
Citation: Wang, E.; Yuan, N.; Lv, S.;

Tang, X.; Wang, G.; Wu, L.; Zhou, Y.;

Zhou, G.; Shi, Y.; Xu, L. Biochar-

Based Fertilizer Decreased Soil N2O

Emission and Increased Soil CH4

Uptake in a Subtropical Typical

Bamboo Plantation. Forests 2022, 13,

2181. https://doi.org/10.3390/

f13122181

Academic Editor: Xingkai Xu

Received: 20 September 2022

Accepted: 16 December 2022

Published: 19 December 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Biochar-Based Fertilizer Decreased Soil N2O Emission and
Increased Soil CH4 Uptake in a Subtropical Typical
Bamboo Plantation
Enhui Wang 1,2,3, Ning Yuan 1,2,3, Shaofeng Lv 1,2,3, Xiaoping Tang 1,2,3, Gang Wang 1,2,3, Linlin Wu 1,2,3,
Yufeng Zhou 1,2,3, Guomo Zhou 1,2,3, Yongjun Shi 1,2,3 and Lin Xu 1,2,3,*

1 State Key Laboratory of Subtropical Silviculture, Zhejiang A&F University, Hangzhou 311300, China
2 Key Laboratory of Carbon Cycling in Forest Ecosystems and Carbon Sequestration of Zhejiang Province,

Zhejiang A&F University, Hangzhou 311300, China
3 School of Environmental and Resources Science, Zhejiang A&F University, Hangzhou 311300, China
* Correspondence: xul1210@zafu.edu.cn

Abstract: Soil is a crucial contributor to greenhouse gas (GHG) emissions from terrestrial ecosystems
to the atmosphere. The reduction of GHG emissions in plantation management is crucial to combating
and mitigating global climate change. A 12-month field trial was conducted to explore the effects of
different fertilization treatments (control, without fertilizer (CK); biochar-based fertilizer treatment
(BFT); chemical fertilizer treatment (CFT); and mixture of 50% BFT and 50% CFT (MFT)) on the soil
GHG emissions of a typical bamboo (Pleioblastus amarus (Keng) Keng f.) plantation. The results
demonstrated that compared with the CK, BFT reduced the annual cumulative soil N2O emission
by 16.3% (p < 0.01), while CFT and MFT significantly increased it by 31.0% and 23.3% (p < 0.01),
respectively. Meanwhile, BFT and MFT increased the annual cumulative soil CH4 uptake by 5.8%
(p < 0.01) and 7.5% (p < 0.01), respectively, while there was no statistically significant difference
between CFT and the control. In addition, BFT, CFT, and MFT significantly increased the annual
cumulative soil CO2 emission by 9.4% (p < 0.05), 13.0% (p < 0.01), and 26.5% (p < 0.01). The global
warming potential (GWP) of BFT did not change significantly, while CFT and MFT increased the
GWP by 13.7% (p < 0.05) and 28.6% (p < 0.05), respectively, compared with the control. Structural
equation modeling revealed different treatments affected soil N2O and CH4 emission by changing
soil labile carbon and labile nitrogen pools. This study suggests utilizing BFT new ideas and strategies
for mitigating GHG emissions from soils in subtropical Pleioblastus amarus plantations.

Keywords: Pleioblastus amarus plantation; fertilizer; greenhouse gas; soil carbon pool; soil nitrogen
pool; management strategy

1. Introduction

Since the Industrial Revolution, the planet’s population has been expanding quickly.
The development of the world’s major economies and the increased demands for human
activities for natural resources have led to relatively high emissions of greenhouse gases
(GHG), including methane (CH4), carbon dioxide (CO2), and nitrous oxide (N2O). The
relationship between humans and nature has experienced great tension under extreme
weather events with high intensity and frequency [1]. Forests play a vital and unique
position in lowering the concentration of CO2 in the atmosphere and slowing down global
warming. Forest ecosystems have a huge capacity to absorb and store CO2. The annual
carbon sequestration of world forests accounts for about 2/3 of the total terrestrial carbon
sequestration, which profoundly affects the source and sink dynamics of CO2 in the
atmosphere [2–4]. Therefore, forest management technology can serve as one of the critical
scientific approaches to mitigate global climate warming.
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The bamboo forest serves an essential and constructive role in the world’s forest re-
sources, known as the “second forest” [5]. Nowadays, when the global forest area continues
to decline, the bamboo forest area keeps increasing by about 3% per year on average, which
suggests the bamboo forest is a potential expanding carbon sink [6]. Pleioblastus amarus
(Keng) Keng f. is a lignified tree of the Poaceae and Bamboo genus, which has a great utiliza-
tion value and is a crucial species for garden landscaping in east Asia. Pleioblastus amarus
has become an excellent multi-purpose, economical bamboo species in southern China due
to its strong adaptability, cold resistance, and barren resistance [7]. Pleioblastus amarus not
only grows fast and has high economic value, but studies have also illustrated the carbon
sequestration capacity of the Pleioblastus amarus plantation ecosystem was stronger than
that of the Moso bamboo [8].

