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Abstract: The aim of this study was to explore the effect of biochar on N,O emissions in soils with
different pH levels. Soils with five pH levels (4.0, 5.1, 5.8, 6.6, and 7.2) were incubated in two
conditions, with 0% biochar (CK) and 1% biochar (BC), for 23 days. N,O emissions were measured at
nine time points, and soil chemical properties, AOA-amoA, AOB-amoA, nirK, nirS, and nosZ, were
analyzed. Partial least squares path modelling (PLS-PM) was used to assess the effect of nitrification
and denitrification pathways on potential N, O emissions. The results showed that biochar reduced
N,O emissions in highly acidic soil (pH 4.0) but increased emissions in soils with pH values ranging
from 5.1 to 7.2. In highly acidic soils, decreased N,O emission was associated with increased soil
pH (p < 0.05) and decreased dissolved organic carbon content (p < 0.05), leading to higher nosZ
gene abundance (p < 0.05). Meanwhile, in acidic to neutral soils, biochar application increased
soil pH (6.6-11.7%), dissolved organic nitrogen (5.9-29.5%), dissolved organic carbon (8.6-41.0%),
stimulated AOB-amoA, nirK, nirS gene abundance (p < 0.05), and thus increased NoO emissions. The
results verified the influence of nitrification and denitrification genes on N,O production in soils with
different pH values. In conclusion, biochar had different effects on N,O emissions based on soil pH,
highlighting the need to consider pH when using biochar to mitigate N,O emissions in subtropical
citrus orchards.
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1. Introduction

Nitrous oxide (N>O) not only has a high global warming potential, being 298 times
more potent compared to carbon dioxide (CO;) [1], but also contributes to ozone deple-
tion [2]. Since the Industrial Revolution, N,O content has increased by 23%; in particular,
global N, O emissions have accelerated significantly since 1960 [3], mainly due to the use of
nitrogen fertilizers on agricultural soils [4]. NoO emissions from agricultural soils increased
exponentially with increasing nitrogen fertilizer application [5]. By understanding the
mechanisms underlying N,O emissions from agricultural soils, we can develop effective
strategies to reduce these emissions and mitigate their environmental impacts [6].

Soil pH is the main factor influencing nitrogen transformation [7], which then affects
N,O emissions [8]. However, previous research had shown conflicting results about the
relationship between soil pH and N, O production. Cheng et al., [9] found that higher soil
pH could result in increased rates of gross nitrification and N, O production, while other
studies suggested that increasing pH in acidic soils could reduce N, O emissions [10,11]. The
variations in N, O emissions could be attributed to the different contributions of nitrification
and denitrification processes [12]. Previous research suggested that denitrification and
heterotrophic nitrification were favored by low pH values [13], and N,O emissions via
denitrification decreased with increasing pH [14]. However, autotrophic nitrification can
lead to increased N, O emissions [9]. Studies have demonstrated that modifications in pH
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can significantly alter the soil microbial community. Specifically, as soil pH increases from
4.5 to 7, there is a shift in dominance from soil denitrification to ammonia oxidation [7].

Biochar is pyrolyzed under anaerobic or oxygen-limited conditions and is abundant
in organic functional groups [15]. In addition to slowing acidification [16], biochar can also
promote carbon sequestration [17]. However, the characteristics of biochar, along with soil
parameters, land-use types, and various other factors, contribute to this phenomenon [18];
biochar application usually produces inconsistent results on N,O emissions [19]. Biochar
inhibits N,O production in soils by increasing pH levels [20], changing labile nitrogen
concentrations [21], inhibiting nitrogen cycle enzyme activity [21], and reducing nitrifi-
cation and denitrification [22]. Additionally, biochar increases N;O emissions in soils
by promoting reactions in the nitrification pathway [23], improving soil mineralization,
nitrification, and denitrification characteristics [24].

