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Abstract: To date, most studies have shown that biochar has great potential in carbon sequestration
and reduction, as well as soil quality improvement. However, there is limited knowledge of its
effect on soil organic carbon (SOC) fractions in tropical farmland. This study aimed to determine
the impact of different types and rates of biochar applied in tropical farmlands on so SOC and its
active fractions. The SOC, microbial biomass carbon (MBC), dissolved organic carbon (DOC), and soil
mineralizable carbon (SMC) in the 0–30 cm soil layers under rice hull (R) and peanut shell (P) biochar
treatments were measured. The results showed that the application of R and P biochar increased
the contents, stocks, and cumulative stocks of SOC, MBC, and DOC in the 0–10 cm, 10–20 cm, and
20–30 cm soil layers. The contents, stocks, and cumulative stocks increased with increasing biochar
application rates. Compared with CK, the ranges of the increased SOC, MBC, and DOC cumulative
stocks were 10.76–46.36%, 30.04–195.65%, and 0.02–17.03%, respectively. However, the R60 and P60
had the lowest cumulative stocks of SMC, decreasing by 14.69% and 8.05%, respectively. The biochar
treatment of more than 20 t ha−1 reduced the ratio of SMC:SOC and active fractions:SOC. Therefore,
it can be inferred that the application of biochar improved the levels of SOC, MBC, and DOC, and the
application of more than 20 t ha−1 biochar could decrease soil carbon mineralization, thus improving
the stability of SOC in tropical farmlands.

Keywords: biochar; tropical farmland; SOC; active fractions; stability

1. Introduction

As far as we know, the tropics cover approximately 40% of the Earth’s surface and
support approximately 40% of the world’s population. This proportion is likely to rise to
50% by the end of 2030 [1]. However, soil organic carbon (SOC) deficiency in most tropical
regions, rapid decomposition in high-temperature and humid environments, low overall
nutrient content, and the overuse of synthetic fertilizers that damage soil structure pose
major challenges to sustainable agriculture in the tropics [2–5]. Importantly, SOC is one of
the indicators that measures the fertility and quality of farmland soil [3]. We can enhance
and store SOC by applying carbon (C)-rich amendments to improve soil fertility in tropical
regions. Considering the unique climate environment of tropical regions, when choosing
C-rich amendments, we need to consider whether they can resist the impact of climatic
factors. In other words, can they be stored in soil for a long time and not easily decompose?

Biochar provides us with a good option as it is a carbon sequestration material pro-
duced through thermochemical reactions from biomass such as straw, wood, and fertilizers
in low-oxygen or anaerobic environments [6–8]. To date, biochar has been widely used
for crop production, soil improvement, and waste management [9–12]. Numerous studies
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have demonstrated that biochar can enhance soil organic matter content, improve soil
physical and chemical properties, increase crop yield, and decrease soil greenhouse gas
emissions [13–17]. In temperate planting systems, although composite biochar mixtures
can replace mineral fertilizers and be directly used for crop growth and development [18],
their potential to increase crop yield is relatively small [19]. As tropical soils are highly
weathered, nutrient-poor, and have a low pH, biochar correction has more potential to
improve soil fertility and quality. Our previous research also demonstrated that the use of
biochar has a substantial effect on the physical and chemical characteristics as well as the
enzyme activities of dry red soil in tropical farmlands [20].

Biochar application is an essential measure for increasing the soil carbon pool [16]. A
large amount of biochar added to soil will directly change the quantity and composition
of SOC. Dong et al. [21] used biochar made from rice husks and cottonseed husks at
different application rates (0, 30, 60, and 90 t/ha), and the SOC content increased with the
increase in application rate. The main reason for this increase was the direct contribution of
stable carbon sources in biochar [22]. Biochar not only increases the content of SOC but
also promotes the formation of soil macroaggregates, thereby increasing the stability of
SOC [23]. Applying biochar to soil improves the soil’s physicochemical properties, increases
the soil’s microbial biomass [24,25], and then increases the MBC content [26]. Researchers’
conclusions on the impact of biochar on SOC mineralization are inconsistent [27–29],
obtaining positive, negative, or neutral results. Adding aged sugarcane bagasse and
rice husk biochar can inhibit soil respiration and reduce the absolute accumulation of
CO2-C [30]. However, the application of straw or straw + biochar alone will increase CO2-C
emissions in the soil, and only adding biochar alone (2%) can reduce them [31], indicating
that biochar can reduce SOC mineralization. Dong et al. [21] found that an increase in the
biochar application rate significantly reduced the content of SOC active fractions, with
60 t ha−1 and 90 t ha−1 treatments significantly reducing the content by 33.2% and 47.7%,
respectively. In summary, the effect of biochar application on the soil carbon pool varies
with the type of biochar, the rates of biochar application, and the type of soil.

The stability of SOC can be evaluated by analyzing the proportion of active fractions
to SOC [26], and the common active fractions of SOC include microbial biomass carbon
(MBC), dissolved organic carbon (DOC), and soil mineralizable carbon (SMC) [32,33]. The
MBC to SOC ratio can be used as an indicator of soil carbon availability, carbon loss, and
carbon stability [34,35]. The DOC to SOC ratio can also be used as a stability indicator.
Zhang et al. [36] showed that the DOC to SOC ratio near the Yellow River is relatively high,
indicating that the stability of SOC is relatively low under strong hydrological processes.
Therefore, considering the key role of SOC in soil carbon cycling in farmlands, improving
farmland carbon sequestration and revealing the mechanism affecting the stability of SOC
are of great significance in soil carbon sequestration.