Regarding the ecological function and carbon sink capacity of Pleioblastus amarus
plantations, Shen et al. [8] illustrated the carbon density, spatial distribution pattern, and
carbon storage of the Sichuan Pleioblastus amarus plantation ecosystem were estimated
by the biomass method. The results showed the carbon storage of the aboveground part
is 2.19 times that of the underground part. He et al. [9] found rational management can
effectively improve the carbon sink function of the Pleioblastus amarus plantation. Shen [10]
also found the Pleioblastus amarus forest plays a greater role in carbon sequestration in
coping with climate change in Sichuan. In plantation operation activities, farmers manage
to improve the yield of Pleioblastus amarus by intensive management measures, such as
removing underlayers vegetation, tilling soil, and applying chemical fertilizer. However,
the above measures, especially the input of traditional fertilizers, usually increase soil GHG
emissions from plantations [11,12], reduce active organic carbon storage, and change the
chemical composition of soil organic carbon [13]. A recent paper reported from 2007 to 2016,
54% of total soil N2O emission were caused by the application of nitrogen fertilizer [14].
Therefore, finding a management measure to reduce the soil GHG emissions and further
improve the carbon sequestration of the Pleioblastus amarus plantation ecosystems is of
great significance.

Because of its unique chemical structure, biochar has higher chemical stability and
adsorption than other organic matters. Many have suggested biochar input into soil signifi-
cantly affects soil physicochemical properties [15,16], increases the soil carbon pool [17,18],
and reduces soil GHG emissions [19]. The study in a subtropical Chinese bamboo plan-
tation for two consecutive years showed applying only a small amount of biochar can
significantly reduce the total soil CO2 emission and positively promoted soil organic carbon
sequestration [20]. Xu et al. [21] revealed the input of different gradients of biochar could
significantly improve the carbon sequestration capacity in the Moso bamboo forest and
reduce the soil N2O emission. Similarly, in a two-year field survey, Song et al. [22] demon-
strated using biochar reduced soil N2O emission by decreasing soil total denitrification
and nitrification rates and by reducing NH4

+-N and NO3
−-N concentrations. However,

some studies reported different views on the impact of biochar application on GHG in
forest soil. Hawthorne et al. [23] found CO2 and N2O emissions would increase following
application of biochar at relatively high rates in forest soils. Lin et al. [24] indicated there
was no significant difference in N2O emission and CH4 uptake of soil by applying different
kinds of biochar in a subtropical forest of China. The reasons for the above different results
may be due to the different types and application rates of biochar. In conclusion, it is
necessary to study the impact mechanism of biochar application on soil GHG emission.
However, the relatively low mineral nutrient content of biochar is frequently inadequate as
a single supplement to support plantations’ rapid growth [25,26].

Biochar-based fertilizer is a new type of material utilizing biomass charcoal as a
carrier and mixed with a certain proportion of chemical fertilizers according to demand
of soil for nutrient elements [27]. The ratio of each nutrient can be adjusted according to
soil fertility levels in different regions. Recent studies revealed adding biochar as a base
fertilizer improved soil fertility, increased the utilization ratio of fertilizers, reduced fertilizer
loss [28,29], improved soil fertilizer retention capacity, and achieved a long-term balance of
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water and fertilizers [30]. At the same time, it achieved long-term, slow-release effects on
water and fertilizer and improved soil ecological environment [31,32]. Compared with the
traditional way biochar is applied to the soil in tons as a soil conditioner, the consumption
of biochar-based fertilizer can save costs and practically mix chemical fertilizers and biochar
dependent on the demand for the soil nutrient in the region. Studying the benefit of biochar-
based fertilizers on soil GHG emissions has far-reaching significance for mitigating global
climate warming, improving soil environment and fertility, and enhancing crop yields.
However, in the past, most of the studies on the effectiveness of biochar on greenhouse gas
emissions of soils were focused on farmlands and grasslands, while there were few reports
on forest ecosystems [33]. Research on how biochar-based fertilizers can affect soil GHG
emissions from Pleioblastus amarus ecosystems was rare.

The purpose of this study is to study the effects of applying biochar-based fertilizer and
chemical fertilizer on soil GHG emission of the Pleioblastus amarus plantation compared to
that without fertilizer. We will analyze the relationship between soil GHG and environmental
factors, such as soil carbon pool, nitrogen pool, soil temperature, and soil moisture. The
following two hypotheses will be tested. First, the addition of biochar-based fertilizers can
reduce soil GHG emissions, whereas the application of chemical fertilizers can increase
soil GHG emissions. Second, the decrease in soil GHG emissions following application of
biochar-based fertilizers can result from the changes in soil labile carbon and labile nitrogen
pools. This proposed study is anticipated to contribute to the possible management methods
to mitigate the impact of soil GHG emissions in Pleioblastus amarus plantations.

2. Materials and Methods
2.1. Study Area

Our field experiment was conducted in Yuhang (30◦11′12.29′′ N, 119◦51′06.58′′ E),
Zhejiang Province, China (Figure 1). With an annual average temperature of 15.3–16.2 ◦C,
an annual sunlight duration of 1834 h, and an annual frost-free period of 230–260 days, the
climate is classified as a subtropical monsoon climate. The study area’s terrain is made up
of hills and low mountains, and the altitude of the experimental region is 144 m above sea
level, and the slope is about 30◦. The main soil type in the experimental area is classified as
slightly acidic laterite in the Chinese soil classification system [34].

Through the field investigations, a typical Pleioblastus amarus plantation was chosen to
launch this field test in March 2021. The planting density of Pleioblastus amarus is about
13,000 culms ha−1, and the average breast height diameter is 2.5 cm. Before applying the
treatments to the experimental plots, samples (0–20 cm) of soil surface were collected to
examine their physical and chemical characteristics. These results were: silt 31.50%, sand
46.70%, clay 19.60%, soil bulk density 1.14 g cm−3, available K 64.5 mg kg−1, pH value 4.77,
available P 8.3 mg kg−1, total N 1.96 g kg−1, and the organic C 18.1 g kg−1.