China is one of the major citrus-producing countries in the world and its citrus or-
chards are widely distributed in subtropical regions [25]. Higher fertilizer use in orchard
ecosystems compared to other cropping systems has led to exacerbated acidification in
orchard soils [26]. This acidification increases the risk of N,O emissions, in addition to soil
degradation and low nitrogen fertilizer use efficiency. Soil with a pH of 4.5 emits more N,O
than soil with a pH of 7.5 [7]. The use of biochar provides an opportunity to effectively
mitigate soil acidification in citrus orchards while reducing N,O emissions. However, N,O
emissions from biochar are controversial and some reports have suggested that biochar
may promote N»O emissions [23,24]. We suppose that this may be related to soil pH, as soil
nitrification and denitrification activities differ at different pH values, leading to differential
effects of biochar on N>O emissions.

Therefore, we conducted an incubation experiment to investigate the effect of biochar
on N,O emissions from soils at different pH levels. Soil pH was adjusted by calcium
oxide (CaO), and five pH levels were set to distinguish the effects of nitrification and
denitrification on N, O emissions. We propose the following hypothesis: The application
of biochar reduces N;O emissions. Due to the loose and porous nature of biochar, the
application of biochar would stimulate the soil denitrification process, which is a possible
reason for the reduction in N,O emissions.

2. Materials and Methods
2.1. Soil and Biochar Characteristics

Soil samples were collected from mountain orchards located in Pinghe County, China,
longitude 117.340555 E, latitude 24.283360 N, where the climate is characterized by sub-
tropical monsoons. According to the World Reference Base for Soil Resources (WRB)
classification, the soil type is classified as Acrisol, which belongs to low-activity and highly
acidic soils. Pinghe County has an average annual precipitation of 1676.6 mm, along with
an average annual temperature of 23.4 °C. Pomelo [Citrus maxima (Burm) Merr.], which
is an important citrus fruit in the world, is mainly grown in the region. The ideal soil pH
for citrus is 5.5-6.5, but soil pH in this region is often less than 5.0. The yield of pomelo in
this area is about 56,250 kg ha~1, which is similar to that of other pomelo gardens in this
county. To minimize the impact of fertilizer, soil was collected one month after fertilization,
in July 2021. Five plots were randomly selected in the orchard. For each plot, soil samples
were collected from the top 20 cm layer of soil within a 3 x 3 m? area. The collected soil
samples were mixed thoroughly, passed through a 4 mm sieve, and stored at 4 °C for
the experiments.

The soil chemical properties were as follows: pH 3.7, soil organic carbon (SOC) 15.3 g kg !,
total nitrogen (TN) 1.3 g kg~!, NH,*-N 15.6 mg kg !, and NO3 ~-N 24.5 mg kg . The biochar
used in this study, provided by Jiangsu Huafeng Agricultural Bioengineering Co., Ltd. (located
in Zhenjiang, China), was derived from rice straw and processed at 600 °C. The biochar
showed the following characteristics: total carbon (TC) of 28.6%, pH of 9.3, TN of 0.46%, total
phosphorus (TP) of 0.32%, total kalium (TK) of 6.11%, and a surface area of 54.0 m? g_l.
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2.2. pH Regulation

After sieving, the soil pH was measured at 3.7 and adjusted by adding different
amounts (0, 1.5, 2.6, 3.4, and 4.3 g kg ') of CaO. Using CaO to adjust pH mainly refers to
the research conducted by Zhang et al. [27]. Soil was mixed with CaO, placed in plastic
pots, and then incubated in the greenhouse. To maintain soil moisture levels, deionized
water was added once a week by measuring the weight of the plastic pots. Soil pH was
measured weekly during incubation. When the soil pH value was stable for 2 months,
the soil incubation was finished. The pH values of the five soil samples were 4.0, 5.1, 5.8,
6.6, and 7.2. The soils were sieved through a 2 mm mesh and stored at 4 °C for future
experimental preparations.

2.3. Experimental Design

In this experiment, we designed 0% biochar (CK) and 1% biochar (BC) treatments in
five soils with different pH values. This experiment included 10 treatments and 3 replicates.
Each soil sample contained 30 g dry soil. After pre-incubation with 30 g dry soil of each
sample for 24 h, 60 ug N g’1 was added with NH4NO3, and then the soil samples were
modified to 60% of their maximum water holding capacity (MWHC, MWHC was about
80% of the weight of the soil) and transferred into an Erlenmeyer flask, which was sealed
with parafilm. All the soil samples were consistently maintained at 25 °C for 23 days under
dark conditions. Throughout the experiment, the Erlenmeyer flasks were opened every
2 days for 0.5 h, and deionized water was added to maintain the 60% MWHC.