Extensive research on biochar has also been conducted in tropical regions, but it mainly
focuses on improving the soil to increase crop yield or slow greenhouse gas emissions.
However, there is still insufficient research on SOC and active fractions, and it is crucial to
conduct research on the effects of biochar on SOC and stability in tropical regions. Therefore,
we conducted a field experiment to investigate the influence of two biochar types (rice hull
and peanut shell) with four application rates on the SOC and active fractions. Our aims
were to (1) identify the changes in the SOC and active fractions upon biochar’s addition
and (2) assess the possible relationships of the active carbon fractions and carbon stability
with the soil physicochemical properties and soil enzyme activity when treated with an
application of biochar.

2. Materials and Methods
2.1. Experimental Site and Design

The experiment was conducted at the experimental base for tropical crops at the
College of Hainan University in Ledong County, Hainan Province (18◦39′6′′ N, 108◦46′22′′

E, 66.8 m a.s.l). The region has a tropical monsoon climate, with an average annual rainfall
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of 1279.1 mm, an average annual temperature of 24.5 ◦C, and an average evaporation of
2400–2600 mm, and rainfall is concentrated from May to October [37]. The soil type studied
is Lixisols [38]. The specific precipitation and temperature data can be found in Figure S1.
The basic physicochemical properties of the soil (0–20 cm) before the experiment are listed
in Table 1.

Table 1. Basic physicochemical properties of experimental site and biochar.

Property Soil Rice Hull Biochar Peanut Shell
Biochar

Sand% 77.81 - -
Silt% 18.89 - -

Clay% 3.30 - -
SOC (g kg−1) 4.00 - -

Alkali hydrolyzed nitrogen (mg kg−1) 34.24 - -
Available phosphorus (mg kg−1) 187.50 - -
Available potassium (mg kg−1) 183.79 - -

EC (µS cm−1) - 1445 1375
pH 5.97 9.83 10.05

Carbon content (%) - 43.42 39.66
Hydrogen content (%) - 1.68 1.73

Oxygen content (%) - 14.75 15.11
Nitrogen content (%) - 0.71 1.40

C:N - 25.85 28.33
O:C - 0.25 0.29
H:C - 0.47 0.52

(O+N):C - 0.27 0.32

The R biochar and P biochar used in this experiment were pyrolyzed under high-
temperature anaerobic conditions at 500 ◦C (commercially purchased from Henan Sanli
New Energy Co., Ltd., Nanyang, China). The characteristics of the biochar are listed in
Table 1.

Two types of biochar, rice hull (signature R) and peanut shell (signature P), were used
in this study. The application rates of biochar were 10 t ha−1, 20 t ha−1, 40 t ha−1, and
60 t ha−1, designated R10, R20, R40, R60, P10, P20, P40, and P60, respectively. No biochar
treatment was used as the control (signature CK). There were nine treatments and three
replicates for each treatment. Each replicate consisted of a plot with a size of 25.2 m2

(length × width: 7.2 m × 3.5 m), and the plots were separated by a 0.5 m isolation zone.
The experiment began in October 2019. Biochar was thoroughly mixed with topsoil

(0–20 cm) by a mechanical method. Biochar will not be supplemented in future experiments.
We adopted the Solanum lycopersicum Mill–spring maize–summer maize rotation tillage
system with Solanum lycopersicum Mill planted in October and harvested in early March,
spring maize planted in mid-March and harvested in early June, and summer maize planted
in early July and harvested in late September. When planting Solanum lycopersicum Mill,
compound fertilizer (N: P2O5: K2O, ratio: 15:15:15) was applied five times, for a total of
1949.03 kg ha−1. When planting spring maize, compound fertilizer (N: P2O5: K2O, ratio:
15:15:15) was applied once, for a total of 750 kg ha−1; 46% urea was applied twice, for a
total of 450 kg ha−1. The fertilization of the summer maize was the same as that of spring
maize. Soil samples were collected after the summer maize harvest on 28 September 2021
(two years after biochar application). All farming operations were consistent with those of
local high-yield fields.

2.2. Soil Sampling and Index Determination

The five-point sampling method was adopted in each plot to collect soil samples
with a soil drill. The sampling depths were 0–10 cm, 10–20 cm, and 20–30 cm. Five soil
samples from the same soil layer within the same plot were mixed to form one soil sample.
The soil samples were divided into two parts: fresh soil samples were stored in a 20 ◦C
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refrigerator for laboratory culture experiments and to determine the fresh sample index,
and the others were naturally air dried. These air-dried samples were used to determine
the basic properties of soil once the fine roots had been manually removed and the samples
had been ground and passed through 2 mm and 1 mm sieves successively.

Soil pH (H2O) was determined with a glass electrode (soil:solution = 1 g:2.5 mL) [39].
Soil bulk density (BD) was measured by ring knife method. Soil moisture content (MC)
was measured by weighing method [40]. SOC was measured by the “wet combustion
method” [41]. Samples were digested with an accelerator (K2SO4:CuSO4:Se = 100:10:1) [41],
and then total nitrogen (TN) was measured with the French AMS Alliance Futura con-
tinuous flow analyzer. MBC was determined by the fumigation extraction method [42].
DOC was extracted via 0.5 M K2SO4 and determined by a TOC analyzer (TOC-L Shimadzu,
Tokyo, Japan). Soil sucrase activity was measured by 3,5-dinitrosalicylic acid; soil catalase
activity was measured by potassium permanganate titration; soil urease activity was mea-
sured by indiophenol blue; and soil acid phosphatase activity was measured by bisodium
benzene phosphate [43].