2.2. Experimental Design

In April 2021, a Pleioblastus amarus pure plantation site with a similar growth history,
site conditions, and slope was selected at the Yuhang Pleioblastus amarus demonstration
base. Four treatments with four repetitions each were employed in a fully randomized
block design. The size of each experimental plot is 10 m × 10 m. A 3-m wide buffer zone
was set up for each plot to eliminate the interference of the underground root whip of
Pleioblastus amarus on the adjacent plots.

Four treatments were set up in this experiment: (1) control (CK, without any fertilizer
application); (2) biochar-based fertilizer treatment (BFT, the application rate of biochar-
based fertilizer was 133.33 g m−2, the N, P2O5, and K2O contents in the biochar-based
fertilizer were 150 g kg−1, 150 g kg−1, and 100 g kg−1, respectively); (3) chemical fertilizer
treatment (CFT, 20 g N m−2, 20 g P2O5 m−2, and 13.3 g K2O m−2 were applied in CFT
to achieve the BFT level of nutrients, and the fertilizers in the CFT were provided by
conventional chemical fertilizers); and (4) 50% BFT and 50% CFT mixed (MFT, 50% of N, P
and K came from BFT (66.5 g m−2), and 50% of nutrition came from CFT).
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Figure 1. Location of the study area and the scheme of the experimental approach.

In April 2021, the experimental plots were treated with fertilizers, then tilled to 20 cm
depth. After fertilization, a static PVC chamber was placed at the diagonal midpoint of each
plot to collect soil GHG samples. The gas sampling was carried out on the first month’s
first, seventh, and fourteenth days. In the following months, the gas sampling were to be
conducted on sunny days, and the GHG samples were collected once a month. For the
purpose of collecting soil samples from each plot, the three-point sampling approach was
used, and the sampling soil layer was the surface soil (0–20 cm).

2.3. Production of Biochar-Based Fertilizer

The biochar-based fertilizer used in this experiment was produced and sponsored by
Qinfeng Zhongcheng Biomass New Materials Nanjing Co., Ltd., Nanjing, China. The raw
material of biochar-based fertilizer was wheat straw biochar, which was made by anoxic
pyrolysis at 500 ◦C for 3 h. According to the formula, the biochar and chemical fertilizer
were mixed and crushed, stirred evenly, and dried. Finally, the biochar-based fertilizer was
made after cooling and screening treatment. The C contents in the biochar-based fertilizer
were 200 g kg−1. The properties of biochar used to make biochar-based fertilizers are
described in Table 1.

Table 1. The properties of biochar.

Properties Surface Area
(m2 g−1) pH N

(g kg−1)
K

(g kg−1)
P

(g kg−1)

biochar 11.4 9.07 5.6 8.6 0.64

2.4. Measuring Soil GHG Emissions

The soil N2O, CH4, and CO2 fluxes from the plots for the experiment were evaluated
by closed static chamber and gas chromatography analysis technology [20]. The static
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chamber for collecting GHG consists of a base box (length 0.3 m, width 0.3 m, and depth
0.1 m) and a cover box (length 0.3 m, width 0.3 m, and depth 0.3 m) with a U-shaped
slot (width 5 cm, depth 5 cm). The immovable chambers were uniformly constructed of
polyvinyl chloride (PVC) panels (Figure 2).
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On days without rain, samples of soil GHG were taken between 9:00 and 11:00 in the
morning. Before collecting gas, weeds inside the base box were clipped along the roots,
and then the groove of the base box was stuffed with 2 cm high distilled water to form a
seal between the base and the lid. A fan was placed to mix the air in the box evenly, and
then, the gas samples were obtained using a 100 mL syringe with a tee tube attached. The
samples were taken at 0, 10, 20, and 30 min after the static box lid was closed. Finally, the
collected gas was injected into a 100 mL gas collection bag for storage, and soil temperature
and soil moisture at 5 cm depth were measured simultaneously.

The gas samples were returned to the lab for measurement of GHG flux using a gas
chromatograph (GC-2014, Shimadzu Corporation, Kyoto, Japan). The measurement time
and sample collection time should not exceed two days. We measured the gas samples
collected in the experiment according to the standard curve made by the concentration value
of GHG under standard references (N2O: 5.0 × 10−6 mol/mol, CH4: 20.4 × 10−6 mol/mol,
CO2: 302 × 10−6 mol/mol), which was provided by Shanghai Weichuang Standard Gas
Analysis Technology Co., Ltd., Shanghai, China.

Formula (1) was applied to calculate soil CO2, N2O, and CH4 emissions.

F = ρ
V
A

P
P0

T0

T
dCt

dt
(1)
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where F is the emission rate of soil GHG (mg N2O m−2 h−1, mg CH4 m−2 h−1,
mg CO2 m−2 h−1), ρ is the density of GHG under ideal conditions (N2O: 1.964 × 103 g m−3,
CH4: 7.163 × 102 g m−3, CO2: 1.98 × 103 g m−3 ), A denotes the area of the chamber’s
bottom portion (m2), V denotes the chamber’s volume (m3), and (dCt)/dt is the slope of
the concentration of the GHG in the sampling box per unit time (ppm h−1). P0 and T0
represent the standard circumstances’ absolute air pressure and temperature. Further-
more, P and T denote the chamber’s atmospheric air pressure and air temperature when
sampling, respectively.

