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Abstract

Further understanding is needed regarding how biochar, over the long term, influences
NO release and the associated communities of nitrifiers and denitrifiers in paddy soils.
This field study examined the responses of these microbial communities to biochar applied
for different durations (2016 or 2023) and at different doses (15 or 45 t-ha™1), alongside a
control (CK) without biochar addition. Relative to the control (CK), all biochar amendments
led to a comprehensive enhancement of soil physicochemical properties. However, their
impacts on N>O fluxes diverged: cumulative emissions rose by 18.44% under the high-rate
(45 t-ha™!), first-year application (NB45) in 2023, but were suppressed across all other
biochar treatments. Microbial community composition diverged markedly between treat-
ment chambers, with the abundances of Nitrospira and Chloroflexota showing distinct
patterns. In 2016, the two bacterial species exhibited significantly high abundance pro-
portions, with maximum shares of 23.55% (2016, 45 t-ha~!) and 12.16% (2016, 45 t-ha~1),
the most abundant in nitrification and denitrification, respectively, which influenced the
certainty of changes in the microbial community structure. Biochar enhances nitrogen
metabolism in nitrifying microorganisms but inhibits denitrification processes, with the
biochar applied in 2023 having a remarkable effect. Overall, biochar application effectively
enhances soil physicochemical properties, mitigates N,O emissions over the long term,
and modulates the community structure and functional traits of nitrifying and denitrifying
microorganisms. These combined effects contribute to promoting environmental security
for sustainable development within agricultural production systems while reducing the
carbon footprint.

Keywords: rice paddy; duration of biochar application; N,O emissions; nitrifying
microorganisms; denitrifying microorganisms

1. Introduction

Global climate change is intensifying, presenting ever more significant challenges. As
one of the core factors in climate change, greenhouse gas (GHG) emission reduction has
become a key factor in coping with global warming [1,2]. The year 2024 saw global atmo-
spheric concentrations of 423 ppm for CO; (carbon dioxide), 1932 ppb for CH,4 (methane),
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and 338 ppb for N,O (nitrous oxide) [3,4]. Notably, although the concentration of N,O is
relatively low, in terms of the greenhouse effect, its global warming potential (GWP) is as
high as 298 times that of an equivalent amount of CO;, and it depletes the ozone layer [5,6].
Globally, nearly 84% of N,O emissions originate from agricultural production. Rice culti-
vation significantly contributes to agricultural N,O emissions, with N,O emissions from
nitrification and denitrification in rice paddies accounting for approximately 11% of the
total global agricultural emissions [7-9]. Therefore, methods to reduce N,O emissions from
rice planting have become an increasingly important focus area of research.

The emission of N,O from soil is mainly due to microbe-mediated nitrification and
denitrification [10]. Nitrification is performed by Nitrosomonas and Nitrobacter via an
oxidation pathway [11]. Under aerobic conditions, ammonia-oxidizing archaea (AOA) and
ammonia-oxidizing bacteria (AOB) gradually convert NH4* to NO3~ through the ammonia
oxidation pathway. Under anoxic conditions, soil AOB can reduce NO,~ to N,O through
both nitrification and denitrification pathways [12,13]. In long-term flooded paddy soils,
N,O is primarily produced through denitrification, which contributes approximately 70%
of the N»O emissions from paddy fields [14,15]. Denitrification sequentially reduces nitrate
(NO37) to nitrite (NO;, ™), nitric oxide (NO), and N,O, ultimately producing nitrogen
gas (Np). This process is catalyzed by napA/narG (nitrate reductase), nirK/nirS (nitrite
reductase), norB (nitric oxide reductase), and nosZ (nitrous oxide reductase) [16]. The
abundance of these genes and the structure of microbial communities can serve as potential
indicators for predicting N,O emissions [17]. Thus, investigating changes in key gene
abundance and microbial community structure provides critical guidance for developing
strategies to mitigate N,O emissions.

Produced through the pyrolysis of organic feedstocks under oxygen-limited conditions,
biochar is a carbonaceous material characterized by its high stability and porosity. Its
distinct porous architecture and physicochemical attributes confer multiple benefits for soil
amelioration and hold potential for reducing the release of greenhouse gases (GHGs) [18,19].
This material optimizes aeration conditions by increasing soil porosity and improving soil
aggregation. Owing to its physical adsorption properties and high carbon-to-nitrogen ratio,
it can adsorb NH4" and fix NO3 ™, thereby inhibiting NoO emissions [18,20]. Applying
biochar to rice paddy soils can increase pH, water retention, and overall nutrient content,
thereby improving the soil environment and promoting the N cycle. It can also reduce the
adsorption of ammonium nitrogen by the soil, further reducing the ammonium nitrogen
content and promoting the conversion of nitrate-nitrogen [21,22]. Biochar can increase
enzyme activity in the soil and optimize microbial activity and diversity [22,23]. Biochar
promotes the expression of the nosZ gene by raising soil pH, increasing nitrous oxide
reductase concentration, accelerating the conversion of N,O to Ny, and reducing N,O
emissions [24]. A previous study demonstrated that adding biochar to soil significantly
affects the abundance of nirS and nirK-type denitrifying bacteria and that the activities
of these denitrifying bacteria can also influence N,O emissions [25]. Moreover, biochar
is known to reduce N,O formation by decreasing the abundance of fungal nirK, AOB,
and amoA genes and increasing the abundance of nosZI and nosZII genes [26]. Biochar
also inhibits fungal denitrification by increasing soil pH and altering fungal community
composition [27]. Changes in pH are also related to the abundance and community changes
in AOB. A synthesis of existing studies indicates that biochar influences N,O emissions
in the soil denitrification pathway by regulating the bacterial and fungal community
structures. However, there is a lack of research on how the long-term effects (over multiple
years) on soil affect the structure of the microbial community after biochar application.
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We hypothesized that biochar applied at different durations and rates could con-
tinuously regulate the physical and chemical properties of the soil to varying degrees.
Additionally, by regulating the microbial species and functions related to nitrification and
denitrification in paddy fields, this study aimed to explore their effects on N,O emissions.
From a soil microecosystem perspective, we explored the significance of biochar applied
in different years in reducing N,O emissions in paddy fields, the enhancement effects of
biochar on paddy soil fertility, and its potential for GHG reduction. We aimed to provide
theoretical support for its scientific application in agriculture.