The pH of the biochar was determined in ultrapure water at a ratio of 1:10 w:v by a pH
meter (Seven Compact S220). The hydrocarbon, oxygen, and nitrogen elements of biochar
were determined by an element analyzer (PrecisION, ELEMENTARY, Frankfurt, Germany).

2.3. Mineralizable Carbon Determination

The SMC was determined by the alkali absorption method, and the specific operation
steps were as follows: to make the culture conditions relatively consistent, the soil samples
were precultured in a 25 ◦C constant-temperature incubator for seven days to restore the
soil samples from −20 ◦C to the average temperature. To make the soil absorb water evenly,
a piece of filter paper with a diameter of 7 cm was placed at the bottom of the 250 mL
plastic culture bottle, and 60 g of soil sample that had passed through the 5 mm sieve
was placed on the filter paper. The water demand was calculated when the maximum
water-holding capacity of the soil was 60%, which was supplemented by the weighing
method to determine if more water was needed. After the preculture was complete, the
planting basket was placed into a 250 mL plastic culture bottle and then placed into a small
beaker containing 5 mL 0.5 mol L−1 NaOH solution. The cap of the culture bottle was
tightened and properly sealed. The small beaker was removed on the 2nd, 5th, 8th, 11th,
14th, 17th, 24th, 31st, 38th, 45th, 52nd, 59th, 66th, 73rd, 80th, 87th, and 90th days after
culture was complete. The solution was transferred into a 50 mL triangular flask, 2 mL of
1 mol L−1 BaCl2 solution and two drops of phenolphthalein indicator were added, and the
solution was titrated with 0.1 mol L−1 HCl until the red color disappeared. At the same
time, a new NaOH solution was added to the small beaker.

2.4. Statistical Analysis

We used the following equation to calculate SOC (MBC, DOC, and SMC) stocks [44]:

SOC stock (t ha−1) = BD (g cm−3) × SOC (g kg−1) × D (cm)/10 (1)

where BD is the soil bulk density, SOC is the SOC content, and D is the soil sampling thickness.
To evaluate the difference between the average values of biochar treatment, SPSS

Statistics 25 was used for one-way and multi-way ANOVAs, the Duncan method was
used for multiple comparisons, and the significance level was set as 0.05. The redundancy
analysis (RDA) method and Pearson’s linear correlation coefficient analysis were used to
evaluate the relationships among soil properties, soil enzyme activities, active fractions,
and SOC stability.

3. Results
3.1. Changes in SOC and Active Fraction Contents

The biochar types, rates, and soil depths all had significant impacts on the contents of
SOC and the active fractions (Table 2). The application of R biochar significantly increased
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the SOC contents at 0–10 cm. Compared with CK, the SOC contents of R10, R20, R40,
and R60 increased by 50.44%, 86.95%, 68.71%, and 118.15%, respectively, and the SOC
content of the R60 treatment was the highest at 13.79 g kg−1. In the 10–20 cm soil layer, the
SOC of the R60 treatment was the highest at 9.34 g kg−1, which was significantly higher
than that of the CK, R10, R20, and R40 treatments (Figure 1a). After applying R biochar,
the MBC contents increased significantly with increasing biochar application rates in the
0–10 cm, 10–20 cm, and 20–30 cm soil layers; the R60 treatment had the highest MBC
contents, with values of 172.73 mg kg−1, 139.62 mg kg−1, and 154.77 mg kg−1, respectively,
which were significantly higher than those of the other treatments (p < 0.05). Compared
with the CK treatment, the MBC contents of R60 increased by 274.87%, 139.37%, and
223.83%, respectively (Figure 1b).
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Figure 1. Changes in SOC (a) and active carbon (b–d) contents under R biochar treatment. R10, R20,
R40, and R60 indicate that the rates of R biochar applied are 10 t ha−1, 20 t ha−1, 40 t ha−1, and
60 t ha−1, respectively. CK: no biochar. SOC, soil organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; SMC, soil mineralizable carbon. Different lowercase letters indicate
significant differences among the different treatments in the same soil layer at the 0.05 level.
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Table 2. A two-way ANOVA for SOC, MBC, DOC, and SMC content and corresponding stocks in
the experiment.

Factors

Variables F (p) Values

SOC MBC DOC SMC SOC
Stocks

MBC
Stocks

DOC
Stocks

SMC
Stocks

Biochar type 5.443
(0.023)

7.862
(0.007)

1398.609
(<0.001)

0.009
(0.925)

0.535
(0.468)

11.022
(0.002)

13.211
(0.001)

5.333
(0.024)

Application rates 41.105
(<0.001)

321.791
(<0.001)

145.764
(<0.001)

18.365
(<0.001)

21.581
(<0.001)

220.728
(<0.001)

31.193
(<0.001)

29.291
(<0.001)

Biochar type *
Application rates

1.64
(0.176)

2.395
(0.06)

15.43
(<0.001)

10.469
(<0.001)

1.332
(0.268)

5.781
(0.001)

20.014
(<0.001)

0.631
(0.624)

Note: * represents p ≤ 0.05. SOC, soil organic carbon; MBC, microbial biomass carbon; DOC, dissolved organic
carbon; SMC, cumulative SOC mineralization.

