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Abstract: The application of organisms as part of soil remediation can accelerate the decomposition of
organic matter and the carbon cycle. To explore the synergistic effects of earthworms and phosphate-
solubilizing bacteria on C accumulation in artificially improved soils of manure and in slurry-amended soil,
a dry slope of land was established on the hillside of a large pig farm. Experiments involving six treatments
were performed, including control (CK), pig manure (Pm), and pig manure + slurry (Pm + S) treatments,
as well as manure + slurry + earthworms (Te), manure + slurry + phosphate-solubilizing bacteria (Tb),
and manure + slurry + earthworms + bacteria (T(e + b)). Compared with the CK, both the Pm + S and
T(e + b) treatments significantly increased the SOC content. In particular, the T(e + b) treatment
increased the SOC by 196%. The synergistic effect of T(e + b) on the increase in organic carbon was
consistent with the results of soil-carbon sequestration. After comprehensive fertilization, soil-carbon
sequestration reached 2.87 Mg C hm−2, while stable organic carbon increased to 1.88 Mg C hm−2.
It was also consistent with the result of PCA analysis in which applying earthworms promoted an
increase in insoluble organic carbon. Therefore, in the future, earthworms and organic fertilizers can
be applied to promote organic carbon sequestration on dry sloping land.

Keywords: soil; pig manure; slurry; earthworm; bacterial fertilizer; organic carbon components

1. Introduction

With the rapid development of animal husbandry, the large-scale generation of live-
stock manure has occurred during the past few decades. Livestock manure is an organic
alternative to chemical fertilizers because it contains many beneficial nutrients that promote
agricultural crop production [1,2]. Arid hillside land accounts for approximately 24% of
the total cultivated area in southern China, and strong acidity, low fertility, and low organic
carbon (OC) content impede soil tillage and cultivation practice [3]. Pig manure (Pm) is
rich in organic matter and nutrients and can be converted into organic fertilizer after being
composted [4]. Therefore, the fertility of soils of arid hillside lands could be improved by
the application of Pm.

Soil organic carbon (SOC) in croplands is important with respect to soil fertility, crop
production, and food security, and increasing SOC content is considered a vital measure
to offset carbon dioxide (CO2) emissions [5,6]. There are many factors that affect the
relationship between carbon input and SOC content changes, such as the climate, soil
properties, farming practices, fertilization practices, and crop type [7–10]; one study found
that the application of organic materials can directly increase the input of farmland soil
carbon, thereby improving the fixation of farmland SOC [7,11]. Organic matter enters
the soil through the rhizosphere, straw return, or organic fertilizer and is then converted
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into SOC via biochemical activity, which involves a long-term process [12,13]. The new
SOC slows the decomposition of the original soil organic matter (SOM) [6,14], and studies
have found that when nutrients such as N and P are at sufficient levels, the decomposition
of SOM is inhibited [15,16]. Phosphate-solubilizing bacteria can enhance the release of
available phosphorus in the soil, and earthworms can increase the mineralization rate of the
soil and fresh organic matter in a short period of time [17,18]. Cheng et al. [18] revealed that
earthworms and bacteria accelerate soil nitrogen cycling by stimulating soil mineralization
(ammonification and nitrification) and nitrifier denitrification, increasing the amount of
nitrogen available to plants.

Water-soluble organic carbon (WSOC) refers to polymer-like substances that can be
extracted with water or other extraction solutions and that can pass through a 0.45 µm
filter [19,20]. WSOC represents the soil organic carbon in the soil solution and can often
be directly taken up by plants and microorganisms [21]. In terms of chemical properties,
WSOC can be divided into humus (HS) and nonhumus (NHS) components: humus compo-
nents include humic acid (HA) and fulvic acid (FA), while nonhumus components include
amino sugars, carbohydrates, organic acids, proteins, phenols, etc. [22,23]. In addition,
organic compounds in the soil can be divided into two types: active OC compounds, which
are unstable and easy to mineralize and assimilate, and inactive OC compounds such as
humus and insoluble OM, which have complex structures and can resist microbial degra-
dation and mineralization [24]. Methods including water dissolution, acid dissolution, and
the use of humus are widely used to distinguish between active and recalcitrant OC pools.
The relative composition of the two OC pools reflects the quantity and quality of SOM
accumulation in a soil sample [3].