Gas samples were gathered on specific days (0, 2, 4, 6, 9, 12, 15, 19, and 23) after the
addition of NH4NOj. Before each gas sampling, the Erlenmeyer flasks were thoroughly
rinsed with ambient air. The Erlenmeyer flasks were then sealed for 6 h, after which the gas
was collected and its N,O concentration was analyzed by gas chromatography (Shimadzu,
Shimadzu 2010 Pro, Kyoto, Japan).

2.4. Chemical Analysis

Soil samples were collected at 0, 2, 6, 9, 12, 15, 19, and 23 days, and some samples
were used to determine the chemical properties. Soil pH was measured by a pH detector
(MettlerToledo, SevenExcellence S400-K, Zurich, Switzerland) at a soil/water ratio of 1:5.
Soil organic carbon (SOC) and total nitrogen (TIN) were measured according to Zheng [12],
using the Kjeldahl nitrogen determination method and H,SO4-K;Cr,O7 digestion method,
respectively. The soil samples were first extracted with 2 mol L~! KCI, and then the
concentrations of NH;™ and NO3 ™ in part of the filtrate were determined by a continuous
flow analyzer (SkalarSAN++, SKALAR, Breda, The Netherlands), and DOC and DON
in the other part of the filtrate were measured using a TOC automatic analyzer (ASI-L,
Shimadzu, Kyoto, Japan). The remaining samples were stored at —80 °C for subsequent
DNA extraction.

2.5. PCR Analysis

Total DNA was extracted from soil microorganisms according to the instructions of the
ALFA-SEQ® Soil DNA Kit (mCHIP, Guangzhou, China). The sizes and concentrations of
the total DNA fragments were detected by agarose gel electrophoresis and ultraviolet spec-
trophotometry (ND-1000, NanoDrop Technologies, Wilmington, DE, USA). The samples
were compartmentalized and stored in a refrigerator at —20 °C for subsequent analysis.

Additionally, the abundance levels of nitrification and denitrification genes were
determined by quantitative polymerase chain reaction (qQPCR). Nitrification and denitrifi-
cation genes primarily included the following: ammonia-oxidizing archaea (AOA-amoA),
ammonia-oxidizing bacteria (AOA-amoA), nitrite reductase genes (nirK and nirS), and
nitrous oxide reductase gene (10sZ). The gene copy numbers were determined by the SYBR
Green I method. The precise polymerase chain reaction (PCR) amplification primers and
reaction parameters are shown in Table 1. Each sample analysis was repeated three times.
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Table 1. qPCR primer information for nitrification and denitrification function genes.
Annealing
Target Gene Primer Sequence (5'-3') Temperature References
O
CamoA-19f ATGGTCTGGYTWAGACG
- 28
AOA-amod CamoA-616r GCCATCCABCKRTANGTCCA >0 28]
amoA-1F GGGGTTTCTACTGGTGGT
AOB-amoA 55 28
OB-amo amoA-2R CCCCTCKGSAAAGCCTTCTTC 28]
876C ATYGGCGGVCAYGGCGA
nirK 65 [29]
1040 GCCTCGATCAGRTTRTGGTT
cd3Af GTSAACGTSAAGGARACSGG
nirS 65 [30]
R3cd GASTTCGGRTGSGTCTTGA
nosLb CCCGCTGCACACCRCCTTCGA
nosZ 60 [31]
nosRb CGTCGCCSGAGATGTCGATCA

2.6. Data and Statistical Analysis

The plotting software used for this study was Origin 2021 (Origin Lab, Northampton,
MA, USA), while IBM SPSS Statistics 20 (IBM SPSS Inc., Chicago, IL, USA) was used for
statistical analysis. An independent samples t-test, one-way ANOVA (Tukey’s HSD), and
two-way ANOVA were used for statistical tests. The independent samples t-test was used
to identify any significant differences between the CK treatment and BC treatment under
the same pH conditions. Meanwhile, one-way ANOVA (Tukey’s HSD) was conducted
to identify significant differences among soils with different pH values and among the
different treatments. The effects of biochar and soil pH on soil chemical properties and
functional genes involved in nitrogen transformation were tested by two-way ANOVA.