In the 0–10 cm, 10–20 cm, and 20–30 cm soil layers, the R60 treatment had the highest
DOC contents at 218.03 mg kg−1, 147.97 mg kg−1, and 158.77 mg kg−1, respectively.
The DOC contents increased with increasing biochar application rates in the 0–10 cm
and 20–30 cm soil layers, and there were significant differences among the treatments
(Figure 1c). In the 0–10 cm soil layer, the R10 treatment had the lowest SMC content, which
was 2607.09 mg kg−1. The R10 treatment had the highest SMC contents in the 10–20 cm
and 20–30 cm soil layers, with 2630.09 mg kg−1 and 2377.68 mg kg−1, respectively, which
were significantly higher than those of the other treatments. There were increases of 27.37%
and 47.18%, respectively, compared to CK. The R60 treatment had the lowest SMC contents
(Figure 1d).

The application of P biochar significantly increased the SOC contents in the 0–10 cm
layer. The highest contents of SOC were recorded for P60 in the 0–10 cm, 10–20 cm, and
20–30 cm soil layers, which were 10.84 g kg−1, 9.84 g kg−1, and 8.28 g kg−1, respectively,
and were significantly higher than those of the other treatments, with an increase of 33.47–
70.87% compared with the CK (Figure 2a). In the 0–10 cm, 10–20 cm, and 20–30 cm soil
layers, the MBC contents increased significantly with increasing P biochar application
rates, and the P60 treatment had the highest MBC contents, while the CK had the lowest
MBC contents (Figure 2b). After applying P shell biochar, the DOC contents improved
significantly in most cases. The highest DOC content was recorded for the P20 treatment in
the 0–10 cm soil layer (223.63 mg kg−1), while the lowest DOC content was recorded in
the CK (173.27 mg kg−1). In the 10–20 cm and 20–30 cm soil layers, the R60 treatment had
the highest DOC contents (Figure 2c). In the 0–10 cm soil layer, the P10 treatment had the
highest SMC content, which was 3708.08 mg kg−1 and increased by 25.38% compared with
that of the CK. In the 10–20 cm and 20–30 cm soil layers, the P60 treatment had the highest
SMC contents, with 2182.23 mg kg−1 and 1760.62 mg kg−1, respectively (Figure 2d).

3.2. Changes in SOC and Active Fraction Stocks

The SOC stocks of the R60 treatment in the 0–10 cm, 10–20 cm, and 20–30 cm
soil layers were the highest at 24.58 t ha−1, 17.77 t ha−1, and 11.13 t ha−1, respectively
(Figure 3a). The soil MBC stocks increased with increasing R biochar application rates.
The MBC stocks of the R60 treatment were the highest at 0.308 t ha−1, 0.264 t ha−1, and
0.302 t ha−1, respectively, which were significantly higher than the CK, with an increase of
132.91–251.21% (Figure 3b). The soil DOC stocks of the R60 treatment in the 0–10 cm and
10–20 cm soil layers were the highest and were significantly higher than those of the CK,
R10, R20, and R40 treatments, with an increase of 14.83–54.30% compared with the other
treatments (Figure 3c). In the 0–10 cm soil layer, the SMC stocks of the CK treatment were
significantly higher than those of the R10, R20, R40, and R60 treatments. In the 10–20 cm
and 20–30 cm soil layers, the R10 treatment had the highest SMC stocks, with 5.01 t ha−1

and 4.42 t ha−1, respectively (Figure 3d).
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The application of P biochar significantly increased SOC stocks in the 0–10 cm layer,
and the P10 treatment had the highest SOC stocks, with 21.03 t ha−1. In the 10–20 cm and
20–30 cm soil layers, the P60 treatment had the highest SOC stocks, which were 16.83 t ha−1

and 15.07 t ha−1, respectively (Figure 4a). The application of P biochar increased MBC
stocks in the 0–10 cm, 10–20 cm, and 20–30 cm soil layers, and MBC stocks increased with
increasing biochar application rates. The MBC stocks of the P40 and P60 treatments were
the highest, with 0.303 t ha−1 and 0.361 t ha−1 (0–10 cm), 0.261 t ha−1 and 0.243 t ha−1

(10–20 cm), and 0.204 t ha−1 and 0.213 t ha−1 (20–30 cm), respectively (Figure 4b). The soil
DOC stocks decreased with increasing biochar application rates in the 0–10 cm soil layer.
In the 20–30 cm soil layer, the DOC stocks increased with increasing biochar application
rates (Figure 4c). The SMC stocks decreased with increasing soil depths. In the 0–10 cm
soil layer, the SMC stocks of the P10 treatment were the highest at 7.94 t ha−1 and were
significantly higher than those of the other treatments (Figure 4d).
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Figure 3. Changes in SOC (a) and active carbon fraction (b–d) stocks under the R biochar treatment.
R10, R20, R40, and R60 indicate that the rates of R biochar applied are 10 t ha−1, 20 t ha−1, 40 t ha−1,
and 60 t ha−1, respectively. CK: no biochar. SOC, soil organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; SMC, soil mineralizable carbon. Different lowercase letters indicate
significant differences among the different treatments in the same soil layer at the 0.05 level.

The application of R biochar increased the cumulative stocks of SOC and MBC, and the
cumulative stocks of MBC increased significantly with increasing biochar application rates.
The cumulative SMC stocks in the R10 treatment were the highest and were significantly
higher than those in the CK, with an increase of 10.90%. The cumulative SMC stocks in the
R20, R40, and R60 treatments were significantly lower than those in the CK (Figure 5a). The
application of P biochar significantly increased the cumulative stocks of SOC, MBC, and
DOC, and the cumulative stocks of SOC and MBC in the P60 treatment were the highest,
at 50.26 t ha−1 and 0.82 t ha−1, respectively. The cumulative stocks of soil DOC were not
significantly different in terms of the amount of biochar applied, but they increased by
14.24–17.03% compared with the CK. The cumulative stocks of SMC in the P10-treated
soil were the highest at 14.43 t ha−1 and were significantly higher than those in the other
treatments (Figure 5b).
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Figure 4. Changes in SOC (a) and active carbon fraction (b–d) stocks under P biochar treatment. P10,
P20, P40, and P60 indicate that the rates of P biochar applied are 10 t ha−1, 20 t ha−1, 40 t ha−1, and
60 t ha−1, respectively. CK: no biochar. SOC, soil organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; SMC, soil mineralizable carbon. Different lowercase letters indicate
significant differences among the different treatments in the same soil layer at the 0.05 level.

