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Biochar

Long‑term biochar amendment increased 
dissimilatory nitrate reduction to ammonium 
concomitantly suppressing denitrification 
and anaerobic ammonium oxidation in deep 
alkaline paddy soil
Qiannan Yang1, Guilong Zhang1,2,3, Jie Li1, Hu Li4, Lukas Van Zwieten5 and Lili Wang1* 

Abstract 

Dissimilatory nitrate reduction to ammonium (DNRA) conserves soil nitrogen (N), whereas denitrification and anaero-
bic ammonium oxidation (anammox) can result in soil N loss. Despite biochar’s potential to modulate N cycling path-
ways, its effects on dissimilatory nitrate reduction in alkaline paddy soils remain poorly characterized. Using 15N tracer 
pairing techniques in soil slurries, we quantified denitrification, anammox, and DNRA rates in soils to 80 cm depth 
that had received surface annual application of 0.05 t/ha of rice straw biochar. We then partitioned nitrate reduction 
pathways and identified associated microbial communities. Denitrification showed the greatest variability in rates, 
proportional contribution and community composition, indicating its dominant role in partitioning nitrate reduction 
pathways in both surface and deep layers. Random forest and structural equation modeling identified the edaphic 
factors of soil pH, SOC/NO3⁻ ratio, and Fe2+ concentration as key drivers. In surface layers, biochar amendment opti-
mized these parameters, stimulating both denitrification and DNRA rates. In deep layers, however, biochar progres-
sively elevated pH above optimal thresholds and lowered SOC/NO3⁻ ratio, further suppressing napA gene abundance 
and denitrification rates while increasing DNRA rates and proportions. Our findings demonstrate that long-term 
biochar amendment promotes DNRA and suppresses denitrification and anammox in deep alkaline paddy soil. These 
results provide mechanistic evidence for biochar’s role in conserving soil N through depth-dependent modulation 
of microbial N cycling pathways in alkaline paddy systems.

Highlights 

•	 DNRA dominates over denitrification with increasing depths.
•	 Long-term biochar amendment promotes DNRA whereas suppresses denitrification and anammox in deep alka-

line paddy soil.
•	 The trade-off between  denitrification and  DNRA was  mediated by  napA, nosZ and  denitrifiers via  pH, SOC/

NO3⁻, and Fe2+.
•	 Our findings emphasize the role of biochar in regulating dissimilatory nitrate reduction in alkaline deep paddy 

soil.
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1  Introduction
The dissimilatory nitrate reduction process in paddy soils 
constitutes a vital component of the nitrogen (N) cycle, 
including denitrification, anammox, and dissimilatory 
nitrate reduction to ammonium (DNRA). Denitrification 
represents the primary N loss pathway in paddy soils, 
with the highest activity in the topsoil layer, with rates 
reaching 2.19 ± 0.39 mg N kg⁻1 d⁻1 (Ding et al. 2021). The 
anammox process occurs in the surface soil layer, with 
a rate of 1.13 ± 0.16  mg N kg⁻1 d⁻1. In contrast, DNRA 
can reduce nitrate to ammonium, which contributes to 
lower N loss, thus conserving plant available N (Shan 
et al. 2016; Zhang et al. 2021). The interactions between 
denitrification, anammox, and DNRA not only influence 
N transformation and loss but also significantly impact 
greenhouse gas emissions and soil health. Recent publi-
cations on factors affecting nitrate dissimilatory reduc-
tion processes in paddy soils indicate that soil pH, C/N 
ratio, inorganic N content, and redox conditions are key 
regulators of these processes, but these studies focus on 
acidic paddy topsoil (Li et al. 2020a, b; Cheng et al. 2022). 
However, the controlling factors of dissimilatory nitrate 

reduction process in alkaline paddy soils, especially in 
deep layers, still remain unclear.

Biochar amendment to paddy fields exerts significant 
effects on dissimilatory nitrate reduction by regulat-
ing microbial activity and soil physicochemical proper-
ties (Joseph et al. 2015), particularly through competitive 
and synergistic interactions between denitrification and 
DNRA. When soil has a low C/NO3

− ratio, denitrifica-
tion is typically dominant because denitrifying bacte-
ria exhibit higher affinity for nitrate (Jia et  al. 2020). In 
turn, under high C/NO3

− conditions, biochar amend-
ment can promote DNRA over denitrification process, 
thereby lowering N loss and increasing soil NH4