Formula (2) was applied to calculate the annual cumulative GHG flux.

M = ∑ Fi(ti+1 − ti)× 24× 10−5 (2)

where M denotes the annual cumulative emission of GHG (Mg N2O ha−1 yr−1,
Mg CH4 ha−1 yr−1, Mg CO2 ha−1 yr−1), F denotes the flux of soil GHG (mg m−2 h−1),
i and t denote the sampling number and sampling time, respectively.

To estimate the combined effect of fertilization treatments on soil GHG emissions,
Formula (3) was used to determine the global warming potential (GWP):

GWP = MCO2 + 298MN2O − 25MCH4 (3)

where GWP denotes the total global warming potential of GHG emission (CO2-eq Mg ha−1 yr−1),
MN2O, MCH4 , and MCO2 are the annual cumulative N2O emission, CH4 uptake, and CO2
emission (Mg ha−1 yr−1), respectively. The radioactive forcing potentials for CH4 and N2O
expressed as CO2 equivalent on a 100-year period are represented by coefficients 25 and
298, respectively [35].

2.5. Measuring the Physicochemical Properties of Soil

Soil physicochemical properties of the experimental plots were analyzed using stan-
dard methods [36]. The soil corer used a predetermined volume to determine the bulk
density of soil. The soil pH value was analyzed by mixing the soil sample with water
in a ratio of 1:2.5 using a pH meter (FE28, Mettler Toledo, Shanghai, China). The soil
moisture content was determined by drying the fresh samples at 105 ◦C for 24 h. We used
an elemental analyzer (Flash EA1112, Thermo Finnigan, Italy) to analyze soil organic C
(SOC) concentrations. Soil total N was determined using an elemental analyzer (Flash
EA1112, Thermo Finnigan, Italy). Soil available phosphorus concentration was measured
by the approach offered by Bray and Kurtz [37]. Soil available potassium concentration
was measured by a flame photometer (FP6410, Shanghai Co., Ltd., Shanghai, China) after
soil was extracted with ammonium acetate solution.

When collecting GHG samples every month, soil samples from three places near
the static chamber (0–20 cm depth) per treatment were randomly collected and mixed.
The soil physicochemical properties were measured after sieving (<2 mm) in the labora-
tory. The sieved soil samples were divided into two parts: one part was stored in the
refrigerator within the following three days for analyzing microbial biomass C (MBC),
water-soluble organic C (WSOC), water-soluble organic N (WSON), microbial biomass
N (MBN), NO3

−-N, and NH4
+-N concentrations, and either part for measuring soil pH,

available P and available K.
The methods outlined by Vance et al. [38] were used to examine the soil MBN and

MBC concentrations using a Total Organic Carbon Analyzer (TOC-L CPN, Shimadzu
Corporation, Kyoto, Japan). The soil WSOC and WSON concentrations were measured
based on the approaches described in Singh et al. [39]. The concentrations of NH4

+-N and
NO3

−-N were analyzed using a double-beam spectrophotometer (UV-8000PC, Shanghai,
China) according to the method of Zhang et al. [12].
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2.6. Statistical Analyses

All data used for the analysis were the average of four replicates. Microsoft Excel
2013 and SPSS 19.0 software were used for statistical analyses. One-way ANOVA with the
least significant difference (LSD) was applied to determine the significance of the annual
cumulative soil GHG emission and annual average values of soil physical and chemical
properties under CK, BFT, CFT, and MFT treatments. In the pre-processing, the data should
be tested for normality and homogeneity, and if necessary, it would be logarithmically
transformed. Origin 2018 software was used to make graphs, and a stepwise regression
analysis was utilized to analyze the connection between soil GHG emissions and soil
properties, such as pH, temperature, MBN, MBC, WSON, WSOC, NO3

−-N, NH4
+-N

concentrations, and moisture content.
Structural equation modeling (SEM) was used to reveal the mechanisms involving

GHG emissions under different fertilization measures. According to the results of stepwise
regression analysis, we selected factors from soil carbon pool and nitrogen pool related to
individual GHG flux as the inputs factors of the model.

The AMOS 21.0 software was used to explore the impact mechanism on soil GHG
emissions using soil labile carbon pool and labile nitrogen pool with BFT and CFT. In the
SEM, we used maximum likelihood (χ2) goodness of fit test, goodness of fit index (GFI),
normed fit index (NFI), and comparative fit index (CFI) to test goodness of fit. The standard
basis of the best model used in this study is: (1) not significant χ2 test statistics (p > 0.05),
(2) GFI, NFI, and CFI > 0.90.

3. Results
3.1. Soil GHG Emissions

In the 12-month experiment, there were distinct seasonal changes in soil GHG emis-
sions and soil temperature at 5 cm depth, which were basically consistent with the dynamics
of air temperature. The minimum soil GHG emission appeared in winter, and the peak
appeared in summer among all treatments (Figure 3).

The soil N2O emission ranged from 15.40 to 55.06 µg m−2 h−1 in CK, from 12.73
to 41.73 µg m−2 h−1 in BFT, from 16.39 to 74.66 µg m−2 h−1 in CFT, and from 17.81
to 70.59 µg m−2 h−1 in MFT, respectively (Figure 3a). The annual cumulative soil N2O
emission under CK, BFT, CFT, and MFT were 2.58 ± 0.13, 2.16 ± 0.10, 3.38 ± 0.05, and
3.18 ± 0.07 kg ha−1 yr−1, respectively (Figure 4a). Compared with the control, BFT reduced
the annual cumulative emission of soil N2O by 16.3% (p < 0.01), while CFT and MFT
dramatically enhanced the emission by 31.0% and 23.3% (p < 0.01), respectively, on a yearly
cumulative basis (Figure 4a).

