treatment (p < 0.05).
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3.4. Relationship of Enzyme Activities and Bacterial Community to Soil Physiochemical Properties
and Organic Carbon Stabilization

The links between soil physicochemical properties, enzyme activities, and bacterial
groups changed over time. The activities of βG, CBH, and NAG were negatively correlated
with the MBC/SOC and ROC/SOC ratios during the entire incubation period (p < 0.05,
Table 2). The CPMI had a positive correlation with βG activity after 8 months of biochar
application and had a positive correlation with CBH activity after 24 months of treatment
(Figure 4, p < 0.05).
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From the mantel test, there was a positive relation between the oligotroph composition
and DOC/SOC ratio after 8 months of biochar application. After 12 months, the oligotroph
composition had a positive correlation with SOC, TN, DOC, and the MBC/SOC ratio. SOC,
Olsen-P, and the ratio of DOC/SOC always had a positive relationship with the composition
of copiotrophs after 8 and 24 months (Figure 5, p < 0.05). The DOC/SOC ratio had a
negative correlation with the relative abundance of Bacteroidetes but positive correlations
with the relative abundance of Chloroflexi and the bacterial oligotroph/copiotroph ratio
after 8 and 12 months (Figure 6, p < 0.05). The relative abundance of Actinobacteria was
negatively affected by SOC, TN, the C/N ratio, and Olsen-P and positively correlated
with the MBC/SOC and ROC/SOC ratios after 12 months of biochar application (p < 0.05).
There were positive relationships between enzyme activities (βG, CBH, and NAG) and the
relative abundance of Bacteroidetes and Acidobacteria after 8 and 12 months, respectively
(p < 0.05).
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4. Discussion
4.1. Change in Soil Organic Carbon Stabilization with Increase in Biochar Application Rate
and Time

The increase in the biochar application rate increased soil SOC storage because of
the high carbon content in the biochar [7,51,52]. Moreover, the functional groups such as
phenolic and carbonyl C in biochar help to adsorb organic compounds [53,54]. Notably,
the SOC content in HB did not change over time, which suggests that a high amount of
biochar application was positive for C sequestration over time (Figure 1), while SOC in the
control, LB, and MB decreased from 12 to 24 months after biochar application (p < 0.05). The
possible reasons include (i) an extension of the disturbance time in agricultural production,
such as fertilizing, irrigating, and plowing, led to more SOC losses [55]; (ii) the amount
of carbon fixed by the high amount of biochar application was much higher than the
carbon loss caused by the aging process of biochar [56]; and (iii) a high amount of biochar
application may decrease SOC losses by increasing the formation of macro-aggregates,
which protects the internal organic carbon from decomposition by microorganisms [57].

Generally, the ratio of soil labile organic carbon (such as DOC, MBC, and ROC) to
SOC is used to evaluate the activity of SOC [58]. In this study, the DOC/SOC ratio
decreased with time, indicating that the SOC in the soil was likely stable and difficult
for soil microorganisms to decompose [59]. Biochar absorbs organic matter into its pore
network and inhibits microbial access to carbon sources and growth in soil [60]. Therefore,
the MBC/SOC ratio under HB was lower than that in other treatments (p < 0.05, Table 1),
indicating that a high amount of biochar could improve the stabilization of SOC [61].
Similar to the results of Yang et al. (2018) [8], the ROC/SOC ratio in HB was lower than that
in the other treatments (p < 0.05), indicating that HB can slow the turnover rate of SOC [62].

The CPMI reflects the C stabilization of the soil system [46]. In general, compared
with the control, the effect of biochar on CPMI changed from negative to positive over
time. The possible reasons are as follows: (i) the amount of organic compounds and
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nutrients in biochar increases the contents of labile organic fractions, enhances soil microbial
activity and co-metabolism, and stimulates the turnover rate of organic C during the first
several months of its application [63,64], and (ii) over time, biochar could enhance soil
C stabilization by adsorbing organic C [9,63], forming organic–mineral complexes and
aggregates [65] and regulating enzyme activities and the amount of some microbes involved
in organic C decomposition and synthesis [17,66]. Generally, a higher CPMI value means an
enhancement in organic C stabilization [67]. Our results demonstrate that the application
of high amounts of biochar improved the stabilization of SOC over time.