2. Materials and Methods
2.1. Field Site Characteristics and Materials

The field experiment was located at the experimental station of the Rice Research
Institute (RRI, Shenyang Agricultural University, SYAU), located at 123°34/38.82" E,
41°49'34.15” N. This study utilizes a field-based biochar experiment initiated in 2016,
which has been maintained as a long-term trial. All sample collection activities were con-
centrated in 2023. The experimental site experiences a temperate continental monsoon
climate, characterized by moderately fertile brown soils and flat terrain. Key baseline soil
properties (2016) included: pH, 6.3; bulk density, 1.32 g-cm~3; soil organic matter (SOM),
15.35 g-kg~!; and total nitrogen (TN), 0.96 g-kg~!. Additionally, available concentrations
of N, P, and K measured 63.70, 17.90, and 70.30 mg-kg’l. The biochar used, derived from
corn stover through pyrolysis at 400 °C, was supplied by the Liaoning Provincial Biochar
Engineering Technology Research Center. The biochar properties were: pH, 9.90; electrical
conductivity (EC), 17.9 m-S-cm~!; total carbon (TC), 274.4 g-kg’1 ; total nitrogen (TN),
6.40 g-kg L. It also provided 110 mg-kg ! of alkali-hydrolysable N, along with available
P and K at 780 mg-kg ! and 20.9 g-kg~!. The fertilizers applied were urea at 46% N,
superphosphate at 12% P,Os, and potassium chloride at 60% K;O.

The rice cultivar employed was “Beijing 1501". This variety was developed at the RRI
of SYAU. It is characterized by robust stems, well-developed root systems, compact plant
structure, and upright panicles. These morphological features facilitate the collection and
observation of GHGs.

2.2. Experimental Design and Treatments

A completely randomized block design was employed for this study. Biochar amend-
ments were applied to the rice fields in two distinct phases: initially in April 2016 (termed
FB) and again in April 2023 (termed NB). The biochar application rates were set at 0, 15,
and 45 t-ha~!. The experiment included five treatments: (i) FB15 and (ii) FB45, receiving
15 and 45 t-ha~! of biochar in April 2016, respectively; (iii) NB15 and (iv) NB45, receiving
15 and 45 t-ha~ ! in April 2023, respectively; and (v) CK, which served as the control with-
out biochar application. There are a total of five treatments, each with three replicates. A
total of 15 plots were laid out. The individual plot size was 3.0 m in width and 3.3 m in
length. Additionally, black rigid plastic barriers buried 25 cm deep were installed around
each plot to effectively prevent the lateral movement of water and fertilizer. Chemical
fertilizers were applied following a standardized protocol. Nitrogen fertilizer (total amount:
210 kg-ha~!) was allocated in a ratio of 3.6:2.4:4 applied as a base fertilizer, tillering fertilizer,
and heading fertilizer during the three critical growth stages. Potassium fertilizer was
applied at 180 kg-ha™! in total. This amount was divided equally, with half applied as
a basal dose and the remainder top-dressed at the tillering stage. Phosphorus fertilizer
(180 kg-ha~') was placed entirely as a basal dose. All remaining field management practices
were consistent with standard high-yield cultivation practices. The entire experimental
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cycle from sowing to harvest lasted approximately five and a half months, specifically:
sowing on 23 April, transplanting on 27 May, and harvesting on 7 October.

Biochar application rates were set at 15 and 45 t-ha~!. The 15 t-ha™! rate referenced
optimal application recommendations for crop residue biochar in Northeast China. Since
uncertainty significantly increases at application rates exceeding 40 t-ha~", the high rate of
45 t-ha~! aimed to explore the potential upper limit of biochar effects and establish a clear
dose-response relationship [28]. All biochar was applied in a single application during the
April rice field tillage, ensuring agronomic feasibility and providing a buffer period for the
stabilization of biochar in the soil.

2.3. Collecting and Analyzing Samples

Continuous measurements of GHG emissions were obtained using a static acrylic
chamber fitted with heat-insulating aluminum foil. The dimensions of the lightbox
were 0.5 m x 0.3 m x 0.7 m. When rice plants grew taller than the container, an ex-
tension box of identical dimensions but 0.3 m in height, with openings on both sides
at the base, was used. Each enclosure featured a battery-powered 12 V fan mounted
on the inner top surface to mix the gases. The pre-installed recessed bases (flush with
the floor) in each compartment ensured a sealed fit when the enclosures were placed.
GHGs were placed five days after rice transplantation. Sampling GHG was conducted
throughout the rice growing season, within the morning window of 08:00-11:00, and
only on rain-free days. Sampling was performed every seven days, and an additional
collection was performed three days post-fertilization. Gas sampling was performed at
intervals of 0, 10, 20, and 30 min by withdrawing air from the chamber headspace with a
50 mL syringe. These samples were then directly transferred to 100 mL aluminum foil
vacuum bags and sealed for preservation. Following collection, all vacuum bag samples
underwent quantitative analysis of N,O concentrations in the laboratory. This analysis
was performed using a greenhouse gas analyzer equipped with a hydrogen ionization
detector (Agilent 7890 B, serial number 180012685, Agilent Technologies Inc., Santa Clara,
CA, USA).

N,O emission fluxes were derived from static chamber observation data using the

following formula [29]:

F= xxxéx 273
PR & BT

where p is the standard N,O density (1.25 g-L~!); V and A correspond to the effective
chamber volume (m?) and base area (m?), respectively; dc/dt indicates the linear rate of

1)

concentration increase for N,O in the headspace (uL-L~!-h~!); and T is the mean sampling
temperature (°C) inside the chamber.
To estimate total seasonal N>O emissions, the following equation was employed [30]:

F1+F
Tzzi%rixaﬂ—axﬂ )

where T signifies cumulative seasonal NyO emissions, expressed in kg-ha~!. F; and F;;;
refer to the mean N,O flux (mg-m’z-h’l) corresponding to the i-th and the (i + 1)-th
sampling intervals, respectively. D; and D,y stand for the dates (in days) of these two
consecutive sampling events. The total N,O emissions were determined by averaging the
results from four replicate observations and weighting them according to the time intervals
between observations.
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Soil sampling was conducted at rice heading by collecting composites from five
points within the 0-20 cm layer of each plot. Sampling was performed with an auger
under flooded conditions. Homogenized samples were bagged in sterile plastic, flash-
frozen on dry ice, and expedited to the laboratory for cryopreservation at —80 °C prior to
DNA extraction.