Soil CH4 uptake ranged from 33.91 to 100.76µg m−2 h−1, from 38.81 to 114.13 µg m−2 h−1,
from 26.75 to 93.33 µg m−2 h−1, and from 35.87 to 128.20 µg m−2 h−1, respectively, under
the CK, BFT, CFT, and MFT. The annual cumulative soil CH4 uptake were 5.50 ± 0.14,
5.82 ± 0.16, 5.46 ± 0.05 and 5.91 ± 0.11 kg ha−1 yr−1, respectively, for the treatments CK,
BFT, CFT, and MFT (Figure 4b). CFT had no significant effect compared with the CK,
while BFT and MFT significantly increased the annual cumulative soil CH4 uptake by 5.8%
(p < 0.01) and 7.5% (p < 0.01), respectively (Figure 4b).

In the CK, BFT, CFT, and MFT, the soil CO2 emission ranged from 63.25 to
461.58 mg m−2 h−1, from 61.66 to 487.67 mg m−2 h−1, from 71.21 to 583.02 mg m−2 h−1,
from 82.84 to 569.89 mg m−2 h−1, respectively (Figure 3c). Under the treatments of CK, BFT,
CFT, and MFT, the annual cumulative soil CO2 emission were 20.96 ± 0.60, 22.93 ± 1.31,
23.68 ± 0.42, and 26.52 ± 1.04 Mg ha−1 yr−1, respectively (Figure 4c). Compared with the
CK, the BFT, CFT, and MFT significantly increased the cumulative CO2 emission by 9.4%
(p < 0.05), 13.0% (p < 0.01), and 26.5% (p < 0.01), respectively (Figure 4c). In summary, the
GWP values under CK, BFT, CFT, and MFT were 21.59 ± 0.57, 22.82 ± 0.85, 24.55 ± 0.43,
27.76± 0.40 CO2-eq Mg ha−1 yr−1, respectively. In contrast, the GWP of BFT did not change
significantly, while CFT and MFT increased it by 13.7% and 28.6% (p < 0.05), respectively
(Figure 4d).
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3.2. Soil Environmental Factors

The temperature of the soil at 5 cm depth showed a distinct seasonal variation
(Figure 5a). The soil temperature peaked in July–August and dropped to the lowest value
during the period of January–February. Fertilizer applications had no discernible effects on
the soil temperature and soil moisture at 5 cm depth (Figure 5). In contrast, when compared
to the control, BFT treatment considerably enhanced the soil pH (Figure 5c).
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For soil carbon (C) pool, both soil MBC and WSOC concentrations exhibited a seasonal
variation (Figure 6). Compared with CK, there were significant differences among different
treatments. BFT, CFT, and MFT significantly increased the annual mean soil MBC concen-
tration by 14.9% (p < 0.01), 6.4% (p < 0.05), and 9.9% (p < 0.01), respectively (Figure 6a).
Similarly, BFT, CFT, and MFT increased the annual mean soil WSOC concentration by 10.7%
(p < 0.01), 5.1% (p < 0.05), and 4.3% (p < 0.01), respectively (Figure 6b).
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Figure 6. Effects of various fertilization strategies on soil (a) microbial biomass C (MBC) and soil
(b) water-soluble organic C (WSOC) concentration in the Pleioblastus amarus plantation. The standard
deviation is indicated by vertical bars.

As for the soil nitrogen (N) pool, the soil NO3
−-N and NH4

+-N concentrations showed
distinct seasonal variations. Compared with CK, BFT decreased the annual mean soil
NO3

−-N concentration by 13.4%, while CFT and MFT increased the concentration by 20.7%
and 13.7%, respectively (Figure 7a). BFT decreased the annual mean soil NH4

+-N concentra-
tion by 9.4%, while CFT and MFT increased it by15.4% and 28.1%, respectively (Figure 7b).
However, compared with CK, BFT reduced the annual mean WSON concentration by 6.4%,
while the WSON concentration increased by 15.0% and 3.9%, respectively, following CFT
and MFT (Figure 7d).

3.3. Relationship between Soil Environmental Factors and GHG Emissions

There were significantly positive correlations between soil WSON concentration, MBN
concentration, and soil N2O emissions (Table 2). In contrast, regardless of the treatments,
soil N2O emission was not significantly related to soil moisture and WSOC concentration.
All treatments showed a positive correlation between soil CH4 absorption and soil WSOC
concentration (Table 3). In BFT, soil CH4 uptake was positively linked with soil MBC,
WSOC, and WSON concentrations. Regardless of the treatments, the soil CO2 flux was
significantly and positively correlated with soil temperature at 5 cm depth (Table 4). In
addition, under CFT and MFT treatment, there was a positive correlation between soil CO2
emission and soil moisture.
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Table 2. Model for stepwise regression analysis between N2O flux (µg m−2 h−1) and soil temperature
(T, ◦C), soil moisture (M, g kg−1), microbial biomass C (MBC, mg kg−1), water-soluble organic C
(WSOC, mg kg−1), microbial biomass N (MBN, mg kg−1), water-soluble organic N (WSON, mg kg−1),
NO3

−-N, and NH4
+-N under CK, BFT, CFT, and MFF treatments. (The coefficient in the model is

standardized.) R2 denotes the percentage of variance revealed by Model.