N,O emissions were calculated using the following equation [32]:

P_prx(AC> 273 1

) “ma ) X w

In the above equation, the variable F represents the N,O emissions (ug kg~! h™1),
p represents the density of N,O under standard conditions (ug m~3), V represents the
volume of the chamber (m?), AC/At represents the rate of increase in gas concentration
within the incubation flask per unit time (ppb h™!), T represents the incubation temperature
(25 °C), and W represents the mass of dry soil contained in the Erlenmeyer flask (kg).

Cumulative N, O emissions were calculated using the following equation [32]:

F; + F;
Mzziifﬂxmﬂ—mxm

In the given equation, the variable M represents the cumulative N;O emissions
(ug kg™1), F represents the N,O emissions (g kg~! h™1), i represents the sampling time,
and t;,1 — t; represents the number of sampling intervals in days.

Partial least squares path modeling (PLS-PM) is, as a statistical technique, used to
examine the causal relationship between observed variables and latent variables. It has
previously been used to investigate the effects of nitrification and denitrification pathways
on potential N,O emissions [33,34]. In our study, we used 999 bootstraps to validate the
estimation and determination coefficients (R?) of the path coefficients. Additionally, the
goodness of fit (GoF) measure was used to evaluate the overall predictive capacity of
the model. The plspm package in the R programming language was used to implement
this model.
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3. Results
3.1. N,O Emissions

Under the 0% biochar (CK) treatment, the soil N,O emission rate initially decreased.
However, an increase followed by a subsequent decrease was observed at pH 4.0, 5.1, and
5.8, which remained stable after 15 days (Figure 1A—C). In contrast, at pH 6.6 and pH 7.2,
the soil N, O emission rate peaked on the second day, then decreased rapidly and tended to
be stable after 12 days (Figure 1B,D,E). In the case of pH 4.0 soil, the addition of 1% biochar
(BC) treatment reduced the N>O emission rate throughout the experiment (Figure 1A).
Except for the initial stage of incubation under the pH 4.0 treatment, the addition of 1%
biochar to the soil resulted in an elevated N>,O emission rate. However, this treatment had
no significant effect during the later stage of incubation (Figure 1B-E).
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Figure 1. Dynamic variations of N, O emission rates in soils with different pH values. CK represents
no biochar added, while BC represents biochar added. The pH values of soils (A-E) were 4.0,5.1, 5.8,
6.6, and 7.2, respectively. Standard errors of the means (n = 3) are shown as vertical bars.
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According to the data presented in Figure 2, it is evident that the cumulative N,O
emissions in the 0% biochar treatments decreased as the soil pH increased after a 23-day
incubation period. The highest cumulative N,O emissions were observed in soil with
a pH of 4.0, which reached 20.71 ng kg~!, representing a 3.79-fold increase compared
to soil with pH 7.2. The application of the 1% biochar (BC) treatment resulted in an
initial increase followed by a subsequent decrease in accumulated N,;O emissions with
increasing soil pH. The peak cumulative N,O emissions were observed at soil pH 5.8, with
a maximum value of 15.89 ng kg ! (Figure 2). Compared to the 0% biochar treatment at
pH 4.0, the application of biochar significantly (p < 0.05) decreased the cumulative NoO
emissions (Figure 2). Conversely, in other pH conditions, the addition of biochar resulted
in a significant (p < 0.05) increase in cumulative N,O emissions (Figure 2).
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Figure 2. Effect of biochar on cumulative N, O emissions in soils at different pH levels. The standard
errors of the means (n = 3) are shown as vertical bars. Significant differences in pH values are shown
by different capital letters (p < 0.05). When comparing the CK treatment with the BC treatment in soil
with the same pH value, different lowercase letters indicate a significant difference (p < 0.05).