2.4. Sequencing and Analysis of Metagenomic DNA
2.4.1. Genomic DNA Extraction

Shanghai Meiji Biotechnology Co., Ltd. (Shanghai, China) was commissioned to
perform the subsequent processing, encompassing DNA isolation and Illumina-based se-
quencing. The detailed protocol is described below. First, the MJ-faeces soil DNA extraction
kit (Shanghai MajorbioYuhua Bio-pharm Technology Co., Ltd., Shanghai, China) was used
to extract the sample DNA. DNA quality was assessed by measuring concentration and
purity (NanoDrop2000, Thermo Fisher Scientific, Waltham, MA, USA, and TBS-380, Turner
Biosystems Inc., Sunnyvale, CA, USA) and confirming integrity via 1% agarose gel elec-
trophoresis. Subsequently, an aliquot was sheared to approximately 350 bp fragments using
a Covaris M220 (Covaris Inc., Woburn, MA, USA) ultrasonic homogenizer in preparation
for paired-end (PE) library construction.

2.4.2. Construction of Libraries for Illumina Sequencing

Library preparation was conducted with the NEXTFLEX® Rapid DNA-Seq Kit (Bioo
Scientific, Austin, TX, USA). First, magnetic bead screening was performed to eliminate self-
connecting segments at the joints. Subsequently, PCR was carried out to amplify the library
templates. Magnetic beads were used to purify the PCR products, and the resulting material
constituted the final library for sequencing. Following library preparation, Shanghai Meiji
Biotechnology Co., Ltd. was commissioned to carry out the metagenomic sequencing on an
[lumina NovaSeq system. The sequencing principle is as follows: first, library molecules
bind to complementary bases on one end of a fixed primer, are amplified, and are attached
to the chip. Subsequently, the other end binds to a nearby primer to form a ‘bridge’. This
bridge is then amplified by PCR, yielding the DNA clusters. Following linearization to
generate single-stranded amplicons, the reaction mixture was supplemented with modified
DNA polymerase and four-color fluorescent dNTPs. Every synthesis cycle was limited to
the incorporation of a single nucleotide. The identity of nucleotides incorporated in the
initial cycle was read out by scanning the plate surface with a laser. Subsequently, chemical
cleavage removed the ‘fluorescent group” and ‘terminator group’, restoring extension
activity at the 3’-end to enable the next round of nucleotide polymerization. Continuous
recording of fluorescence emission from each sequencing cycle enabled the assembly of
complete template DNA sequences.

2.4.3. Analytical Methods

To obtain high-quality sequences, raw reads were subjected to preprocessing with
Fastp (version 0.23.0) [31]. Reads below the thresholds (length < 50 bp, average quality < 20,
or containing N bases) were eliminated, retaining qualified paired-end and single-end reads.
MEGAHIT (version 1.1.2) software [32] was employed for sequence assembly based on the
compact De Bruijn graph algorithm. The optimized sequences were assembled using the
MEGAHIT software based on the principle of compact De Bruijn graphs. The final assem-
bly was constructed using contigs with a minimum length of 300 bp. Subsequently, ORF
prediction was performed on the resulting contigs using Prodigal [33]/MetaGene [34] (ver-
sion 2.6.3). Genes meeting the length threshold (>100 bp) were selected and subsequently
subjected to translation to derive the amino acid sequences.
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For gene sequence clustering across all samples, the CD-HIT (version 4.6.1) pro-
gram [35] was utilized. Clustering was based on a 90% identity and 90% coverage standard,
resulting in a non-redundant gene catalog. This study then employed SOAPaligner (ver-
sion 2.21) [36] for the subsequent step. Using this software to quantify gene abundance,
reads from every sample were mapped to the non-redundant set using a 95% identity
cutoff. Based on this alignment, the gene abundance corresponding to each sample was
statistically determined. A homology search was carried out with DIAMOND (version
0.8.35) [37], aiming to achieve species classification and functional predictions. The search
compared the gene-derived amino acid sequences to the NR, KEGG, and COG databases
under BLASTP settings (e-value: 1 x 10~°). Based on the abundance of the gene sets, the
relative abundances of both functions and species were then determined.

2.5. Data Processing

IBM SPSS Statistics software package (version 27.0.1) was used to perform one-way
analysis of variance (ANOVO). Multiple comparisons of means were conducted at the
p < 0.05 level using the Least Significant Difference (LSD) method. Graphical representation
of GHGs flux dynamics was generated with Origin 2022. Metagenomic data were visualized
using the Meiji Cloud platform, which included principal coordinate analysis (PCoA) based
on Bray—-Curtis distance. ANOSIM was performed to assess intergroup differences. All
graphical elements were integrated with Adobe Photoshop 2023.