GHG Treatment Model df R2 p

N2O

CK Y = 0.827WSON 48 0.678 **

Y = 0.614WSON + 0.342MBN
Y = 0.777MBC
Y = 0.547MBC + 0.486WSON
Y = 0.467MBC + 0.401WSON +0.199MBN
Y = 0.438MBC + 0.470WSON +0.252MBN + 0.164NH4

+-N
Y = 0.729T
Y = 0.556T + 0.415MBC
Y = 0.544T + 0.369MBC + 0.207M
Y = 0.607T + 0.408MBC + 0.202M + 0.181NO3

−-N

48 0.745 **
BFT 48 0.595 **

48 0.777 **
48 0.793 **
48 0.807 **

CFT 48 0.521 **
48 0.659 **
48 0.694 **
48 0.714 **

Y = 0.638T + 0.250MBC + 0.109M + 0.363NO3
−-N +0.379MBN 48 0.769 **

Y = 0.649T + 0.248MBC + 0.393NO3
−-N +0.436MBN 48 0.764 **

MFT Y = 0.857WSON 48 0.729 **
Y = 0.710WSON +0.331MBC 48 0.814 **
Y = 0.681WSON +0.223MBC + 0.199MBN 48 0.836 **

** indicate significance at p < 0.001.

Table 3. Model for stepwise regression analysis between CH4 flux (µg m−2 h−1) and soil temperature
(T, ◦C), soil moisture (M, g kg−1), microbial biomass C (MBC, mg kg−1), water-soluble organic C
(WSOC, mg kg−1), microbial biomass N (MBN, mg kg−1), water-soluble organic N (WSON, mg kg−1),
NO3

−-N, and NH4
+-N under CK, BFT, CFT, and MFF treatments. (The coefficient in the model is

standardized.) R2 denotes the percentage of variance revealed by Model.

GHG Treatment Model df R2 p

CH4

CK Y = 0.596WSOC
Y = 0.476WSOC + 0.375WSON
Y = 0.722MBC
Y = 0.464MBC + 0.417WSON
Y = 0.327MBC + 0.481WSON + 0.344WSOC
Y = 0.399MBC + 0.587WSON + 0.325WSOC − 0.278NH4

+-N
Y = 0.523MBC + 0.646WSON + 0.255WSOC − 0.391NH4

+-N − 0.227M
Y = 0.538T

48 0.341 **
48 0.458 **

BFT 48 0.511 **
48 0.611 **
48 0.716 **
48 0.766 **
48 0.796 **

CFT 48 0.274 **

Y = 0.529T + 0.402WSOC 48 0.427 **
Y = 0.658T + 0.386WSOC + 0.297NO3

−-N 48 0.490 **
Y = 0.630T + 0.326WSOC + 0.103NO3

−-N +0.350MBN 48 0.557 **

MFT Y = 0.570WSON 48 0.310 **
Y = 0.561WSON + 0.495WSOC 48 0.550 **
Y = 0.836WSON + 0.487WSOC + 0.120NH4

+-N 48 0.648 **

** indicate significance at p < 0.001.

The main soil factors affecting soil GHG emission were predicted and explained by
SEM. Upon biochar-based fertilizer and chemical fertilizer treatments, soil carbon and
nitrogen pool can drive soil GHG emission (Figure 8). The SEM results showed soil
MBC concentration and WSON concentration were the main factors driving soil N2O
emission in biochar-based fertilizer treatment (Figure 8a). However, the concentration of
soil MBC concentration and MBN concentration were important factors controlling N2O
emission in CFT treatment (Figure 8d). In addition, soil CH4 uptake was driven by soil
MBC concentration and WSON concentration in BFT (Figure 8b). However, the effect of
soil MBN concentration on soil CH4 flux is positively significant in CFT (Figure 8e). The
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SEM indicated soil MBC concentration drove soil CO2 emission in biochar-based fertilizer
treatment and chemical fertilizer treatment (Figure 8c,f).

Table 4. Model for stepwise regression analysis between CO2 flux (mg m−2 h−1) and soil temperature
(T, ◦C), soil moisture (M, g kg−1), microbial biomass C (MBC, mg kg−1), water-soluble organic C
(WSOC, mg kg−1), microbial biomass N (MBN, mg kg−1), water-soluble organic N (WSON, mg kg−1),
NO3

−-N, and NH4
+-N under CK, BFT, CFT, and MFF treatments. (The coefficient in the model is

standardized.) R2 denotes the percentage of variance revealed by Model.

GHG Treatment Model df R2 p

CO2

CK Y = 0.942T
Y = 1.028T−0.200NO3

−-N
Y = 0.982T−0.198NO3

−-N +0.116WSOC
Y = 0.920T
Y = 0.772T + 0.272MBC
Y = 0.637T + 0.216MBC + 0.209WSON
Y = 0.667T + 0.206MBC + 0.266WSON−0.160NO3

−-N
Y = 0.900T

48 0.885 **
48 0.916 **
48 0.927 **

BFT 48 0.844 **
48 0.895 **
48 0.907 **
48 0.927 **

CFT 48 0.806 **

Y = 0.868T + 0.212M 48 0.847 **
Y = 0.862T + 0.224M + 0.177WSOC 48 0.877 **
Y = 0.941T + 0.226M + 0.166WSOC + 0.182NO3

−-N 48 0.904 **
Y = 0.934T + 0.149M + 0.122WSOC + 0.317NO3

−-N +0.230MBC 48 0.930 **

MFT Y = 0.966T 48 0.932 **
Y = 0.934T + 0.135M 48 0.948 **
Y = 0.984T + 0.136M + 0.085NO3

−-N 48 0.952 **
Y = 0.951T + 0.127M + 0.103NO3

−-N +0.083NH4
+-N 48 0.956 **

** indicate significance at p < 0.001.
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Figure 8. Structural equation modeling illustrating the impacts of soil MBC, WSOC, NO3
−-N,