Reducing carbon sources and increasing carbon sinks represent the most basic method
of achieving carbon neutrality, and soil-carbon sequestration is an essential method for
carbon sinks [12]. Studies have demonstrated that if the carbon content in the soil at a
depth of one meter increases by 4‰, CO2 concentrations will not increase worldwide [25].
Returning straw or applying organic fertilizer to the field can enhance the SOC content, and
Chen et al., found that the annual amount of organic matter mineralization increased to
4.4 t hm−2 after the application of animal manure; however, because the input amount was
higher than the output amount, the SOC content of the cultivated paddy field after 60 years
increased to 48.6 g kg−1 [26]. Therefore, the application of exogenous organic matter is one
of the vital ways to achieve carbon neutrality. In this study, we chose a dry slope of land in
a field on a large pig farm for our experimental, and field trials were conducted for 4 years
to explore the mechanism through which OC accumulates in response to treatment with
Pm, biogas slurry, earthworms, phosphorus-solubilizing bacteria, or their combination, the
results of which could provide new insights into carbon neutrality.

2. Materials and Methods
2.1. Site Description

A typical dry slope of land southwest of Yunfu city, Guangdong Province, in southern
China was selected as the study site (Figure 1). The soil parent material in this area is
weathered granite (Table 1). This area belongs to the subtropical monsoon climate zone;
the average annual precipitation ranges from 1700 to 3100 mm, and the temperature ranges
from 9.7 ◦C to 39 ◦C. The rainy season from April to September contributes more than 70%
of the total annual precipitation, with the most rainfall occurring in August.
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Table 1. Physicochemical properties of soil.

pH SOC
(g·kg−1)

TN
(g·kg−1)

TP
(g·kg−1)

TK
(g·kg−1) AP (mg·kg−1) AK (mg·kg−1)

4.56 ± 0.22 10.44 ± 0.25 0.88 ± 0.03 0.29 ± 0.02 1.71 ± 0.04 21.95 ± 0.51 33.67 ± 0.85

2.2. Materials and Characteristics

Manure samples were taken from a Luochen pig farm. The physical and chemical
characteristics of the Pm are as follows: pH: 7.45; OC: 37.66 g·kg−1; total N: 18.36 g·kg−1;
and available N: 430.58 mg kg−1. Two ecological earthworm species (the epigeic Eisenia
foetida and the endogeic Amynthas robustus) were used. Both of the earthworm species
adapted to the new environments well and reproduced quickly. Earthworms tend to prefer-
entially consume livestock manure, which can accelerate the decomposition of the manure.
Two phosphate-solubilizing bacterial strains (Bacillus subtilis HL-1 and Bacillus cereus NC-1)
were applied as additives. Both strains have been deposited in the China General Micro-
biological Culture Collection Center (CGMCC), registered under CGMCCNO.5175 and
CGMCCNO.6127. These strains are widespread in nature, grow rapidly, are not toxic,
and are harmless to the environment and humans. Bacillus subtilis HL-1 can increase the
availability of phosphate and the efficiency of phosphate availability, increase soil microbial
diversity, and promote the growth of plants [25]. Bacillus cereus NC-1 can increase the
availability of P and N, improve soil microbial community composition, improve soil fertil-
ity, and promote the growth of plants [26]. Information concerning the isolation, culture,
purification, and identification, as well as a more detailed description, of Bacillus subtilis
HL-1 and Bacillus cereus NC-1 can be found in Chinese patent Nos. CN102399713A [27]
and CN103173380A [28], respectively. The copyrights of the related patents belong to the
South China Agricultural University.