3. Results
3.1. Soil Physicochemical Parameters

Analysis of key soil properties was conducted on samples collected at the full heading
stage across all treatments (Figure 1a,e). Relative to CK, elevated SOM levels were observed
in plots that received biochar, whether applied in the first or the eighth year. Specifically,
the treatments with NB15 and NB45 significantly increased the SOM content by 34.75%
and 55.26%, respectively. Under the same biochar application duration, the SOM content
under the high biochar application rate was higher than that under the low biochar ap-
plication rate; however, no significant difference was observed. As shown in Figure 1bf,
the soil pH changed significantly. Except for the FB15 (6.83 £ 0.02) treatment, the NB45
(7.55 £+ 0.05), NB15 (7.07 = 0.02), and FB45 (7.04 £ 0.03) treatments significantly increased
soil pH by 11.52%, 4.43%, and 3.99%, respectively, compared with CK (6.77 £ 0.02). For
the same duration of biochar application, the pH under the high biochar application rate
was higher than that under the low biochar application rate. Significant changes were
observed in the soil content of nitrate nitrogen (NO3 ™ -N), as presented in Figure 1c. A
peak value of 13.85 + 0.30 mg-kg ™! was recorded in the CK treatment, which was the
highest among all treatments. Under NB, higher biochar rates led to increased NO3 ™ -N
content. In contrast, FB conditions resulted in lower NO3 ~-N content with increased
biochar application. However, all were reduced by more than 50% compared to CK. As
shown in Figure 1d, there were evident differences in the content of ammonium nitrogen
(NH4*-N) in the soil. The content under the CK treatment was the highest, reaching
9.22 4+ 0.83 mg-kg’l. Compared with the CK treatment, all other treatments showed
significant differences, with reductions exceeding 30%. Under the FB conditions, the
NH,4*-N content was significantly higher in the low biochar application treatment than in
the high biochar application treatment. The same trend was observed under NB conditions;
however, the difference was not significant.
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Figure 1. Duration-dependent alterations in paddy soil attributes following biochar addition
(a): Soil Organic Matter (SOM), (b): pH, (c): Nitrate Nitrogen (NO3™-N), (d): Ammonium Ni-
trogen (NH4*-N). Relative change rates (%) in physicochemical properties of paddy soil after biochar
application compared to the control group: (e): SOM, (f): pH, (g): NO3 -N, (h): NH4*-N. Data
points (diamonds) represent the mean, while error bars denote the 95% confidence interval. CK:
unamended control; FB15 & FB45: received 15 or 45 t-ha—! biochar in the 8th year (FB); NB15 & NB45:
received 15 or 45 t-ha~! biochar in the 1st year (NB). Different lowercase letters above the bar charts
indicate significant differences at the p < 0.05 level (1 = 3).
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3.2. NyO Emissions from Paddy Fields

This study monitored and recorded the N,O emission flux dynamics of all treatments
throughout the rice growth period (Figure 2a). The overall emission trends were similar, showing
two regular increases followed by decreases and two emission peaks during the monitoring
period. After the second fertilization, the first emission peak occurred on the 33rd day after
transplantation. For all the treatments, the magnitude relationship was NB45 (0.9439 + 0.06) >
CK (0.5092 + 0.05) > FB45 (0.5006 + 0.05) > FB15 (0.4595 + 0.01) > NB15 (0.2864 + 0.02). The
unit of measurement was (mg-m~2-h~1!). On the 61st day after transplantation, corresponding
to the period after the third fertilization, a second peak in N,O flux occurred. The emission flux
under the CK treatment peaked at 0.9339 & 0.07 mg-m~2-h~!, representing the highest value
among all treatments. The N,O emission flux from the NB45 treatment ranked second among
all treatments, surpassed only by the CK treatment. The emission flux under the FB45 treatment
fluctuated slightly, being 0.2675 + 0.01 mg-m 2-h ™!,

(a) (b)
1.2 9
~m—CK CK
Ground fertilizer  Second fertilization Third fertilization —o—FBIS B FB1S
—A—FB45 8 - B £B45
10 b —v—NBIS NBI15S
NB45 = 2L [ \B4s
=
&0 a
~ 08 2 b
= £ °r
£ Z
& 0.6 [ g ST
£ = £ c
=] N4
2 z
° 04 B
~ £ 3L
7 z 4
0.2 |- E 2k
1+
0.0 -
L L 1 L L 1 L 0 L L L L
0 20 40 60 80 100 120 CK FB15 FB45 NB15 NB45

Days after transplanting (day) Treatment

Figure 2. Effects of the application duration of biochar on the N,O emission flux (a) and the
cumulative N,O emissions (b) in paddy fields. CK: unamended control; FB15 & FB45: received 15 or
45 t-ha~! biochar in the 8th year (FB); NB15 & NB45: received 15 or 45 t-ha~! biochar in the 1st year
(NB). Different lowercase letters above the bar charts indicate significant differences at the p < 0.05
level (n = 3).

Figure 2b presents the cumulative N, O emissions over the entire rice growing season.
The NB45 treatment had the highest cumulative emissions, reaching 6.36 + 0.16 kg-ha~!.
Compared with the CK (5.37 + 0.15 kg-ha~!) treatment, the cumulative emissions increased
by 18.44%. Compared with the CK treatment, the FB15 (4.22 + 0.12 kg-ha~!) and FB45
(4.04 £0.16 kg-ha’l) treatments reduced cumulative N, O emissions by 21.42% and 24.77%,
respectively. Relative to the CK treatment, the NB15 treatment exhibited the lowest cumulative
emissions (2.44 4 0.09 kg-ha™!), a decrease of 54.56%.

3.3. Analysis of Microbial Species Involved in Nitrification and Denitrification in Paddy Field Soil

As shown in Figure 3a, the species analysis of microorganisms related to nitrification
was conducted at the genus level. The microorganisms involved in nitrification were
bacteria (5.30%), archaea (94.53%), and unclassified microorganisms (0.17%). The four
most abundant bacterial groups were Nitrospira, Chloroflexota, Anaeromyxobacter, and
Deltaproteobacteria. The abundance of the dominant bacterial groups varied among the
treatments. Nitrospira accounted for 17.44%, 11.66%, 6.46%, 20.42%, and 23.55% of the CK,
NB15, NB45, FB15, and FB45 treatments, respectively. After conducting a multiple-group
comparative analysis of Nitrospira (Figure 3b), its relative abundance in the NB45 treatment
was significantly lower than that in the CK treatment (p < 0.01). At the same biochar
application rate, a significant downward trend in Nitrospira abundance was observed in
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the NB15 treatment relative to the FB15 treatment (p < 0.05). This trend was more pro-
nounced at the 45 t-ha~! biochar application rate, where the NB45 treatment exhibited
a highly significant decrease compared with that of the FB45 treatment (p < 0.001). The
proportions of Chloroflexota in the CK, NB15, NB45, FB15, and FB45 treatments were
9.54%, 13.57%, 13.79%, 11.97%, and 9.26%, respectively. In the multiple-group comparison
(Figure 3c), the NB45 and FB45 treatments differed significantly in the relative abundance
of Chloroflexota, with NB45 showing a greater abundance (p < 0.05). Anaeromyxobacter ac-
counted for 6.17%, 8.70%, 10.14%, 6.06%, and 5.68% of the CK, NB15, NB45, FB15, and FB45
treatments, respectively. No significant difference was observed between the treatments
(Figure 3d). When comparing the abundance of Deltaproteobacteria among all treat-
ments, the FB45 treatment had the highest proportion, reaching 7.89%, whereas the NB45
treatment had the lowest proportion (3.72%). At the 45 t-ha~! biochar rate, NB conditions
resulted in a significantly lower (p < 0.01) proportion of Deltaproteobacteria compared to FB
conditions (Figure 3e).