NH4
+-N, WSON, and MBN concentration on (a,d) soil N2O emission, (b,e) CH4 uptake, and (c,f) CO2

emission after applying biochar-based fertilizer treatment (BFT) and chemical fertilizer treatment
(CFT). The numbers next to the arrows denote the correlation coefficient and statistical significance.
R2 denotes the percentage of variance revealed by SEM, GFI denotes the goodness of fit index, NFI
denotes the normed fit index, and CFTI denotes the comparative fit index. Black and red lines denote
positive and negative relationships, respectively.
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4. Discussion
4.1. Effects of Fertilization on Soil N2O Emission

Our findings demonstrated the application of biochar-based fertilizer dramatically
decreased annual cumulative soil N2O emission throughout the one-year trial period,
which supported our first hypothesis (Figures 3a and 4a). In addition, this also supports
the observation in Yang et al. [40], which reported biochar decreased N2O flux by 35.90%
in an experiment with farmland soil in the Sonnen Plain. Similarly, Song et al. [21] found
biochar treatment considerably decreased soil N2O emission via decreasing soil labile N
concentration, and the reduction rate was positively correlated with the biochar application
rate in a subtropical Moso bamboo forest. Thus, our analysis also provided additional and
substantial evidence the application of biochar-based fertilizer can reduce soil N2O emission
from managed lands. The following explanations may account for the impact mechanism
of reduction in N2O emissions in the BFT-treated Pleioblastus amarus plantation soil.

Firstly, biochar contains a large amount of carbon and nutrients and has a rich pore
structure, which has a good fixation effect on carbon and nitrogen. Applying biochar-based
fertilizers promotes soil aeration and porosity, thereby increasing the oxygen concentration
in the soil, which in turn inhibits soil denitrification processes and anaerobic microbial
activity [41–44]. Moreover, our results demonstrated BFT treatment reduced soil NH4

+-N
and NO3

−-N concentrations when compared to CK (Figure 7). Previously, it was thought
that one of the most important ways of reducing soil N2O emissions was to restrict the
supply of mineral nitrogen to denitrifying bacteria [45]. Our experimental results also sup-
port the above statement, as BFT treatment considerably lowered soil WSON concentration.
Moreover, soil WSON concentration was positively correlated with N2O emission in our
investigation and study (Table 2). In addition, we found N2O emissions were affected by
soil WSON concentration in SEM (Figure 8a). Therefore, one key method to lower soil N2O
emissions may be the involvement of biochar-based fertilizers in restricting mineral N. The
annual cumulative N2O emission significantly increased after CFT and MFT compared to
the control (Figure 4a), which was mainly due to the significant increase in soil NO3

−-N
and NH4

+-N concentrations. Since half of the nitrogen in MFT comes from CFT, it may
be concluded this caused the higher soil N2O emission in the MFT treatment. Different
fertilizer treatments could alter soil N2O emission through changing soil labile carbon
and labile nitrogen pools, according to the results of stepwise regression models and SEM
(Figure 8a,d, Table 2).

Secondly, the soil C pool is also an important factor affecting N2O emissions. MBC and
WSOC, as unstable parts of SOC carbon components, take part in a number of biochemical
soil microbial activities that are correlated with soil N2O emissions [46,47]. According to
this study, BFT treatment increased MBC concentration and WSOC concentration while
dramatically reducing soil N2O emission (Figure 6). This indicated that using BFT did
not reduce soil N2O emission by changing the concentration of active organic carbon com-
ponents. Furthermore, soil N2O emission was not correlated with WSOC concentration.
Therefore, we can rule out the possibility fertilization treatments increased soil N2O emis-
sion by increasing WSOC concentration. At the same time, this result also confirmed our
second hypothesis.

Finally, we observed the pH of BFT-treated soil was increased (Figure 5c), which
could promote N2O to N2 conversion throughout soil denitrification, therefore lowering
emissions of soil N2O [41]. Additionally, we found there is no significant linear relationship
between N2O emission and soil moisture at 5 cm depth (Table 2). This supports the view
of [48], who found regardless of fertilization, soil N2O flux and soil moisture were not
significantly associated in Moso bamboo forests in Hangzhou, China. Xu et al. [42] also
revealed no correlation between soil N2O emission and soil moisture with silicate fertilizer
application in Phyllostachys Pubescens. Different studies had various conclusions about the
association between soil moisture and soil N2O emission. Vargas et al. [49] concluded N2O
emission increased linearly with soil moisture regardless of the application of sugarcane
crop residues on the soil.
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4.2. Effects of Fertilization on Soil CH4 Uptake

The BFT rose the annual cumulative soil CH4 uptake and the annual mean value
(Figure 4b). Our findings were consistent with previous findings. For example, Lv et al. [50]
found the application of biochar increased significantly (p < 0.05) CH4 uptake in subtropical
plantations through a two-year experimental study in Hangzhou, China. In addition,
Fang et al. [51] showed one year after applying different amounts of biochar to Moso
bamboo forests, the annual soil cumulative CH4 uptake increased significantly. Adding
biochar-based fertilizer to Pleioblastus amarus plantation soil for one year increased the
annual cumulative soil CH4 uptake. According to the experimental data and SEM analysis
(Figure 8), the possible reasons are as follows.