2.3. Experimental Design

The experimental design is shown in Table 2. Field research was conducted from Au-
gust 2013 to August 2017 to study the long-term effects of Pm on soil nitrogen and the regula-
tory mechanisms of engineered organisms (earthworms and bacterial fertilizers) underlying
these effects. The pig farm (the area inside the red line in the figure) and study plots (shown
in yellow in Figure 1) are located in Xinxing County, west of central Guangdong Province,
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adjacent to the Pearl River Delta (111◦57′37′′ to 22◦22′46′′ East longitude, 22◦22′46′′ to
22◦50′36′′ North latitude). There were six treatments in total: a control without fertilizer
or engineered organisms (CK), pig manure (Pm), pig manure + biogas slurry (Pm + S), pig
manure + biogas slurry + earthworms (Te), pig manure + biogas slurry + bacterial fertilizer
(Tb), and pig manure + biogas slurry + earthworms + bacterial fertilizer (Te + b). All six
treatments were arranged randomly in each of the four blocks. The hillside slope angle
was approximately 40 degrees, and the experimental plots covered an area of 3000 m2.
Based on different research purposes, the six treatments were divided into two groups.
Group 1 involved three treatments, i.e., CK, Pm, and Pm + S, to evaluate the influences of
the application of pig manure and biogas slurry on soil nitrogen pools and nitrogen cycling.
Group 2 involved four treatments, i.e., Pm + S (T), Te, Tb, and Te + b, to investigate the
regulatory mechanisms of engineered organisms (earthworms and bacterial fertilizer) on
soil nitrogen pools, and nitrogen cycling in soils amended with manure and slurry. Notably,
all the applications were concentrated around trees (1 m2), rather than being spread evenly
over whole plots (120 m2). Four Neolamarckia cadamba saplings were planted in accordance
with a spacing of 5.0 m by 6.0 m in each block. The manure was composted for a month
before application and was applied to the trees at 10 kg tree−1 and 5 kg tree−1 from August
2013 to August 2017, respectively. The trees were irrigated four times a month from April
to September and 10 times a month from October to March via a drip irrigation system
at a volume of 15 L slurry tree−1 each time. The treatments (CK and M) without biogas
slurry were applied through irrigation with an equal volume of water. The irrigation
amount each time was slightly adjusted depending on the precipitation amounts. Each
time, 150 Eisenia foetida (70 mm length, 0.25 ± 0.05 g weight) and 30 Amynthas robustus
(96–150 mm length, 0.7 ± 0.15 g weight) were placed on each tree every year (August 2013,
August 2014, August 2015, August 2016, and August 2017). The survival rate of the earth-
worms was determined every 3 months via random sampling from three plots of each
treatment. A solution of 125 mL of fermented liquid with 109 CFU mL−1 living bacteria
was diluted to 500 mL and applied to each tree every year.

Table 2. Design of experiment.

Dispose Pig Manure
(kg·Strain −1·Time −1)

Biogas Slurry
(L·Strain−1 ·Time −1)

Earthworm
(Strain −1·Time−1)

Bacterial Fertilizer
(L Strain −1·Time −1)

CK — — — —
Pm 10 — — —

P(m + S)/T 10 15 — —
Te 10 15 200 —
Tb 10 15 — 1

T(e + b) 10 15 200 1

Pig manure, earthworms, and fungus fertilizer were added in each layout test, and biogas slurry irrigation
was carried out according to the actual situation. The specific numbers are described in the test layout process.
”—”indicates that no substance has been added.

2.4. Soil Sampling

Twenty-four soil samples (0–20 cm depth) from the six treatments were collected using
a soil auger to minimize the impact of soil fertility differences at different sampling points
in August 2013, August 2014, August 2015, August 2016, and August 2017. Each sample
was a composite of 24 subsamples, with six subsamples collected approximately 20 cm from
the trunk of four trees in the same block. Sampling was conducted before the addition of
manure, earthworms, and bacteria. After the samples were taken back to the laboratory, the
samples were sieved using a 2 mm mesh. A portion of each sample was stored at 4 degrees
for analyses of microbial biomass and soil enzyme activity, and the remaining portion was
air dried at ambient temperature for the determination of soil chemical properties. Then,
some soil samples were ground and subsequently passed through a 0.149 mm sieve for
determination of the total organic matter.
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2.5. Soil Chemical and Microbial Analyses