+ reten-
tion (Wei et al. 2022). Denitrification and DNRA process 
also exhibit synergistic relations under biochar amend-
ment due to (1) regulation of soil pH: biochar can elevate 
soil pH, thus favoring nosZ gene expression in acidic 
soils, but it also enhances the activity of DNRA-associ-
ated microorganisms (Zhang et  al. 2022a, b; Gao et  al. 
2025); (2) organic carbon supply: biochar increases dis-
solved organic carbon (DOC) content in soil, providing 
additional electron donors for DNRA (He et  al. 2019; 
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Zhang et  al. 2022a, b); (3) alteration of microbial com-
munities: biochar enhances DNRA rates and reduces soil 
N2O emissions by increasing the abundance of specific 
microorganisms (Wei et al. 2022). The trade-offs between 
denitrification and DNRA are likely to be significantly 
different in acidic and alkaline soils. However, most of 
these mechanisms are applicable to acidic surface paddy 
soils (Pandey et al. 2019; Li et al. 2020a). As the percola-
tion and accumulation effects of NO3⁻ in deeper paddy 
soil become increasingly evident, N loss is becoming 
increasingly severe especially in acidic soils (Ding et  al. 
2021). It is unclear whether biochar amendment exerts a 
competitive or synergistic effect on regulating denitrifica-
tion and DNRA in deep alkaline paddy soil, and the rel-
evant mechanisms have not yet been revealed.

This study aims to investigate the microbial regulatory 
mechanisms of dissimilatory nitrate reduction processes 
in deep alkaline (pH > 8) paddy soil under long-term bio-
char amendment, thereby addressing the gaps in previ-
ous research. The specific objectives of this study were to: 
(1) quantify how long-term biochar amendment affects 
denitrification, anammox, and DNRA rates of different 
depths in alkaline paddy soil; (2) assess the physicochem-
ical and microbial drivers under biochar amendment 
in soils of different depths; (3) elucidate the microbial 
mechanisms underlying these effects. This work aims 
to provide mechanistic insights into long-term biochar 
amendment–depth–microbe interactions, contributing 
to a deeper understanding of how biochar can be used to 
regulate dissimilatory nitrate reduction processes in deep 
alkaline paddy soil, and providing guidance for tailoring 
biochar strategies to alkaline soil environments.

2 � Materials and methods
2.1 � Study sites and soil sampling
This study was initiated in 2019, and long-term (> 5 year) 
biochar amendment was performed in the paddy soil in 
Ninghe, Tianjin (39.47° N,117.70° E). Biochar was mixed 
thoroughly and spread evenly on the surface layer of the 
paddy soil at an annual application rate of of 0.05 t ha−1 
yr−1 of rice straw. We used a rotary tiller to incorporate 
it into the tillage layer (0–40 cm) and repeated this pro-
cess 1–2 times to ensure uniform distribution to deeper 
layers. The biochar used in the incubation study was 
made from rice straw, which was pyrolyzed in a muffle 
furnace at a temperature of 500 ℃ (with a heating rate 
of 5 ℃ min−1) for 8  h under oxygen limited conditions. 
Detailed information on the biochar properties is listed 
in Table S1 and Fig. S1.

The collected paddy soil belongs to Eutric Cambi-
sols, which were developed from a sandy loam deposit 
and calcium carbonate was deposited at the bottom due 
to the groundwater. Paddy soils from the 0–20, 20–40, 

40–60, and 60–80 cm layers were collected from the con-
trol (CK) and biochar amended (BC) plots, respectively. 
The soil samples were collected following the harvest of 
rice in 2024 from 5 locations within the plots. Each sam-
ple was divided into three parts: (1) one subsample was 
processed for physicochemical analysis; (2) the second 
subsample was stored at 4 ℃ for the determination of the 
potential rates of denitrification, anammox, and DNRA 
rate within three days after sampling from the field soil; 
(3) the third subsample was stored at − 80 ℃ for molecu-
lar analysis. Unless otherwise stated, the following meas-
urements were performed in triplicate.

2.2 � Soil physicochemical properties analysis
Soil pH and electrical conductivity (EC) were deter-
mined using soil to water ratios of 1:2.5 and 1:5, respec-
tively. Soil total carbon (TC) and total nitrogen (TN) 
were determined using an elemental analyzer (Elemen-
tar analyzer vario MaxCNOHS, Germany). Soil organic 
carbon (SOC) content was determined by the wet oxi-
dation method with K2Cr2O7 after removing carbonate 
using hydrochloric acid (HCl) (Bao 2000). Soil dissolved 
organic carbon (DOC) content was determined  using a 
TOC analyzer (Elementar, Germany). Soil NH4