First, because of its special biological structure, biochar can absorb and diffuse more
CH4 into the soil, thereby promoting the growth of CH4-nutrient microorganisms. Under
the conditions of good aeration, methanogen activity in the soil declines while the activity
of methanotrophs increases, thereby promoting methane absorption in the soil [52]. Second,
biochar treatment increases soil porosity, and soil water content decreases the anaerobic
soil environment and increases CH4 oxidation. Soil methanotrophs use soil oxygen to
oxidize CH4 to CO2 in the soil [53]. Third, we found that compared with CK, CFT treatment
had no significant effect, while BFT treatment increased the soil CH4 uptake. In addition,
the BFT, MBC, and WSOC concentrations in the soil were closely correlated with the soil
CH4 uptake (Table 3), and the BFT treatment increased the annual mean soil MBC and
WSOC concentrations (Figure 6). Similarly, the SEM results showed the CH4 uptake was
affected by the soil MBC concentration in biochar-based fertilizer treatment (Figure 8b).
This indicated BFT treatment promoted soil CH4 uptake by increasing the concentrations
of soil MBC and WSOC. This result was also confirmed by Liu et al. [54], who found soil
MBC concentration increased when straw charcoal was applied.

However, some studies revealed the utilization of biochar either has no impact on soil
CH4 uptake or increases soil CH4 emission. For example, in the growing choy sum and
amaranth experiment, Jia et al. [55] discovered the use of maize straw biochar modifier had
no discernible impact on CH4 emission. The differences in these results may be caused by
differences in study subjects, fertilization methods, land types, experimental designs, soil
pH, and regional climates. Therefore, we need specific experimental studies to focus on
the processes and internal mechanisms involving the impact of biochar on soil CH4 uptake
and translocation.

4.3. Effects of Fertilization on Soil CO2 Emission

Some previous studies revealed soil CO2 emissions decreased or had no effect fol-
lowing the input of biochar [17,56]. In contrast, this study demonstrated BFT, CFT, and
MFT all substantially increased the annual cumulative CO2 emissions compared with
the control. Applying biochar-based fertilizers increased the annual cumulative emission
(Figure 4c), which partially refuted our first hypothesis. Our results also complied with
some other studies.

For example, Troy et al. [57] and Kalu et al. [58] established that incorporating biochar
to soil increased CO2 emission. Using biochar-based fertilizer in the Pleioblastus amarus
plantation increased the annual cumulative soil CO2 emissions, which may be caused by
the following reasons.

Firstly, using fertilizers incorporated with biochar may raise the enzyme activity of
the soil, which promotes the accumulation of active organic carbon and decomposition of
soil organic carbon, which in turn affects soil CO2 emissions [59]. Secondly, biochar as a
soil amendment can increase soil pH [60]. Our experimental data found the application of
biochar- based fertilizer increases soil moisture and soil pH (Figure 5). Appropriate water
conditions and pH provide a suitable living environment for soil microorganisms, and the
changes of microorganisms in biological activities result in increased CO2 emission [56].
Thirdly, significantly favorable correlations were discovered between soil temperature,
WSOC concentration, and soil CO2 emission (Table 4). In addition, the SEM results showed
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there is a positive correlation between soil MBC concentration and soil CO2 emission in
biochar-based fertilizer and chemical fertilizer treatments (Figure 8c,f). Biochar, as a stable
organic carbon, was input into the soil of the Pleioblastus amarus plantation, which increased
the contents of soil MBC, and thus, increased the soil CO2 emission. Finally, the utilization
of biochar-based fertilizers in the plantation soil greatly improved the soil environment.
Moreover, the input of biochar reduced the loss of nutrients, and more nutrients were
retained in the soil. As a result, plants can absorb more nutrients from the soil to promote
vegetation growth, vegetation roots’ respiration is also enhanced, and more CO2 is emitted.

5. Conclusions

The addition of BFT greatly decreased the soil N2O emission of the Pleioblastus amarus
plantation, while applying CFT or MFT with nitrogen, phosphorus, and potassium nutrients
significantly increased the N2O emission. Similarly, BFT treatment significantly increased
soil CH4 uptake, but MFT treatment significantly decreased the uptake. Conversely, fer-
tilization constantly increases soil CO2 emissions regardless of treatments. However, the
soil CO2 emission of biochar-based fertilizer treatment was lower than that of the chemical
fertilizer treatment. In addition, this study reported soil temperature at 5 cm, MBC, WSOC,
and WSON concentrations were the important factors regulating soil GHG emissions. The
SEM results showed soil WSON concentration drives soil N2O emission, and soil CH4
uptake and CO2 emission are affected by soil MBC concentration.

The production process and technique of biochar-based fertilizers are mature, and
the price is relatively low. Therefore, considering the economic cost and the yields of
the Pleioblastus amarus plantation, our findings suggest utilizing biochar-based fertilizers
instead of traditional chemical fertilizers can be promoted as an environment-friendly soil
management measure by reducing GHG emissions. Meanwhile, an essential part of the
process of soil GHG emissions is played by the fungal and bacterial species in the soil
from the Pleioblastus amarus plantation. Therefore, in future studies, a longer trial period is
needed to better understand how soil microbial communities engaged in C and N cycling
react to the administration of biochar-based fertilizers in Pleioblastus amarus plantation soil.
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