The OC content was determined by the potassium dichromate external heating
method [29], and the acid-extractable OC components were determined according to
previous methods. Similarly, WSOC and HWSOC were determined according to previous
methods [28]. The reference for the determination of organic carbon components in acid
extraction was from [27]. The composition of humus was determined using the potas-
sium dichromate oxidation method (LY/T1238-1999), and microbial biomass carbon was
determined using chloroform fumigation [30].

2.6. Statistical Analysis

Excel 2010 software and SPSS 12.0 software (SPSS Corporation, located in Chicago,
IL, USA) were used for statistical analysis of the experimental data, and significance was
determined using one-way ANOVA and Duncan’s new complex range method for multiple
comparisons between pairs (p < 0.05). ADE-4 software was used for statistical analysis of
the correlations between variables.

3. Results
3.1. Effects of Different Fertilizer Treatments on the Soil Carbon Pool
3.1.1. Changes in SOC Content

The effects of applying Pm and Pm + S on the SOC content are shown in Figure 2A.
Compared with those of the CK, the SOC content of the Pm and Pm + S treatments increased,
especially in the second year when the difference was significant (p < 0.05). In addition,
with increasing fertilization time, the SOC content gradually increased, peaked in the third
year, reached 19.96 g·kg−1, and then, decreased.

Figure 2. Dynamic change of soil organic carbon content. Bars represent standard errors. Lower case
letters above each panel show statistical significance at p < 0.05. CK pig manure, S slurry, e earthworms,
b bacteria, T Pm + S, Te T + earthworms, Tb T + bacteria, T(e + b) T + earthworms + bacteria. (A) Pig
manure, biogas slurry agricultural use (B) Biological control.

Figure 2B indicates that biological synergy could influence the SOC content. Compared
to the T treatment, the Te treatment obviously increased the SOC content in the first year,
and simultaneously adding earthworms and phosphate-solubilizing bacteria also enhanced
the SOC content, particularly in the first and fourth years when the differences were
significant.

3.1.2. WSOC Content in the Soil

The effects of applying Pm and Pm + S on the WSOC content are shown in Figure 3A.
With the exception of 2015, the WSOC content during each year after the application of
Pm decreased, but the difference was not significant. However, Pm increased the WSOC
content in the second and third years after treatment. In addition, the application of Pm
alone gradually increased the WSOC content before 2015, but then, the WSOC tended to
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decrease after two years. Pm + S gradually enhanced the WSOC in the first three years,
after which it decreased.
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The influence of biological synergy on the WSOC content is demonstrated in Figure 3B.
The WSOC content showed an increasing trend in the first three years compared with
2013, and then, decreased in the fourth year. Furthermore, the application of earthworms
reduced the WSOC in the first two years, while it increased the WSOC in the last two years,
which peaked at 126.60 mg·kg−1 in 2016.

3.1.3. HWSOC Content in the Soil

The impact of Pm and Pm + S on the HWSOC content of the soil is shown in Figure 4A.
With the exception of the first year after treatment, compared with the CK treatment, the
Pm treatment increased the content of HWSOC in the soil each year, which reached a
significant level in the second year, and the difference was not significant in the other years.
Pm + S also promoted HWSOC, however, and the difference reached a significant level in
the second year after the treatment.
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T(e + b) T + earthworms + bacteria (A) Pig manure, biogas slurry agricultural use (B) Biological control.

Compared with the T treatment, the Te, Tb, and T(e + b) treatments increased the
content of HWSOC in different years. In addition, the HWSOC of each treatment peaked
in the first two years (2015). These results suggest that biological synergy had a positive
influence on the WSOC content (Figure 4B).