+–N and 
NO3

−–N concentrations were extracted with 2  M KCl 
solution at a soil/solution ratio of 1:5 (weight/volume). 
The KCl extracts were then filtered through filter paper, 
and the concentrations of NH4

+–N and NO3
−–N in the 

extracts were determined by a continuous-flow analyzer 
(Smartchem 200S/N1104238, WESTCO, France) (Yin 
et  al. 2017). Soil available phosphorus (AP) was meas-
ured by the molybdenum-blue method. Fe2+ in soils was 
extracted by 5 mL 0.5 mol L−1 HCl. The contents of Fe2+ 
in the extractions were determined using a spectropho-
tometer (Li et al. 2020a). The soil physicochemical prop-
erties are presented in Table 1.

2.3 � Measuring potential rates of denitrification, anammox, 
and DNRA

The rates of denitrification, anammox, and DNRA were 
simultaneously measured using a soil slurry-based 15N 
tracer pairing technique and membrane inlet mass 
spectrometry (MIMS, Bay Instruments, Easton, MD, 
USA) (Hou et  al. 2012; Liu et  al. 2019). Briefly, fresh 
soil samples were homogenized by hand mixing in an 
anaerobic glove box at a volume ratio of 1:7 (soil/water) 
and transferred into individual 160  mL serum bottles. 
Each sample was wrapped with aluminum foil to keep 
the incubation bottles dark. The system used a multi-
channel peristaltic pump that maintained a consist-
ent flow of 1.0–1.4 mL  min−1, and the paddy soil core 
with inlet tubing and outlet tubing. The bottom water 
enriched with 15N–NO3

− (90–99% 15N-KNO3) to final 
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concentrations of 100  μM 15N–NO3
− and kept at near 

in situ temperature. Following an overnight pre-incuba-
tion to allow the system to reach equilibrium (McTigue 
et al. 2016), inlet and outlet samples were collected 
once every 6 h for 24 h with 12 mL gas-tight vials (Exe-
tainer, Labco). Immediately after collection, 200 μL of 
50% ZnCl₂ solution was added to each sample to inhibit 
microbial activity. All vials were sealed with butyl rub-
ber septa and stored underwater at 4  °C until analysis. 
Potential denitrification, anammox, and DNRA rates in 
the slurries were quantified by measuring process-spe-
cific  15N-labeled products. The concentrations of 29N2 
and 30N2 in the vials were measured by membrane inlet 
mass spectrometry (MIMS), and the potential denitrifi-
cation, anammox, and DNRA rates were calculated by 
the 29N2 and 30N2 production and 15NH4

+ during the 
incubation period, as described in Table S2.

2.4 � Soil DNA extraction and quantitative PCR assay
Total DNA in the soil sub-samples was extracted using 
the PowerSoil DNA Kit (QIAGEN, USA) according to 
the manufacturer’s instructions. The concentration and 
purity of the extracted DNA was assessed with a Nan-
oDrop spectrophotometer (Thermo Fisher Scientific, 
Wilmington, USA). Real-time quantitative PCR was 
performed to quantify the abundance of nitrate reduc-
tion-related genes. The primers for the nitrate reduc-
tion-related genes were 3F/3R for napA, F1aCuF/R3CuR 
for nirK, cd3aF/R3cd for nirS,  and ZF/ZR for nosZ. The 
nrfA gene for DNRA and hzs gene for anammox were not 
detected in the samples, probably due to the high soil pH. 
Details of the primers used for each gene and the ther-
mocycling conditions are listed in Table  S3. The ampli-
fication efficiencies of the qPCR results were 90–110%, 
and the correlation coefficients (R2) were higher than 
0.98.

Table 1  Soil physicochemical characteristics in the control and biochar amendment (BC) in different depths of the paddy soil

Data are expressed as the mean ± standard deviation (n = 3); Different letters represent the significance between control and BC treatment in different depths of the 
paddy soil according to two-way ANOVA (P < 0.05)

TC soil total carbon, SOC soil organic carbon, DOC soil dissolved organic carbon, TN soil total nitrogen, AP soil available phosphorus, AK soil available potassium, D 
Depth effect, B biochar (BC) treatment

Depth (cm) Treatment pH EC (ms cm−1) TC (g kg−1) SOC (g kg−1) DOC (mg kg−1) TN (g kg−1) NH4
+-N 

(mg kg−1)

0–20 Control 6.81 ± 0.07a 488.0 ± 10.4a 12.84 ± 0.04a 3.801 ± 0.052a 21.76 ± 0.62a 1.064 ± 0.014a 8.164 ± 0.190a