3.2. Soil Chemical Properties

The application of biochar resulted in significant results (p < 0.05) in different param-
eters (Table 2). First, it significantly increased pH values by a notable range of 0.43 to
0.76 units. Additionally, the addition of biochar resulted in a significant (p < 0.05) increase
in soil organic carbon (SOC) content, with percentage increases ranging from 4.7% to 12.6%.
Furthermore, when the soil pH was 4.0, biochar application had a significant (p < 0.05)
impact on the NH;*-N content, reducing it by 74.4%. However, no significant differences
were observed in soils with other pH values. On the other hand, biochar application led to
an increase in NO3; ™ -N concentration, with an increase of 21.0%. Moreover, the ratios of
carbon to nitrogen (C/N) and dissolved organic nitrogen (DON) also showed an increase
with the addition of biochar. Additionally, the availability of organic carbon in the soil,
as indicated by the dissolved organic carbon (DOC) content, showed interesting trends.
In soil with a pH of 4.0, the DOC content was significantly decreased (p < 0.05) by 26.7%
with the application of biochar. In contrast, other treatments showed an increasing trend,
ranging from 8.6% to 41.0%. During the whole incubation period, with the increase in
soil pH values, both the decrease rate of NH4*-N concentration and the increase rate of
NO;3;7-N concentration accelerated (Figures S1 and S2), and the soil pH value of each
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ammonium nitrogen treatment remained stable (Figure S3). Two-way ANOVA also showed
(Table 3) that soil pH significantly affected soil chemical properties, while biochar affected
pH, NH;*-N, SOC, C/N, and DOC. In addition, the combined effect of biochar and soil pH
had the greatest effect on NH,*-N.

Table 2. Effect of biochar addition on soil chemical characteristics at pH 4.0, pH 5.1, pH 5.8, pH 6.6,
and pH?7.2.

Number Factorl

Factor2 pH

NH;*-N  NO;—-N TN SOC N DOC DON
mgkg! mgkg! gkg! gkg! mgkg~! mgkg!

1 pH4.0 3.96 i 16.48 a 59.96 cd 144 e 14.83 g 10.33 be 66.60 c 513d
2 pHb5.1 506g 435b 68.05 ab 1.67 c 16.83de  10.06 cd 50.82 ef 18.19 ¢
3 CK pHb5.8 5.63 f 410b 63.95 bc 1.58 cd 15.83 f 10.03 cd 50.23 ef  21.90 bc
4 pH 6.6 6.47d 4.60Db 66.25b 1.78Db 17.79 be 9.95 cd 63.84 cd 40.11a
5 pH72 7.03b 450b 55.3d 1.65c 16.02 £ 9.79d 77.74Db 4477 a
6 pH4.0 472h 422b 72.57 a 1.51 de 16.33 ef 10.77 ab 48.79 f 729d
7 pH5.1 5.65 f 445D 63.05 bc 1.66 ¢ 18.07 b 10.88 a 57.05de  23.55bc
8 BC pHS5.8 6.2le 415b 63.15 bc 1.59 c¢d 1725c¢d  10.83 ab 68.10 ¢ 28.14b
9 pH 6.6 6.90 c 480b 64.55 bc 1.87 a 20.03 a 10.66 ab 90.01 a 4621 a
10 pH7.2 753 a 480D 55.65d 1.59 c¢d 16.77de 1043 abc  84.45ab 4740 a
Note: Different lowercase letters indicate significant differences among treatments at p < 0.05 (ANOVA, Tukey’s
HSD), The standard errors of the means (n = 3).
Table 3. Results of the two-way ANOVA for physicochemical properties affected by soil pH
and biochar.
Factors pH NH;+-N NO;—-N ™™ SOC C/N DOC DON
Soil pH 3134.42 *** 285.62 *** 12.35 *** 42.22 *** 68.06 *** 245 49.44 *** 45.46 ***
Biochar 987.75 *** 276.49 *** 0.92 1.54 99.40 *** 47.71 *** 11.59 ** 3.87
Soil pH x Biochar 9.04 *** 316.62 *** 7.04 2.43 432* 0.49 25.66 *** 0.59

Note: The data are F-values of the two-way ANOVA. * indicates significance at the 0.05 probability level.
** indicates significance at the 0.01 probability level. *** indicates significance at the 0.001 probability level.