(a) (b) Kruskal-Wallis H test on Genus level © Kruskal-Walis H test on Genus level
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M |
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(d) Kruskal-Wallis H test on Genus level (e) Kruskal-Wallis H test on Genus level
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Figure 3. Community composition of nitrifying (a) and denitrifying (f) microorganisms at the genus
level and comparison of differences among groups of the top four dominant species of nitrifying
(b—e) and denitrifying (g—j) microorganisms. CK: unamended control; FB15 & FB45: received 15 or
45 t-ha! biochar in the 8th year (FB); NB15 & NB45: received 15 or 45 t-ha~! biochar in the 1st year
(NB). *: significant at p < 0.05; **: significant at p < 0.01; ***: significant at p < 0.001.
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As shown in Figure 3f, species analysis of denitrification-related microorganisms was
conducted at the genus level. The microorganisms involved in denitrification included
Archaea (1.27%), bacteria (98.68%), and unclassified microorganisms (0.05%). The top four
dominant bacterial groups in terms of abundance were Chloroflexota, Acidobacteriota,
Deltaproteobacteria, and Bacteria. The abundance of Chloroflexota in the CK, NB15, NB45,
FB15, and FB45 treatments was 10.89%, 10.15%, 9.71%, 12.16%, and 10.74%, respectively.
As shown in Figure 3g, comparison revealed that at 15 t-ha~!, NB plots displayed a lower
Chloroflexota abundance than FB plots (p < 0.05); the abundance in NB45 was also lower
than in FB15 (p < 0.01). The abundance proportions of Acidobacteriota in the CK, NB15,
NB45, FB15, and FB45 treatments were 8.44%, 5.99%, 5.01%, 7.96%, and 7.02%, respec-
tively. According to the multiple-group comparison (Figure 3i), the abundance in the
NB45 treatment group was significantly lower than that in the control group (p < 0.01).
For both application durations, a significant decrease in abundance was observed when
the biochar rate increased from 15 to 45 t-ha—!. The abundance of Bacteria in the CK,
NB15, NB45, FB15, and FB45 treatments was 5.58%, 5.23%, 4.68%, 5.55%, and 5.90%, respec-
tively. Under the high biochar rate (45 t-ha~!), NB conditions led to a significantly lower
(p < 0.01) relative abundance of Bacteria compared to FB conditions (Figure 3j). Statistical
analysis revealed that the NB45 treatment differed significantly from the control (CK) at the
p <0.05 level.

3.4. Normalized Stochasticity Ratio (NST) Analysis of the Community Structure of Nitrification
and Denitrification in Paddy Field Soil

NST analysis was performed to understand the changes in the community structure
of microorganisms related to nitrification and denitrification. As shown in Figure 4a,
when the different treatments were compared, there were significant differences in the
changes in the community structure of microorganisms related to nitrification. Among
them, the NST value of the FB15 treatment was 0.5163, indicating that the construction
of the microbial community at this time was mainly dominated by a stochastic process.
The NST values of the CK, NB15, NB45, and FB45 treatments were 0.4632, 0.4213, 0.4896,
and 0.3934, respectively, indicating that the deterministic process had the greatest impact
on the microbial community structure in the FB45 treatment. Significant differences were
exhibited in the community structure of denitrifying microorganisms among treatments, as
determined by NST analysis. The weakest deterministic effect (NST = 0.4876) on community
shifts was observed under NB conditions at the 45 t-ha—! biochar rate. In the FB treatment,
the deterministic process of the microbial community structure under the FB15 treatment
was the most pronounced, with an NST value of 0.2803.

3.5. Microbial Function Analysis of Nitrification and Denitrification in Paddy Field Soil

As shown in Figure 5a, the functions of the microorganisms related to nitrification
were classified and clustered using the KEGG database. The classification level referred to
the functions with the top 50 total abundances. The results indicated the presence of five
metabolic pathways: nitrogen metabolism, metabolic pathways, microbial metabolism in
diverse environments, and carbon and methane metabolism. Among the detected metabolic
pathways, the functional abundances of nitrogen, metabolic, and microbial metabolisms
in diverse environments were relatively high. After conducting a cluster analysis of all
treatments, the treatments under the FB and NB conditions were found to belong to the
same hierarchical level. Functional similarity was higher under similar conditions. The
functional similarity of the CK treatment was closer to that of the treatments under FB
conditions. When comparing the abundance of nitrogen metabolism functions among all
treatments, the NB45 and NB15 treatments were relatively weaker.
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Figure 4. Normalized stochasticity ratio (NST) analysis of nitrifying (a) and denitrifying (b) microbial
communities. CK: control (no biochar); FB15 & FB45: received 15 or 45 t-ha~1 biochar in the 8th year
(FB); NB15 & NB45: received 15 or 45 t-ha~! biochar in the 1st year (NB). Dashed line shows the 50%
NST threshold, above which stochastic processes dominate, below which deterministic processes
dominate. ***: significant at p < 0.001.
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Figure 5. Metabolic functions and cluster analysis of microorganisms involved in nitrification (a) and
denitrification (b). CK: unamended control; FB15 & FB45: received 15 or 45 t-ha~! biochar in the 8th
year (FB); NB15 & NB45: received 15 or 45 t-ha~! biochar in the 1st year (NB).