Agronomy 2022, 12, 2064 7 of 13

3.1.4. Weak Acid-Extractable SOC (Active Component I) Content

The impact of Pm treatment on weak acid-extractable SOC (active component I) is
shown in Figure 5A. The data show that the active component I of weak acid-extractable
SOC decreased in both the first and the third years after the application of Pm and Pm + S
but increased in the second and fourth years; however, the difference was not significant.
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T + bacteria, T(e + b) T + earthworms + bacteria (A) Pig manure, biogas slurry agricultural use (B)
Biological control.

Figure 5B shows the effects of biological synergy on weak acid-extractable SOC (active
component I) content. Compared to the control (T) treatment, the biological synergy
treatment increased the active component I content of the weak acid-extractable SOC, but
the difference was not significant. Furthermore, the weak acid-extractable SOC (active
component I) increased in all the tested years, except 2013, after the biological synergy
treatment was applied.

3.1.5. Strong Acid-Extractable SOC (Active Component II) Content

Compared to the CK treatment, the other two tested treatments significantly en-
hanced the content of strong acid-extractable SOC (active component II) in the second
year (Figure 6A), and there was no obvious difference in the results across the other years.
In addition, active component II of the strong acid-extractable SOC exhibited a gradual
increase in the first two years, followed by a decrease in the last two years.
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Figure 6. Dynamic change of organic carbon (active component II) content in soil by strong acid
leaching. Bars represent standard errors. Lower case letters above each panel show statistical signif-
icance at p < 0.05. CK pig manure, S slurry, e earthworms, b bacteria, T Pm + S, Te T + earthworms,
Tb T + bacteria, T(e + b) T + earthworms + bacteria (A) Pig manure, biogas slurry agricultural use (B)
Biological control.
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Compared to the control (T) treatment, all of the biological synergy treatments in-
creased the SOC (Figure 6B), but the difference was not obvious. Furthermore, the results
showed a gradual increase in the first two years, after which the SOC peaked in 2015, but it
decreased in the last two years.

3.1.6. Soil Microbial Biomass Carbon Content

The effects of the different treatments on the soil microbial biomass carbon content are
shown in Figure 7A. With increasing time, compared with the CK, Pm gradually increased
the microbial biomass carbon, the content of which peaked in 2015. Then, it decreased in
2016 but increased again in 2017. Pm + S applied to the soil increased the microbial biomass
carbon content, and then, reduced it annually thereafter, and its content peaked in 2014
but was lowest in 2017. However, compared with that of Pm, the increased application of
biogas slurry (Pm + S) had no significant effect on the microbial biomass carbon content.
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earthworms, b bacteria, T Pm + S, Te T + earthworms, Tb T + bacteria, T(e + b) T + earthworms + bacteria
(A) Pig manure, biogas slurry agricultural use (B) Biological control.

The data in Figure 7B demonstrate the variation in microbial biomass carbon content
caused by biological synergy. Compared with that under the CK, the microbial biomass
carbon content under Te and T(e + b) exhibited similar changes; that is, it increased,
peaking in 2014, and then decreased annually thereafter. The microbial biomass carbon
content under the Tb treatment showed an increase in the first three years, reached a
maximum in 2015, and gradually decreased in the next two years. These results suggest
that biological synergy can rapidly increase the soil microbial biomass carbon content in the
short term (2 years), while after an increased amount of time (2 years later), the promotive
effect weakened.

3.2. Variation in Soil Humus Content under Different Treatments

Soil humus is mainly composed of HA, FA, and humin. As shown in Figure 8A,
compared with the CK treatment, the Pm treatment increased the content of HA in the soil,
except in 2016, and the same was true for the Pm + S treatment, except in 2013. Compared
with CK, Pm and Pm + S enhanced the FA quantity from 2013 to 2017 (Figure 8C). However,
except in 2014, compared with the CK treatment, the Pm and Pm + S treatments also
increased the amount of humin (Figure 8E). In addition, the maximum content of HA
was detected in the first year rather than in the other years under the Pm and Pm + S
treatments (Figure 8E).
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Figure 8. Dynamic changes of soil humus content. Bars represent standard errors. Lower case letters
above each panel show statistical signif-icance at p < 0.05. CK pig manure, S slurry, e earthworms, b
bacteria, T Pm + S, Te T + earthworms, Tb T + bacteria, T(e + b) T + earthworms + bacteria (A) Pig
manure, biogas slurry agricultural use (B) Biological control (C) Pig manure, biogas slurry agricultural
use (D) Biological control (E) Pig manure, biogas slurry agricultural use (F) Biological control.