3.3. Abundance Levels of Different N Functional Genes

Under the 0% biochar (CK) treatment (Figure 3), soils with pH 6.6 and pH 7.2 showed
significantly higher copy numbers of AOA-amoA compared to soils with pH 4.0, pH 5.1, and
pH 5.8 (p < 0.05). Furthermore, the addition of biochar resulted in a significant reduction in
AOA-amoA copy number in pH 6.6 soil (p < 0.05), while no significant effects on AOA-amoA
copy number were observed in the other treatments. The functional gene AOB-amoA, which
is involved in soil nitrification, showed an increasing trend with increasing soil pH. Under
the 0% biochar (CK) treatments, the copy number of AOB-amoA in soils at pH 6.6 and
pH 7.2 was significantly higher (p < 0.05) than that in soils at pH 4.0, pH 5.1, and pH 5.8.
Biochar application significantly increased the copy number of AOB-amoA in soils with
pH values of 5.1, 5.8, 6.6, and 7.2 compared to the 0% biochar (CK) treatment. Two-way
ANOVA analysis showed (Table 4) that soil pH had an effect on AOA-amoA, while soil pH
and biochar together influenced AOB-amoA.

Table 4. Results of the two-way ANOVA for the abundances of functional genes affected by soil pH
and biochar.

Factors AOA-amoA AOB-amoA nirk nirS nosZ

Soil pH 496.96 *** 810.68 *** 113.13 *** 299.172 *** 91.285 ***

Biochar 0.178 72.65 *** 30.01 *** 37.14 *** 22.33 ***
Soil pH x Biochar 0.849 7.79 ¥** 10.01 *** 6.32 ** 6.76 ***

Note: The data are F-values of the two-way ANOVA. ** indicates significance at the 0.01 probability level.
*** indicates significance at the 0.001 probability level.
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Figure 3. AOA-amoA and AOB-amoA gene abundance in soils at different pH levels. The standard
errors of the means (n = 3) are shown as vertical bars. Significant differences in pH values are shown
by different capital letters (p < 0.05). When comparing the CK treatment with the BC treatment in soil
with the same pH value, different lowercase letters indicate a significant difference (p < 0.05).

As shown in Figure 4, the copy numbers of functional genes nirK, nirS, and nosZ
showed a similar pattern to that of AOB-amoA, with an increasing trend with higher soil pH
values. Additionally, the ratio of nirK+nirS to nosZ initially increased and then decreased
with increasing pH (Figure 4). The ratio of nirK+nirS to nosZ reached its peak value of 23.90
at a soil pH of 5.8. The nirK copy number in pH 4.0 soil was low, only 1.2% of that in pH
7.2 soil. Compared with pH 5.8, 6.6, and 7.2 soils, the copy number of nirS was significantly
lower in pH 4.0 and 5.1 soils (p < 0.05). The copy number of the nosZ gene in soil was
significantly higher (p < 0.05) at pH 5.1, 5.8, 6.6, and 7.2 compared to pH 4.0. For the nirK
gene, biochar application facilitated an increase in its copy number compared to the CK
treatment. Except for soils at pH 5.8, the biochar application also resulted in increased copy
numbers of the nirS and nosZ genes. Furthermore, the addition of biochar significantly
(p < 0.05) decreased the ratio of nirK+nirS to nosZ at pH 4.0 (Figure 4). However, this effect
was reversed at pH 5.1, 5.8, 6.6, and 7.2. Two-way ANOVA analysis showed (Table 4) that
soil pH and biochar jointly affected nirS, nirK, and nosZ.
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Figure 4. The abundance of nirK, nirS, nosZ genes and (nirK+nirS)/nosZ in soils at different pH levels.
The standard errors of the means (n = 3) are shown as vertical bars. Significant differences in pH
values are shown by different capital letters (p < 0.05). When comparing the CK treatment with
the BC treatment in soil with the same pH value, different lowercase letters indicate a significant
difference (p < 0.05).