As shown in Figure 5b, there are four metabolic pathways for denitrifying microorgan-
isms in diverse environments: a two-component system, nitrogen metabolism, metabolic
pathways, and microbial metabolism. After cluster analysis, the CK and the FB45 treatment
groups were found to be at the same hierarchical level and the NB15 and NB45 treatment
groups were at the same hierarchical level. Functional similarity was relatively high at
the same level of the hierarchy. At the second hierarchical level, the functions of the FB15
treatment group were similar to those of the CK and FB45 treatment groups. When compar-
ing the abundance of nitrogen metabolism functions among all treatments, the abundance
under the NB conditions was relatively low.
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3.6. Comparison and Differential Analysis of the Microbial Functions of Nitrification and
Denitrification in Paddy Field Soil

As shown in Figure 6, principal coordinate analysis (PCoA) and ANOSIM were
performed on the functions of the microorganisms related to nitrification. As shown in
Figure 6b, the inter-group differences in nitrification-related microbial functions signifi-
cantly exceeded the intra-group differences (R = 0.571852, p = 0.005). Subsequently, PCoA
was performed (Figure 6a). PC1 accounted for 94.07% and PC2 accounted for 2.80%. Based
on the degree of clustering, the microbial functional profiles in the CK, FB15, and FB45
treatments were more similar to one another. The similarity between the CK and FB45
treatments was high, and the functional effects of the NB15 and NB45 treatments were rela-
tively similar. Similarly, ANOSIM was applied to assess functional profiles of denitrifying
microorganisms (Figure 6d). The analysis revealed significantly greater functional variation
between groups compared to within groups (R = 0.546667, p = 0.002). Subsequently, based
on the above results, PCoA analysis was conducted (Figure 6¢c), with PC1 accounting for
97.59% and PC2 accounting for 1.18%. All the treatments were divided into two groups
according to their degree of functional similarity. The functional effects of the CK, FB15,
and FB45 treatments were relatively similar, as were the functional effects of the treatments
under NB conditions. PCoA analysis revealed that sample points from the NB treatment
clustered distinctly on the right side of the coordinate axes, while those from the control
(CK) and FB treatments concentrated on the left side, indicating that the NB treatment
significantly altered the microbial community structure. The exceptionally high variance
explained by PC1 (>90%) confirms that the newly applied biochar in this experiment
was the primary driver influencing the functional activity of nitrifying and denitrifying
microorganisms, accounting for the vast majority of differences observed between samples.
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Figure 6. PCoA-based comparison of microbial functions involved in nitrification (a) and denitrifi-
cation (c); ANOSIM analysis of microorganisms involved in nitrification (b) and denitrification (d).
CK: unamended control; FB15 & FB45: received 15 or 45 t-ha~! biochar in the 8th year (FB); NB15 &
NB45: received 15 or 45 t-ha~! biochar in the 1st year (NB).
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3.7. Comparison of Nitrogen Metabolism Functions Among Microbial Groups Related to
Nitrification and Denitrification

To elucidate how biochar application duration and rate influence nitrogen metabolism
functions, we performed an independent intergroup comparison of these functions in
nitrifying and denitrifying microorganisms. Figure 7a presents a comparison of nitrogen
metabolism functional profiles across microbial groups associated with nitrification. The
analysis revealed that treatments under NB conditions displayed significant functional
differences relative to the CK. However, the results for the FB condition showed the opposite.
These differences were particularly pronounced under the 45 t-ha~! biochar application
rate, with statistical significance at p < 0.01. The NB45 treatment significantly outperformed
all FB treatments in terms of nitrogen metabolism (p < 0.05). As shown in Figure 7b,
there were evident differences in the nitrogen metabolism functions among the microbial
groups related to denitrification. Relative to the CK, the NB condition showed a significant
weakening in nitrogen metabolism functions (p < 0.05). In contrast, the functional efficacy
was markedly enhanced in the FB15 treatment compared to the NB treatment (p < 0.05).

(a) Kruskal-Wallis H test on Pathway Level3(Pathway ID) level
Nitrogen metabolism
95% confidence iptervals

FBas:NBls [FE— o—: Lo, MHFBIS
: [Eck
: [FB45
we1svnes | e =01 HINB4s
FBIs:NB1s [— —— 0.1
. <
: &
ck:npis [FE— —— . <005
I L 1 L 1 1 L I
0 10 20 30 404 3 2 -1 0 1 2
Proportions (%) Difference between proportions (%)
(b) Kruskal-Wallis H test on Pathway Level3(Pathway ID) level

Nitrogen metabolism
95% confidence intervals

FiasNp 15— i Lo, MBS
: (N[0
s | +o— .o mws
: MFB4s
weisness [ — & o1 HINB4S
B B —————————— f—— o
H <
H £
B el messs———| —e— .o &
R Tl e ——— P @— . <oos
I L 1 1 1 1 ]
0 5 10 15 20 25 30-04 -02 0 02 04 06
Proportions (%) Difference between proportions (%)

Figure 7. Comparison of the differences in nitrogen metabolism among microbial groups related
to nitrification (a) and denitrification (b). CK: unamended control; FB15 & FB45: received 15 or
45 t-ha~! biochar in the 8th year (FB); NB15 & NB45: received 15 or 45 t-ha~! biochar in the 1st year
(NB). *: significant at p < 0.05; **: significant at p < 0.01.
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3.8. Correlation Analysis Between Microorganisms Related to Nitrification and Denitrification and
Environmental Factors

Using correlation analysis methods, this study investigated the interactions between
microbial species related to nitrification and denitrification processes and environmen-
tal factors. Correlation analysis revealed distinct linkages between SOM and nitrifying
microbial communities (Figure 8a): positive for all FB treatments (p < 0.05) but negative
for all others (p < 0.05). In the denitrification analysis (Figure 8b), only plots receiving
45 t-ha~! biochar exhibited a positive (though non-significant, p > 0.05) relationship with
pH, whereas negative relationships characterized the remaining treatments. The NO3™-N
content showed only a positive relationship with the NB15 treatment (p > 0.05) and the
results of its correlation with other treatments were in the opposite direction (p > 0.05). A
positive correlation existed between NH4*-N content and the CK and NB15 treatments
(p < 0.05), while correlations with other treatments were negative (p < 0.05). For
denitrification-associated microbes (Figure 8b), a positive correlation with soil pH was
found under NB conditions at both biochar rates (p < 0.05); in contrast, all other treat-
ments showed a negative correlation with pH (p < 0.05). At the 15 t-ha~! biochar appli-
cation rate, a positive correlation (p > 0.05) was observed solely between SOM and the
species composition of denitrifying microorganisms. During the analysis of the contents of
NO; ™ -N and NH; "N, no clear patterns were discernible. The NB15, FB45, and CK treat-
ments exhibited positive correlations with NO3; ~-N content (p > 0.05). Positive correlations
with soil NH;"-N content were also observed for the NB15 and FB45 treatments (p > 0.05).
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Figure 8. Mantel test network heatmap analysis of microbial community composition for nitrification
(a) and denitrification (b) and their associations with environmental factors; Mantel test network
heatmap analysis of microbial community function for nitrification (c) and denitrification (d) in
relation to environmental factors. CK: unamended control; FB15 & FB45: received 15 or 45 t-ha~1
biochar in the 8th year (FB); NB15 & NB45: received 15 or 45 t-ha~! biochar in the 1st year (NB).
**: significant at p < 0.01; ***: significant at p < 0.001.