3.3. Changes in SOC Stability

The application of R biochar significantly increased the proportions of MBC:SOC, and
the R40 and R60 treatments had significantly higher proportions than the CK, R10, and
R20 treatments (Figure 6a). The SMC had the highest proportions, and the MBC accounted
for the lowest proportions among the three active carbon fractions, with 20.53–35.15% and
0.81–1.64% of the SOC, respectively (Figure 6a,c). The proportions of active carbon fractions
accounting for the SOC decreased with increasing R biochar application rates, and the
proportions of active carbon fractions in the R20, R40, and R60 treatments were significantly
lower than those in the CK and R10 treatments (Figure 6d).
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Figure 5. Changes in cumulative stocks of SOC (a) and active carbon fractions (b) under R and P
biochar treatments. R10, R20, R40, and R60 indicate that the rates of R biochar applied are 10 t ha−1,
20 t ha−1, 40 t ha−1, and 60 t ha−1, respectively. P10, P20, P40, and P60 indicate that the rates of
R biochar applied are 10 t ha−1, 20 t ha−1, 40 t ha−1, and 60 t ha−1, respectively. CK: no biochar.
SOC, soil organic carbon; MBC, microbial biomass carbon; DOC, dissolved organic carbon; SMC, soil
mineralizable carbon. Different lowercase letters indicate significant differences among the different
treatments in the same soil layer at the 0.05 level.

The application of P biochar significantly increased the proportions of MBC:SOC, and
the R40 treatment had the highest proportions, which were significantly higher than those
of the CK, with an increase of 82.21% (Figure 7a). The proportion of DOC:SOC for the
R60 treatment was the lowest at 1.71% (Figure 7b). The SMC:SOC proportions showed a
downward trend with increasing P biochar application rates, and the R60 treatment was
the lowest at 23.54% (Figure 7c). The proportion of active carbon fractions accounting for
SOC decreased with increasing P biochar application rates (Figure 7d).

3.4. Change in Physicochemical Properties and Enzyme Activities of Soil with Biochar Addition

According to Table 3, the application of biochar changed the soil pH value, but there
was no significant difference among the treatments. Biochar can reduce the soil bulk density,
with the R20 and P60 treatments having the lowest soil bulk densities of 1.75 g cm−3 and
1.75 g cm−3, respectively. The soil moisture content, total nitrogen, total phosphorus,
available phosphorus, and available potassium were the highest under the R60 treatment,
with values of 11.46%, 0.77 g kg−1, 0.35 g kg−1, 152.90 mg kg−1, and 137.14 mg kg−1,
respectively. Compared with the CK, it increased by 28.33%, 35.09%, 16.67%, 19.29%, and
122.56%, respectively. The soil moisture content, total nitrogen, and available phosphorus
contents were the highest under the P60 treatment, with values of 11.67%, 0.81 g kg−1, and
137.74 mg kg−1, respectively. Biochar increased the soil enzyme activity (Suc, Ure, A Pho,
Cat) and showed an increasing trend with the increase in biochar application rates. The Suc
and Cat enzyme activities were the highest in the R10 treatment, with 120.32 µg g−1 h−1

and 0.45 mL g−1 0.5 h−1, respectively, and were significantly higher than other treatments.
The Ure and A Pho activities were the highest in the R20 treatment, with values of 6.19 µg
g−1 h−1 and 0.36 mg g−1 10 h−1, respectively. The soil enzyme activity was the highest in
the P60 treatment, significantly higher than that of the other treatments.
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Figure 6. The proportions of active carbon fractions accounting for SOC under the R biochar treatment.
R10, R20, R40, and R60 indicate that the rates of R biochar applied are 10 10 t ha−1, 20 t ha−1, 40 t ha−1,
and 60 t ha−1, respectively. CK: no biochar. SOC, soil organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; SMC, soil mineralizable carbon; (a): MBC:SOC, the proportion of
MBC stock accounting for the SOC stock (0–30 cm); (b): DOC:SOC, the proportion of DOC stock
accounting for the SOC stock (0–30 cm); (c): SMC:SOC, the proportion of SMC stock accounting for
the SOC stock (0–30 cm); (d): active fraction, the sum of MBC, DOC, and SMC; active fraction:SOC,
the proportion of active fraction stock accounting for the SOC stock (0–30 cm). Different lowercase
letters indicate significant differences among the different treatments in the same soil layer at the
0.05 level.