3.4. PLS-PM Analysis

A PLS-PM analysis was performed for acidic to neutral soils (n = 24). The results of
the PLS-PM analysis (Figure 5) showed that soil conditions had a direct positive effect on
NH,4*-N, nitrification and denitrification genes, while it had a direct negative effect on NO; -
N. Moreover, a direct negative effect on denitrification genes was observed with NO3; ~-N.
Among the soil conditions, pH (0.90), DOC (0.94), and DON (0.92) were determined to be the
most influential factors. NO3™-N has a direct negative effect on nirS, nirK, and nosZ. AOB
and nirS have a positive effect on N,O production. While AOA, nirK and nosZ had negative
effects on N,O emissions. Overall, these factors accounted for 91.2% of N»,O emissions.
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Figure 5. Partial least squares path model (PLS-PM)-directed graph. Each box represents an observable
or latent variable. The width of the arrow reflects larger route coefficients, with blue indicating a positive
influence and red indicating a negative effect. In all, 999 bootstraps are used to determine the path
coefficients. * p < 0.05, ** p < 0.01 indicate substantial differences in the coefficients. The goodness of fit
statistic, which measures the overall performance of the prediction, is used to evaluate the model.
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4. Discussion

Biochar addition reduces N,O emissions from highly acidic soils (pH 4.0 treatment)
by influencing the denitrification process. Our conclusions are consistent with previous
research by Nguyen et al. [35] and Zheng et al. [36], who observed a decrease in soil N,O
emissions with the application of biochar in soil with pH values of 4.4 and 3.7, respectively.
Soil biochemical processes are significantly influenced by DOC [37]. Previous studies have
shown a positive relationship between DOC concentration and N,O emissions [38]. When
soil pH is low, metals like iron and aluminum tend to fix organic carbon; the amount of solu-
ble substances fixed in the soil pH may surpass the amount introduced by biochar itself [39].
Consequently, a significant decrease (p < 0.05) in soil dissolved organic carbon (DOC)
content was observed, which led to a significant reduction (p < 0.05) in N,O emissions.
Our observations indicate that the abundance of nitrification function genes AOA-amoA
and AOB-amoA did not show a significant change (p > 0.05) after biochar application.
This finding is consistent with a previous study by Liu et al. (2019), who reported that
soil degradation, including acidification, resulted in low nitrification microbial diversity,
and the nitrification rate was unaffected by biochar application. The nitrogen dynamic
results showed that the addition of biochar decreased the ammonium nitrogen content,
but did not increase the nitrate nitrogen content. Our previous study also confirmed
that the addition of biochar to highly acidic soils inhibited the rates of soil autotrophic
nitrification and heterotrophic nitrification [40]. This correlates with the study conducted
by Cheng et al. [8], where a decreasing rate of soil nitrification rate was observed when
soil pH was decreased below 5. Additionally, Zheng et al. [12] found that denitrification
could potentially be the primary source of N,O emissions in soils with a pH below 5. Ji
et al. [19] also found that soil denitrification played a predominant role in soil N,O pro-
duction at pH 4.8. Our research showed that biochar application significantly increased
the abundance of denitrification genes (nirK, nirS, nosZ). These results are consistent with
the conclusions of Zhang et al. [13]. Furthermore, our observations revealed a significant
decrease (p < 0.05) in the ratio of nirK+nirS to nosZ at pH 4.0 when biochar was added to
the soil. When denitrification dominates N;O emissions, increasing pH leads to a decrease
in N,O emissions. The application of biochar to highly acidic soils increased pH from 4.0 to
4.7, which subsequently contributed to a decrease in N,O emissions. The reduction in N,O
outcompetes the production of N,O by increasing pH [13]. According to Zheng et al. [36],
the application of biochar led to an increased abundance of the denitrification functional
gene 1nosZ, thereby promoting the conversion of N;O to N,. Additionally, Cheng et al. [8]
discovered that N, O reductase, a crucial enzyme in denitrification, was more sensitive to
low pH levels compared to other denitrification reductases. Biochar application improved
soil pH levels, which facilitated the formation of N,O reductase [41], thereby reducing
N,O emissions.