Considering the impact of environmental factors on the functions of microorganisms
associated with nitrification and denitrification, a correlation analysis linking these func-
tions to environmental factors was conducted. In the correlation analysis pertaining to
nitrification (Figure 8c), the NB15 treatment showed negative correlations with all measured
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soil factors: pH, SOM, NO3;™-N, and NH;*-N (p > 0.05). The FB45 treatment exhibited
positive correlations with SOM, NO3; ™ -N, and NH4*-N (p > 0.05); however, a negative
correlation with pH was observed for this treatment (p > 0.05). For the NB45 treatment,
the correlation pattern was more complex, with positive associations found for SOM and
NO3; =N (p > 0.05) but negative associations for pH and NH;*-N (p > 0.05). The CK
treatment demonstrated a negative correlation with the content of NH;*-N (p < 0.05). A
positive correlation was found exclusively between the FB15 treatment and the SOM content
(p > 0.05). As shown in Figure 8d, no clear patterns emerged from the correlation analysis
of denitrification under comparable circumstances. The different treatments exhibited
distinct correlation patterns. Specifically, pH, soil organic matter (SOM), and ammonium
nitrogen (NH;*-IN) were all positively correlated with the NB15 treatment (p > 0.05).
The FB45 treatment and pH were the only variables that exhibited a positive correlation
(p < 0.05). The NB45 treatment showed a positive correlation with both soil SOM and
NO3™-N content (p > 0.05). The CK treatment showed a positive correlation with both the
soil pH and NH4"-N content (p < 0.05). Conversely, a negative correlation with pH was
unique to the FB15 treatment (p < 0.05).

4. Discussion
4.1. Modulation of Soil Physicochemical Properties by Biochar Application Duration

Biochar, as an emerging soil conditioner, can be applied to soil to achieve sustainable
agriculture. The biochar used in this study is prepared from agricultural waste, containing
minimal hazardous waste and thus suitable for soil application [38,39]. In this study, the
soil pH in the biochar treatment changed significantly. Compared to CK, the application of
biochar significantly increased the soil pH. The more pronounced effect under NB relative
to FB conditions aligns with the results reported by [40]. For the same application duration,
the increase in soil pH became more pronounced with higher biochar application rates;
compared to CK, NB45 increased pH by 11.52% and FB45 by 3.99%, both exceeding the pH
increase achieved by applying 15 tons of biochar over the same period, which validates the
conclusions of a previous study [41]. The underlying mechanism behind this phenomenon
lies in the fact that the alkaline components inherent in biochar release a large quantity of
exchangeable cations upon entering the soil, thereby accelerating the depletion of protons
within the soil. This effectively neutralizes the acidity and elevates the pH levels. Within
the optimal application range, a positive correlation exists between soil pH and the amount
of carbon applied, as shown in previous studies [42,43]. However, conclusions regarding
this matter are not entirely consistent. Some studies have failed to observe a significant
pH-raising effect from biochar [44]. This may be related to multiple factors, including the
application rate of biochar and its degree of stabilization within the soil. However, the
specific underlying mechanisms require further investigation. Additionally, the soil SOM
content was significantly increased by the application of biochar, which is consistent with
previous findings in rice-wheat rotation systems [45]. The results of this study show that
under NB conditions, there was a greater impact on SOM compared to CK, and 45 t-ha~!
increased it by 20.51% over 15 t-ha~!. The observation that SOM content was higher at
45 t-ha~! than at 15 t-ha~! aligns with earlier findings [21]. In the 8th year after biochar
application to the soil, biochar still increased the soil SOM content. During the observation
period of this study, the soil NO3;™-N content exhibited significant fluctuations. The
highest NO; ~-N content was observed under the CK condition, reaching 13.85 mg-kg~!,
while all biochar treatments significantly reduced it, consistent with findings reported
in the literature [46,47]. Some studies also showed that the addition of biochar had no
significant effect on the soil NO3~-N content [48]. Moreover, the content of NH;"-N in
soil after biochar application decreases significantly [49-51], and the observational data
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from this study are consistent with this conclusion. This may be because, after biochar
is applied to the soil, an oxidation reaction occurs, which improves its cation adsorption
capacity and reduces the anion exchange capacity. This led to an increase in the cation
value of biochar with an increase in the number of years of application. In soils where
biochar has been applied for a long time, the NH;"-N content is higher than that in the
first year of biochar application [52,53]. The observed reduction in ammonium nitrogen
content in this study, differing from the simple expectation of “adsorption leading to
accumulation,” reveals the complexity of biochar’s effects. This may occur because biochar
enhances microbial immobilization of NH, ™, thereby increasing soil NH;* consumption
and indirectly reducing NO5;~ production [20]. Although measured concentrations in
the soil inorganic nitrogen pool decrease, nitrogen is temporarily “locked” within living
microbial cells, reducing the risk of leaching. The differing adsorption capacities of biochar
toward NHy4 " across various application durations also influence N, O emissions to some
extent [18,20]. Future studies may monitor soil NHs* dynamics and biochar adsorption
capacity to distinguish the relative contributions of these two mechanisms. It should be
noted that this study primarily focuses on the effects of biochar application in the field,
lacking comparative data on the characterization of fresh versus aged biochar. This may be
a key reason for the difference in FB and NB effects. Future research should incorporate
detailed material characterization to clarify the underlying mechanism. Overall, biochar
continued to exert regulatory effects on soil physicochemical properties even eight years
after application.