The effects of biological synergy on the humus content are demonstrated in Figure 8B,D,F.
As time increased, the HA content significantly increased compared to that in 2013 (Figure 8B).
Compared with the T treatment, the Te, Tb, and T(e + b) treatments increased the FA and
humin content (Figure 8D,F). Furthermore, the maximum FA content in each treatment
was recorded in 2015 (Figure 8D), while the peak humin content in Te and Tb was recorded
in 2016; the peak humin content in T and T(e + b) was recorded in 2015 (Figure 8F).
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3.3. Principal Component Analysis (PCA) of Soil Chemical and Microbiological Properties
PCA of SOC and Humus Components

The PCA results of the SOC components and soil humus components are shown in
Figure 9A. The first principal component (PC1) contributed to 53.6% of the variance, the
contribution of which was dominated by total organic carbon (TOC), humin, HA, FA, LP I,
and LPII content, and the second principal component (PC2) contributed to 14.1% of the
variance, the contribution of which was dominated by LPC, RP-C and HWSOC content.
Both PC1 and PC2 cumulatively explained 67.7% of the variance. The variables of PC1
represented the relatively refractory OM, including the OM fraction initially preserved in
the soil and the fraction stabilized by earthworms. In addition, the results also suggest that
the SOC content was largely dependent on stable C pools. In contrast, PC2 reflected the
labile C pool in the soil.
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and recalcitrant OC data from the respective treatments after 5 years.

Figure 9B shows that the treatment with the bacterial agent mainly increased the
content of active carbon components such as HWSOC, MBC, and LPC. On the contrary,
the treatment with earthworms mainly increased the content of humus components, RP-C,
and other insoluble organic carbon components, which indicates that earthworms could
increase the soil-carbon sequestration ability of dry sloping land.

3.4. Implication for C Sequestration in the Soil

We calculated the SOC stocks, expressed as megagrams per hectare, by multiplying
the SOC content (g kg−1) by the soil bulk density (2.65 Mg m−3) and depth (20 cm). It was
assumed that soil C predominantly accumulated in the fertilized area (1 m2) of each plot
(30 m2). Therefore, the SOC increase in each plot after 1 year should be 1/30 of that in
the fertilized area. The amount of C sequestered and stabilized in the soils after 4 years of
application was calculated via the following equation [28]:

C sequestered (Mg C ha−1 soil) = SOCScurrent − SOCSinitial (1)

Cstabilized (Mg C ha−1 soil) = C sequestered *f RP-C (2)

where SOCScurrent and SOCSinitial represent the SOC stocks before and after, respectively,
the 5 years of applications, and fRP-C is the mass fraction of RP-C in SOC. RP-C is one of
the most refractory constituents of SOM. Thus, it was used to calculate the stabilized C
stocks in this study. The estimated C stocks are shown in Table 3. The 5-year treatments
considerably increased the SOC stocks, which ranged from 0.70 to 2.88 Mg C ha−1 soil. The
sequestered C was the highest in T (e + b), followed by Pm + S (2.06 Mg C ha−1 soil) and Te
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(1.88 Mg C ha−1 soil). The annual C sequestration in T (e + b) was markedly higher than
that in other treatments under long-term fertilization [28,30], although the C sequestration
in response to manure application (5 t ha−1) in this study was quantitatively lower.

Table 3. Effects of the treatments on sequestrated and stabilized C stocks in soil after 4 years.