3.5. Correlations among Active Carbon Fractions, Carbon Stability, and Soil Properties

The RDA showed that the soil physicochemical properties and enzyme activities
explained 60.47% of the total variation in the active carbon fractions and SOC stability
characteristics (Figure 8). The contribution rate of Suc to activated carbon fractions and
carbon stability was the highest, accounting for 50.7% (Table S1). The correlations among the
active carbon fractions, carbon stability, soil physical and chemical properties, and enzyme
activities are shown in Figure 8b. The SOC was significantly or extremely significantly
correlated with the soil physicochemical properties and soil enzyme activities. The MBC
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was significantly negatively correlated with BD and was significantly positively correlated
with MC, TN, AP, AK, and soil enzyme activities (Suc, Ure, A Pho, Cat). The DOC had
a significantly positive correlation with MC, TN, TP, AP, and soil enzyme activities (Suc,
Ure, A Pho, Cat). The SMC was significantly positively correlated with TN, TP, AP, and
soil enzyme activities (Suc, Ure, A Pho, Cat). Soil physicochemical properties and enzyme
activity had little correlation with the proportions of active fractions accounting for the
SOC and the stocks of SOC, MBC, DOC, and SMC (Figure 8b).
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Figure 7. The proportions of active carbon fractions accounting for SOC under the P biochar treatment.
P10, P20, P40, and P60 indicate that the rates of P biochar applied are 10 t ha−1, 20 t ha−1, 40 t ha−1,
and 60 t ha−1, respectively. CK: no biochar. SOC, soil organic carbon; MBC, microbial biomass carbon;
DOC, dissolved organic carbon; SMC, soil mineralizable carbon; (a): MBC:SOC, the proportion of
MBC stock accounting for the SOC stock (0–30 cm); (b): DOC:SOC, the proportion of DOC stock
accounting for the SOC stock (0–30 cm); (c): SMC:SOC, the proportion of SMC stock accounting for
the SOC stock (0–30 cm); (d): active fraction, the sum of MBC, DOC, and SMC; active fraction:SOC,
the proportion of active fraction stock accounting for the SOC stock (0–30 cm). Different lowercase
letters indicate significant differences among the different treatments in the same soil layer at the
0.05 level.
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Table 3. Basic physicochemical properties and enzyme activities of dry red soil in 0–30 cm soil layer after two years of application.

Biochar Type Rates

Basic Physicochemical Properties Soil Enzyme Activities

pH
Soil Moisture

Content
(%)

Soil Bulk
Density
(g cm−3)

Total
Nitrogen
(g kg−1)

Total
Phosphorus

(g kg−1)

Available
Phosphorus
(mg kg−1)

Available
Potassium
(mg kg−1)

Suc
(µg g−1 h−1)

Ure
(µg g−1 h−1)

A Pho
(mg g−1 10

h−1)

Cat
(mL g−1 0.5

h−1)

Rice hull
biochar

CK 5.89 ± 0.14 a 8.93 ± 0.05 b 1.94 ± 0.02 a 0.57 ± 0.02 d 0.30 ± 0.01 ab 128.17 ± 3.42 bc 61.62 ± 3.24 d 78.47 ± 1.48 b 4.74 ± 0.21 b 0.28 ± 0.02 c 0.29 ± 0.0 c
R10 5.98 ± 0.14 a 10.79 ± 0.3 a 1.87 ± 0.03 ab 0.69 ± 0.01 b 0.31 ± 0.01 ab 129.23 ± 0.87 bc 74.72 ± 1.18 c 120.32 ± 8.83 a 5.15 ± 0.63 ab 0.31 ± 0.01 bc 0.45 ± 0.0 a
R20 5.94 ± 0.1 a 10.73 ± 0.38 a 1.75 ± 0.03 b 0.62 ± 0.01 cd 0.31 ± 0.01 ab 142.97 ± 1.06 ab 76.06 ± 4.73 c 85.41 ± 5.4 b 6.19 ± 0.12 a 0.36 ± 0.01 a 0.39 ± 0.0 b
R40 5.78 ± 0.04 a 10.65 ± 0.23 a 1.79 ± 0.03 b 0.65 ± 0.02 bc 0.28 ± 0.01 b 125.85 ± 3.19 c 109.93 ± 1.18 b 89.47 ± 3.13 b 5.44 ± 0.18 ab 0.32 ± 0.01 b 0.37 ± 0.0 b
R60 5.98 ± 0.27 a 11.46 ± 0.18 a 1.87 ± 0.07 ab 0.77 ± 0.02 a 0.35 ± 0.03 a 152.9 ± 9.93 a 137.14 ± 3.86 a 93.36 ± 5.09 b 5.06 ± 0.32 ab 0.32 ± 0.01 b 0.38 ± 0.0 b

Peanut shell
biochar

CK 5.89 ± 0.14 a 8.93 ± 0.05c 1.94 ± 0.02 b 0.57 ± 0.02 c 0.30 ± 0.01 ab 128.17 ± 3.42 ab 61.62 ± 3.24 c 78.47 ± 1.48 d 4.74 ± 0.21 c 0.28 ± 0.02 b 0.29 ± 0.0 c
P10 5.76 ± 0.28 a 9.84 ± 0.1 b 2.05 ± 0.01 a 0.55 ± 0.01 b 0.28 ± 0.01 ab 110.52 ± 2.85 b 70.95 ± 2.61 bc 106.85 ± 2.04 b 6.85 ± 0.27 ab 0.3 ± 0.01 b 0.38 ± 0.0 b
P20 5.89 ± 0.34 a 10.96 ± 0.24 a 1.85 ± 0.03 b 0.67 ± 0.01 c 0.27 ± 0.02 b 144.45 ± 5.13 a 78.72 ± 6.12 b 67.41 ± 2.8 e 4.72 ± 0.49 c 0.28 ± 0.01 b 0.43 ± 0.0 b
P40 5.91 ± 0.33 a 11.07 ± 0.35 a 1.94 ± 0.07 b 0.59 ± 0.02 c 0.33 ± 0.03 a 138.64 ± 16.4 ab 82.39 ± 3.2 b 94.09 ± 4.08 c 6.14 ± 0.16 b 0.3 ± 0.01 b 0.39 ± 0.0 b
P60 6.03 ± 0.21 a 11.67 ± 0.22 a 1.75 ± 0.01 c 0.81 ± 0.01 a 0.31 ± 0.01 ab 137.74 ± 11.67 ab 138.58 ± 0.62 a 135.16 ± 3.29 a 7.29 ± 0.16 a 0.35 ± 0.01 a 0.52 ± 0.0 a