4.2. Effects of the Application Duration of Biochar on N,O Emissions from Paddy Fields

This study employed a sampling frequency of once every 7 days, with an additional
measurement 3 days after fertilization. While this approach aligns with conventional prac-
tices in similar studies, it may not fully capture the sustained, transient peaks of extremely
high N, O emissions that occur following fertilization and rainfall events. Consequently, the
seasonal cumulative N,O emissions reported in this study may represent a conservative
estimate. Future high-frequency continuous monitoring (e.g., using automated chambers)
will facilitate more precise quantification of N,O emission peaks. Divergent conclusions
exist in the literature regarding biochar’s impact on N,O emissions. The literature presents
a dichotomy regarding biochar’s impact on N,O emissions. While a body of work supports
its mitigating role [29,30,54,55], other studies have recorded neutral or even stimulatory
effects [56]. The observational data from this study indicate that in the first year following
the application of biochar to the soil, there were two trends in the impact on N,O emissions.
Compared to CK, under a high biochar application rate, N,O emissions increased, and
cumulative emissions increased by 18.44%, whereas under a low biochar application rate,
N,O emissions decreased significantly by 54.56%, a conclusion supported by [57]. This
inconsistency in NoO emissions may be related to the application rate of biochar and
pyrolysis temperature, with the specific reasons requiring further in-depth research and
verification. In the eighth year after biochar application to rice fields, N,O emissions under
the two treatments were alleviated, and the cumulative emissions tended to be consistent.
FB15 and FB45 decreased by 21.42% and 24.77%, respectively, with no evident difference.
This observation aligns with [58], who reported that biochar alleviates N, O emissions after
two to four years of application in paddy fields. Biochar limits substrate supply for denitri-
fication by adsorbing inorganic nitrogen (NO3~-N and NH4*-N) on its surface, ultimately
suppressing soil N,O emissions [59]. This study investigated the impact of biochar on
N,O emissions based on two dimensions—application duration and dosage—with the
aim of providing theoretical support for investigating the sustainability of its emission
reduction effects.
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4.3. Effects of the Application Duration of Biochar on Nitrifying and Denitrifying Microorganisms

In rice paddy ecosystems, the principal sources of N,O are the microbial processes
of nitrification and denitrification [60]. Previous research indicates that amending soil
with biochar stimulates the proliferation of nitrifying microbes (e.g., ammonium-oxidizing
bacteria) and alters the community composition of denitrifiers [61-63]. Similarly, the species
analysis conducted in this study under NB and FB regimes showed comparable patterns in
the relative abundances of nitrifier and denitrifier communities. Elevated levels of SOM
content and soil pH were associated with biochar application. These changes in the soil
environment may further influence the abundance of nitrifying and denitrifying microbial
communities. Furthermore, biochar enhances the efficiency of electron transfer within the
soil system, thereby promoting the ability of denitrifying microorganisms to reduce N,O
and drive its conversion to Ny [64].

Based on the NST analysis of the changes in the community structure of nitrification
and denitrification, it was found that during nitrification and denitrification, the community
structure of FB15 underwent the most significant changes. However, no patterns were
found, possibly owing to differences in the duration and amount of biochar application.
This may also be because only one type of raw material was used to prepare the biochar.
The raw materials used to prepare biochar and the pyrolysis conditions can affect the
biogeochemical action of biochar in soil [65]. Further research in this area is warranted.
After comparison with the KEGG database, the metabolic pathways were determined.
According to the functional abundance values, when the duration of biochar application
was the same, the functions of the microorganisms related to nitrification and denitrification
were similar. Eight years after application, functional similarity increased between the
control and biochar-treated soils. Nitrogen metabolism functions in nitrifier-associated
communities were more pronounced under NB conditions than under FB conditions.
Conversely, denitrifier-linked nitrogen metabolism exhibited enhanced expression in FB
treatments compared to NB treatments. This indicates that although biochar continued
to have an effect in the eighth year of application, its effectiveness weakened over time.
However, the high-dose treatment (45 t-ha~!) used in this study was primarily designed to
maximize effects under experimental conditions and reveal potential mechanisms, rather
than representing a recommended practical agronomic application rate. Based on the
findings of this study, future research should validate the long-term effects of fresh versus
aged biochar at application rates closer to real-world production conditions. Additionally,
systematic integrated assessments of cost, benefits, and environmental impacts should be
conducted to develop truly scalable application protocols.

5. Conclusions

Based on a field experiment, the application duration of biochar directly affected
N,O emissions and the associated functional changes in microorganisms in paddy soils.
The organic matter content of paddy soil was increased by fresh, high-level biochar (e.g.,
NB45). In contrast, aged, high-level biochar (e.g., FB45) reduced the soil’s NO3 ™-N content.
Biochar reduced N;O emissions (except for NB45) and influenced microbial functions
related to nitrification and denitrification in paddy fields. The effects of biochar vary
with application duration and rate. The influence of fresh biochar (NB) on SOM and
pH was more pronounced compared to that of aged biochar (FB). In particular, NB45
increased SOM and pH by 55.26% and 11.52%, respectively. Fresh biochar (NB) had a
higher NO3™-N content than aged biochar (FB), but the NH;*-N content was exactly
the opposite of that of nitrate nitrogen. As the duration of biochar application increased,
the effectiveness of biochar in reducing N,O emissions decreased. NB15 reduced the
cumulative NoO emissions by 54.56%. NB enhanced the nitrogen metabolism functions
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of microorganisms related to nitrification, while suppressing those of microorganisms
associated with denitrification. Considering both emission reduction and soil improvement
benefits, applying 15 t-ha~! of fresh (NB) biochar represents the optimal application rate.
In conclusion, biochar continued to exert its effects on soil nutrients and GHG emissions
even eight years after application. However, the combined application of fresh and aged
biochar in paddy field ecosystems, particularly its optimal application rate range, long-term
effects, and ecological benefits, warrants further investigation. To understand potential
long-term negative consequences, it is critical to ensure sustainability. This study provides
a theoretical foundation for establishing an agricultural circular economy and enhancing
the environmental benefits of agricultural production in cold regions.
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