Amount CK Pm Pm + S Te Tb T(e + b)

C sequestrated 0.70 1.87 2.06 1.88 1.62 2.88
C stabilized 0.37 1.15 1.28 1.18 1.01 1.87

Mg C ha−1 soil. CK—control; Pm—pig manure; S—slurry; e—earthworms; b—bacteria; T—Pm + S;
Te—T + earthworms; Tb—T + bacteria; T(e + b)—T + earthworms + bacteria.

The mass fraction of the stabilized C in SOC increased by 20%. The above phenomena
suggest that the T(e + b) treatment was an effective way to sequester and stabilize manure-
based OM in arid hillside soils. In addition, by accelerating tree growth, the T(e + b)
treatment was effective for C fixation in the aboveground parts of trees [31].

4. Discussion

Soil is the largest and most active ecosystem carbon pool on Earth’s surface, and its
small change can have a huge impact on atmospheric CO2 concentration. Our results
show that manure can increase SOC content, especially in the second year (Figure 2A),
possibly due to the preponderance of organic matter in organic manure [32]. In addition,
we found that soil organic carbon content did not change significantly after the application
of earthworms or phosphorus-solubilizing bacteria on top of fertilizer (Figure 2B). These
results indicate that increasing soil-carbon storage with organic fertilizers is an important
way to achieve carbon neutrality. HWSOC, which can be used to estimate the content
of easily decomposed organic matter, is the active component of SOC, and its content is
usually higher than the content of SOC, which can be extracted using cold water. However,
HWSOC has a low stability [33,34]. Our results showed that fertilizer could increase WSOC
and HWSOC content in the soil, especially in the second year (Figures 3A and 4A), possibly
due to increased microbial biomass and enzyme activities [35]. T(E + B) treatment had little
effect on WSOC content, and there was only a significant difference in last year. However,
this treatment significantly increased HWSOC content, which occurred in the first, third,
and fourth years (Figures 3B and 4B). This may be because the activities of earthworms
and phosphate-solubilizing bacteria increased the number of soil aggregates, as well as the
phosphorus content and soil microbial activity [36].

The long-term application of pig manure could significantly improve soil microbial
biomass carbon content. In the short term, earthworms and bacterial agents had synergistic
effects on soil microbial biomass carbon content, but the long-term effect disappeared.

Humus is an important component of organic matter which plays an important role in
the recycling and conversion of soil organic carbon. HA is the most active component of
soil humus, and is closely related to soil fertility. As can be seen from the data in Figure 8,
the short-term application of pig manure and biogas slurry can improve the content of
HA and FA in soil, but the long-term effect is not obvious. The long-term application of
earthworms and bacterial agents showed obvious synergistic effect. One possible reason
for the increase in FA content is that earthworm and phosphate lytic bacteria enhance
the activity of microorganisms, accelerate the decomposition rate of Pm, and increase
the conversion rate of humus [37]. As the most stable component of humus, the content
of humin showed a downward trend, indicating that the stable humus component was
transformed to the active humus component.

Rudrappa et al. [38] observed that balanced fertilization with NPK + manure was the
most efficient strategy for C sequestration, with an annual amount of 0.73 Mg C ha−1 soil.
Mandal et al. [39] applied NPK + manure to different cropping systems and reported an av-
erage annual C sequestration of 0.70 Mg C ha−1 soil. In addition to its quantity, the quality
of C sequestered in soil is also notable for restricting global warming. The stabilized C ac-
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counted for half of the sequestered C in the treatments, ranging from 0.37 to 1.87 Mg C ha−1

soil (Table 3).

5. Conclusions

The soil C pools increased significantly in the short term (2 years) under manure
treatment, and the integrated application of manure, slurry, earthworms, and bacteria
significantly increased various C fractions, such as the content of SOC, HWSOC, humus,
and microbial biomass carbon; this indicates the rapid and positive effects of earthworms
and bacteria on C accumulation. In addition, the positive effects of earthworms and bacteria
on OM stabilization were supported by increases in the recalcitrant C pools and the PCA
results. Furthermore, C sequestration in response to the integrated application reached
2.87 Mg C ha−1 soil, while 1.88 Mg C ha−1 soil was stabilized.
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