Biochar addition increases N,O emissions from acidic to neutral soils (pH 5.1, pH 5.8,
pH 6.6, and pH 7.2) by influencing the processes of nitrification and denitrification. The
nitrogen dynamics results showed that when the pH was above 5, the nitrification rate
increased significantly. We also found that with the increase in soil pH value, the peak
time of N,O emission gradually advanced. These results confirmed that in acidic soils
with pH above 5, the proportion of N,O produced by soil nitrification increased. Wang
et al. [42] showed that the unstable components of biochar, particularly water-soluble
substances, were the main factors contributing to the increase in N,O emissions. Our study
also observed that biochar application promoted an increase in DOC and DON content,
which was conducive to N,O production from acidic to neutral soils. PLS-PM analysis also
indicated that the contributions of DOC and DON contents to soil conditions were first and
second, respectively. Ammonia oxidation serves as the primary and rate-limiting step in
nitrification, involving both AOA-amoA and AOB-amoA. Among them, AOB-amoA prefers
nitrogen-rich and fertilized soils. Our study showed that biochar application increased
AOB-amoA copy numbers. According to a previous study by Sun et al. [43], there was a
significant correlation between soil carbon content and the abundance/diversity of AOB-
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amoA. Our research was conducted in a subtropical region of China, specifically in intensive
orchards. Previous studies have reported that pomelo orchards in Pinghe County received
an annual application exceeding 1000 kg ha~! of nitrogen fertilizer [26]. Our findings
showed that biochar application increased SOC content and stimulated an increase in
AOB-amoA copy numbers. Furthermore, a recent study by Ji et al. [19] demonstrated
that biochar incorporation stimulated AOB-amoA gene abundance in intensive vegetable
fields, thereby increasing N,O emissions. Similarly, Wang et al. (2020a) found that an
increase in AOB-amoA copy numbers was associated with favorable N,O emissions. It
has been demonstrated that AOB lacks NoOR coding genes, resulting in the predominant
production of N, O rather than N; [44]. Biochar has been found to have positive effects on
denitrification, including an increase in the copy number of nirK, nirS, and nosZ genes [45].
The increase in DOC content was facilitated by biochar and contributed to the increase
in the denitrification rate [45]. In our study, the addition of biochar led to an increase in
soil DOC content, thereby providing favorable conditions for denitrification. Specifically,
the application of biochar resulted in an increase in the copy numbers of nirK and nirS
genes, while the copy number of nosZ gene either decreased or showed no significant
difference. Additionally, biochar application could increase the ratio of nirK+nirS to nosZ in
soils. This suggests that biochar promotes the rate-limiting step of NO, ™ reduction to NO
during denitrification [46], thereby increasing N, O emissions. Therefore, in acidic to neutral
soils, N»O emissions result from the combined effects of nitrification and denitrification.
AOB-amoA played an active role in the nitrification process, and biochar had a stronger
stimulating effect on nirK and nirS genes than on nosZ genes, which was the main factor
contributing to NoO production in the denitrification pathway.

As we know, the type of biochar, preparation processes, soil conditions, fertilization,
precipitation, temperature, and other factors influence N;O emissions. In the future,
it is essential to further investigate the effects of various factors and field positioning
experiments on N,O emissions to enhance our understanding of how biochar affects soil
N>O emissions in subtropical citrus orchards. Additionally, while biochar can contribute to
the reduction in N, O emissions in strongly acidic soils, the economic costs associated with
its application should not be overlooked in practical implementations.

5. Conclusions

Our results showed that biochar application had different effects on soil N,O emissions
in highly acidic soils compared to acidic to neutral soils. In our findings, biochar application
reduced N;O emissions in strongly acidic soils, whereas it enhanced N,O emissions in
acidic to neutral soils. Our study indicated that the biochar application promoted the
formation of NoO reductase and played a crucial role in reducing N»O emissions from
highly acidic soils. In acidic to neutral soils, AOB-amoA played an active role in the
nitrification process by increasing the nitrification capacity. In the process of denitrification,
biochar resulted in a greater stimulation of nirK and nirS genes compared to nosZ genes.
Under the combined effect of nitrification and denitrification, soil N,O emissions increased.
In subtropical citrus orchards, when applying biochar as a strategy to reduce soil N,O
emissions and improve orchard productivity, attention should be paid to the differences in
N,O emissions caused by the soil properties (soil pH, nitrification capacity, denitrification
capacity, etc.). In addition, the economic costs of biochar must be taken into account in
practical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/agronomy14081831/s1, Figure S1: Dynamic changes of NH;*-N
and NO3 ™ -N in soil at pH 4.0; Figure S2: Dynamic changes of NH4*"-N and NO3~-N in soil pH 5.1,
pH 5.8, pH 6.6, pH 7.2; Figure S3: Change in soil pH value during cultivation.
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