4.2. Link between Carbon-Degrading Enzyme Activities and Organic Carbon Stabilization

In this study, biochar decreased βG activities after 8 months of application (p < 0.05).
The possible reasons are as follows: (i) Biochar could inhibit some soil enzyme activities by
adsorbing enzymes and reaction substrates or blocking the reaction sites via their porosity
and surface [18,68,69]. Moreover, (ii) the input of available organic compounds may supply
enough nutrients for microbes and lead to a decrease in some enzyme activities [49]. In
contrast, an increase in carbon-degrading enzyme activities in response to the biochar appli-
cation rate after 12 months of incubation may be due to the change in soil properties [20,70],
such as the limitation in available N increasing the production of enzymes involved in
C-degrading from microorganisms [41]; the significant correlations of soil TN, AN, and
Olsen-P contents with βG, CBH, NAG, and bacterial communities in this experiment may
indirectly support this suggestion (p < 0.05, Figure 5). Notably, after 12 and 24 months, the
C-degrading enzyme activities in biochar treatments, especially in HB, were higher than
those in the control (p < 0.05), which may be due to the reason that sufficiently high rates of
biochar could increase enzyme activities by stimulating enzyme production and protecting
enzymes from being degraded [18].

Soil-carbon-degrading enzymes play a key role in catalyzing SOC decomposition [71].
The negative correlations between the activities of βG, CBH, and NAG and the MBC/SOC
and ROC/SOC ratios demonstrate that an increase in the proportion of recalcitrant C
could stimulate the decomposition process by increasing carbon-degrading enzyme activity
(Table 2). However, the roles of carbon-degrading enzymes in the decomposition of
organic matter differ. CBH breaks down cellulose, while βG can further decompose
cellobiose [14,72]. Therefore, the positive correlations between CPMI and βG and CBH
activities after 8 and 24 months of treatment (p < 0.05) indicate an increase in recalcitrant C
and an enhancement in organic carbon stability over time, respectively.

4.3. Regulation of Bacterial Oligotrophs and Copiotrophs for Organic Carbon Stabilization

A change in soil properties stimulates the dissimilarity of microbial groups [20,73].
The biochar application rate and aging process affect microbial community composition
by altering microbial growth habitat, such as the proportion of soil aggregates, nutrient
availability, and soil moisture [28,39]. Yao et al. (2017) [38] considered that the long-term
“aged” biochar is likely to lead to different equilibriums for physicochemical exchange
and enzyme and microbial activities than those of “fresh” biochar. Therefore, biochar
significantly altered the bacterial community structure 12 and 24 months after application.

Based on carbon-use trophic strategies, copiotrophs tend to grow by utilizing labile
organic carbon; oligotrophs tend to use recalcitrant organic carbon [26,41]. DOC can be used
by microorganisms as a carbon source and is produced by the decomposition of enzymes
released by oligotrophs and copiotrophs [24,41]. Therefore, the DOC content and ratio
of DOC/SOC were positively correlated with the oligotrophic and copiotrophic bacterial
communities, especially after 8 and 12 months of treatments (p < 0.05). Most oligotrophs can
degrade recalcitrant C substrates by releasing C-degrading enzymes, whereas copiotrophs
can use low-molecular-weight organic substances directly [24,41]; therefore, an increase
in the bacterial oligotroph/copiotroph ratio means an increase in the DOC/SOC ratio
(Figure 6), while the decreasing tendency of the bacterial oligotroph/copiotroph ratio after
24 months of treatment indicates an increase in the stabilization of organic C.
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As the dominant phyla, the relative abundance of Acidobacteria and Actinobacteria af-
ter 12 months of biochar application and Chloroflexi after 24 months of biochar application,
with HB, was higher than those in the control (p < 0.05), while the relative abundance of
γ-Proteobacteria and Bacteroidetes with MB and HB decreased over time (p < 0.05). As in
previous studies, with the prolongation of biochar application and the exhaustion of avail-
able organic carbon [52], recalcitrant carbon from soil and biochar provided competitive
living species, such as slow-growing oligotrophs, with a degradation capacity for complex
carbon sources [26,74]. The negative relationship between the DOC/SOC ratio and the
relative abundance of Bacteroidetes and the positive relationship with Chloroflexi after 8
and 12 months of treatments support this viewpoint. Moreover, the increase in the relative
abundance of Acidobacteria with MB and HB over time in our study means an increase in
the proportion of recalcitrant organic carbon in soil.

5. Conclusions

Our study revealed that a high biochar application rate significantly increased SOC
content, while the effect of biochar on the stabilization of SOC changed from negative to
positive over time based on the CPMI. In general, the positive correlations between CPMI
and βG and CBH activities indicate an increase in recalcitrant C and an enhancement in
organic carbon stability over time. Compared with the control, HB always significantly
decreased the soil DOC/SOC ratio on time scales, and its negative relation with bacterial
oligotroph/copiotroph ratio means a high biochar application rate was useful for the
stabilization of organic C. Our research suggests that an appropriate amount of biochar
application is helpful to improve the stability of soil organic carbon on time scales and
reduce agricultural carbon emissions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13051385/s1. Table S1. The main and interactive
effects of biochar application rate and time on soil organic carbon (SOC), soil labile organic carbon
components, carbon pool activity (A) and carbon pool management index (CPMI) based on two-way
ANOVAs p < 0.05). Figure S1. Change of the relative abundance of bacterial community under
different biochar application on time scales.
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