R10, R20, R40, and R60 indicate that the rates of R biochar applied are 10 t ha−1, 20 t ha−1, 40 t ha−1, and 60 t ha−1, respectively. P10, P20, P40, and P60 indicate that the rates of R biochar
applied are 10 t ha−1, 20 t ha−1, 40 t ha−1, and 60 t ha−1, respectively. CK: no biochar. Suc, sucrase activity; Ure, urease activity; A Pho, acid phosphatase activity; Cat, catalase activity.
Different lowercase letters indicate significant differences among the different treatments in the same soil layer at the 0.05 level.
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4. Discussion
4.1. Effects of Biochar Application on SOC Contents and Stocks in Tropical Farmlands

The results of this study indicated that the biochar types and application rates had
significant impacts on the contents and stocks of SOC (Figures 1–4 and Table 2), which
align with the results of some previous studies [18,22]. The application of biochar led to
an increase in SOC contents and stocks, with a corresponding increase in application rates
in the 0–10 cm soil profile, and the effects of the biochar application on SOC decreased
with increasing soil depths. This phenomenon may be attributed to the fact that the soil
used in this experiment was developed in a low-carbon environment (4.00 g kg−1), and
the carbon contents of the R and P biochar were 43.42% and 39.66% (Table 1), but with
little heterogeneity between the two, respectively. Additionally, the biochar is stable and
able to persist in soil for extended periods [45,46]. It has the capability to sequester carbon
by modifying the physical and chemical properties of soil, which ultimately leads to a
reduction in carbon emissions [47–50], thus resulting in an increase in SOC.

According to Lin et al. [51], topsoil is more susceptible to agricultural practices and
climatic changes than subsoil. In this study, the biochar was mixed with the soil in the
0–20 cm layer after its application, which resulted in the surface soil being more sensitive
than the 20–30 cm soil profile to the biochar application; thus, the organic carbon was
primarily clustered in the topsoil. However, studies have indicated that the subsoil often
contains a higher proportion of stable organic carbon [52], and the soil with the lowest
SOC stocks has the highest potential to sequester carbon and increase its SOC stocks [53].
Therefore, more research needs to be conducted in the future.

4.2. Effects of Biochar on the Active Fractions of SOC in Tropical Farmlands

MBC is considered an important indicator for measuring soil microbial biomass, and
subtle changes in MBC affect the conversion of SOC and nutrients [54]. This study found
that the MBC contents increased with increasing biochar application rates in the 0–10 cm,
10–20 cm, and 20–30 cm soil profiles. Furthermore, the MBC content under the 10 t ha−1

treatment was significantly higher than that under the control (CK). These results may be
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due to the following reasons: first, biochar can be absorbed and utilized by microorgan-
isms [55], providing a sufficient carbon source for them. This guarantees material provision
for microbial growth and reproduction, ultimately increasing microbial biomass [56,57].
Second, a low C:N ratio of less than 50 (Table 1), combined with the unstable carbon within
biochar, can stimulate the accumulation of soil microbial biomass [58,59]. However, when a
high C:N ratio was added to the soil, the MBC content was reduced [59]. Third, the biochar
porosity is beneficial in retaining carbon, nitrogen, phosphorus, sulfur, and other elements,
as well as improving the soil environment, which is more conducive to the reproduction
and growth of microorganisms [60], and the varying sizes of these pores make them ideal
shelters that can provide physical protection for soil microorganisms [61,62].

It has been confirmed that biochar contains unstable organic carbon fractions [57] and
DOC [63]. The release of DOC and the selective adsorption capacity of small-molecule
DOC in soil contributed to the increase in DOC [64]. Therefore, the DOC increased with
increasing biochar application rates, and the DOC of the biochar treatment was significantly
higher than that of the CK (p < 0.05). A positive correlation between the application amount
of biochar and DOC was found by Qiu et al. [65]. This aligns with our research results.
However, importantly, the composition and quantity of DOC can vary depending on
the type of biochar [66]. The increase in soil pH may lead to the deprotonation of weak
functional groups in DOC molecules, resulting in an increase in the concentration of DOC
when it easily dissolves in water [67–69]. While the pH in this study only increased by
0.09–0.14 units, the impact of soil pH on DOC cannot be denied. The content and stocks
of DOC in the 0–10 cm soil layer treated with biochar were generally higher than those
in the 10–20 cm and 20–30 cm layers (Figures 1c, 2c, 3c and 4c). Previous studies have
demonstrated that the stocks of DOC in soil are primarily concentrated in the 0–10 cm layer,
with the highest stocks observed in tropical regions [70].

Activated carbon in soil is vulnerable to microbial attack and is the main factor leading
to soil carbon mineralization [30]. As the addition of carbon-rich additives alters the balance
between stable and unstable carbon storage in soils, biochar may have positive or negative
effects on carbon mineralization [71]. Our findings indicate that the SMC decreased with
the soil depth and that the impact of the biochar type and application amount varied across
different soil layers (Figure S2). Compared to deep soil, the stability of SOC in surface
soil is relatively lower [72,73], while the biological activity in surface soil is higher [74].
Therefore, mineralization is more likely to occur in surface soil and lead to an increase in
mineralization accumulation [75].

In this study, the highest cumulative stocks of SMC were observed in the R10 and P10
treatments. However, when the application amount of biochar exceeded 20 t ha−1, the
SMC cumulative stocks decreased (Figure 5a,b). The reduction in cumulative SMC stocks
caused by biochar treatment may be caused by many reasons. First, SOC can trigger the
decomposition of biochar in the initial stage, and biochar may be responsible for delaying
the decomposition of SOC in the later stage [75]. Second, DOC, nutrients, and microorgan-
isms are adsorbed onto biochar, leading to an enhanced carbon utilization efficiency and a
reduction in the activity of enzymes responsible for carbon mineralization [76]. Addition-
ally, CO2-C can be adsorbed on the surface of biochar as carbonate [60,77]. It was observed
that the CO2 flux decreased with increasing biochar application rates [59]. Importantly,
biochar may cause short-term SMC release and still has the potential for long-term carbon
sequestration [78]. Biochar can reduce the mineralization rate of SOC by promoting the
formation of organic mineral complexes [28,79] and adsorbing unstable SOC [80]. The O:C
and H:C values of biochar indicate the level of polarization and aromatization, which can
serve as indicators of the biochar’s stability [81–83]. A recent study demonstrated that as
the pyrolysis temperature increased, the O:C and H:C ratios of biomass decreased. And
these ratios showed significant negative correlations with FC (fixed carbon) [84]. Our study
found that rice hull biochar (R), with lower O:C and H:C ratios (Table 1), had a greater
impact on reducing SMC:SOC after its application, especially in treatments with application
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rates exceeding 20 t ha−1 (Figures 6 and 7). It suggested that rice hull biochar may have a
higher carbon sequestration potential.

4.3. Effect of Biochar on SOC Stability in Tropical Farmlands

The stability of soil organic matter (carbon) is influenced by various factors, including
soil physical and chemical properties, soil microbial activity, and environmental condi-
tions [85]. For poor tropical farmland soils, biochar has great potential to improve the
stability of SOC. In this study, the proportions of active fractions to SOC decreased signifi-
cantly when biochar applications exceeded 20 t ha−1 (Figures 6d and 7d), improving SOC
stability. However, among the proportions of active fractions to SOC, SMC accounted for
the highest proportion, followed by DOC and MBC.

The increase in SMC in tropical farmland soil treated with biochar was found to be
lower than 10 t ha−1. This can be attributed to the fact that the treatment leads to an
increase in microbial habitats and available carbon in soils that initially had a low organic
matter content. Additionally, the adaptability of soil bacteria to nutrient restriction is better
in soils with insufficient organic matter than in soils with sufficient organic matter [86].
According to Lehmann and Kleber [87], the decomposition of SOC is influenced by the
accessibility of microorganisms and enzymes to carbon. Based on the RDA results and Pear-
son correlations, the application of biochar to tropical farmland soil resulted in significantly
positive correlations between soil enzyme activity and soil physicochemical properties
with the active carbon fractions (Figure 8); among them, the contribution rate ranking was
Suc > AK > MC >A pho > Cat (Table S1). These findings suggest that soil enzyme activity
and physicochemical properties have a significant impact on soil active carbon fractions.
The ratio of DOC to SOC can be used as an indicator of SOC stability [88]. The application
of biochar in tropical soil directly reduces the leaching of DOC, thereby reducing C leaching
and enhancing the stability of SOC [89]. The results of this study demonstrated that the
ratio of DOC to SOC in both types of biochar decreased as the application rate increased
(Figures 6b and 7b), which is consistent with the findings of Zhang et al. [88]. Biochar
treatment leads to an increase in the MBC:SOC ratio, which increases with increasing appli-
cation rates, and a higher MBC:SOC ratio indicates a better stability of SOC in agricultural
systems [90].

5. Conclusions

The application of biochar can effectively increase the stocks of SOC in farmlands
located in tropical areas, leading to long-term soil carbon sequestration. The effects of
biochar application rates on MBC and DOC showed a positive correlation. Both R biochar
and P biochar exhibited similar effects. The application of 10 t ha−1 biochar increases the
cumulative stocks of SMC. However, applying more than 20 t ha−1 biochar reduces the
cumulative stocks of SMC. The MBC:SOC ratio increased as the biochar rates increased,
whereas the SMC:SOC ratio and active fraction:SOC ratio showed the opposite trend. This
suggests that a low rate of biochar use promotes carbon emissions, while a high rate of
biochar use inhibits carbon emissions and increases soil stability. Furthermore, the rice hull
biochar demonstrated a greater potential for soil C sequestration compared to the peanut
shell biochar. Further observations of the specific mechanism should be undertaken and
the long-term effects in the tropics should be determined.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy14040676/s1, Figure S1: The monthly mean temperature
and monthly precipitation in the experimental site across the two years after the biochar application
(from October 2019 to October 2021); Figure S2: The dynamics of cumulative CO2-C mineralization
in dry red soil under different biochar applications. R10, R20, R40, and R60 indicate that the biomass
applied to rice hull is 10 t ha−1, 20 t ha−1, 40 t ha−1, and 60 t ha−1, respectively. P10, P20, P40, and P60
indicate that the biomass of peanut shell is 10 t ha−1, 20 t ha−1, 40 t ha−1, and 60 t ha−1, respectively.
CK: no biochar. Table S1: Contribution rate of soil physicochemical indicators and enzyme activity to
active carbon fractions and carbon stability.
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