BC 7.43 ± 0.05b 334.33 ± 8.50b 19.30 ± 0.04b 3.435 ± 0.023b 16.17 ± 0.42b 0.855 ± 0.017b 7.871 ± 0.120a

20–40 Control 7.20 ± 0.08a 474.00 ± 11.14a 11.46 ± 0.02a 3.587 ± 0.058a 25.56 ± 0.14a 0.994 ± 0.008a 11.427 ± 0.292a

BC 7.94 ± 0.02b 310.67 ± 2.08b 17.82 ± 0.08b 2.969 ± 0.047b 17.74 ± 0.27b 0.345 ± 0.016b 6.003 ± 0.075b

40–60 Control 7.59 ± 0.04a 455.00 ± 13.08a 9.43 ± 0.02a 2.124 ± 0.064a 17.02 ± 0.24a 0.517 ± 0.008a 6.872 ± 0.248a

BC 8.00 ± 0.05b 300.33 ± 2.52b 13.41 ± 0.06b 1.316 ± 0.001b 15.17 ± 0.80b 0.209 ± 0.002b 5.597 ± 0.079b

60–80 Control 7.88 ± 0.07a 331.67 ± 2.52a 9.24 ± 0.03a 1.243 ± 0.017a 13.79 ± 0.61a 0.220 ± 0.007 5.954 ± 0.088a

BC 8.10 ± 0.02b 286.00 ± 2.65b 10.07 ± 0.06b 1.101 ± 0.005b 11.10 ± 0.22b 0.190 ± 0.001b 5.330 ± 0.038b

Two-way ANOVA

 D 291.376** 190.868** 22,665.759** 5149.461** 420.251** 5616.594** 463.106**

 B 507.430** 1604.733** 51,180.937** 856.089** 543.521** 4468.785** 797.459**

 D × B 27.665** 75.070** 4602.947** 77.515** 50.740** 850.658** 312.033**

Depth (cm) Treatment NO3
−–N 

(mg kg−1)
AP (mg kg−1) TC/TN (%) C/NO3

− (× 103) SOC/NO3
− 

(× 103)
DOC/NO3

− (%) Fe2+ (mg g−1)

0–20 Control 9.392 ± 0.098a 15.47 ± 0.47a 12.07 ± 0.12a 1.367 ± 0.010a 404.72 ± 5.72a 2.317 ± 0.048a 0.300 ± 0.0009a

BC 8.058 ± 0.079b 20.60 ± 0.68b 22.57 ± 0.41b 2.395 ± 0.021b 515.71 ± 0.91b 2.007 ± 0.033b 0.315 ± 0.0003b

20–40 Control 6.660 ± 0.044a 14.15 ± 0.03a 11.53 ± 0.09a 1.721 ± 0.009a 365.81 ± 3.91a 3.837 ± 0.006a 0.273 ± 0.0038a

BC 6.984 ± 0.041b 8.28 ± 0.13b 51.69 ± 2.11b 2.552 ± 0.005b 345.78 ± 2.02b 2.540 ± 0.024b 0.147 ± 0.0034b

40–60 Control 9.804 ± 0.055a 6.25 ± 0.11a 18.25 ± 0.24a 0.962 ± 0.003a 263.60 ± 6.81a 1.735 ± 0.015a 0.141 ± 0.0006a

BC 7.630 ± 0.049b 7.50 ± 0.10b 64.17 ± 0.48b 1.758 ± 0.006b 188.44 ± 0.96b 1.988 ± 0.094b 0.153 ± 0.0013b

60–80 Control 8.585 ± 0.109a 4.04 ± 0.14a 42.10 ± 1.27a 1.076 ± 0.011a 162.88 ± 1.60a 1.606 ± 0.058a 0.103 ± 0.0023a

BC 8.125 ± 0.062b 6.27 ± 0.08b 52.93 ± 0.14b 1.239 ± 0.002b 135.49 ± 0.44b 1.366 ± 0.017b 0.119 ± 0.0013b

Two-way ANOVA

 D 961.644** 2127.228** 1259.849** 12,074.670** 8858.365** 1508.960** 9936.105**

 B 975.588** 30.279** 5263.278** 29,195.309** 3.911ns 449.799** 577.909**

 D × B 342.886** 352.100** 647.593** 2065.486** 741.772** 298.707** 1622.620**
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2.5 � High‑throughput sequencing
The purified products of nirK, nirS,  and nosZ genes 
were sent for high-throughput sequencing using the 
Illumina MiSeq platform (Illumina, San Diego, CA, 
USA) according to the standard protocols of Majorbio 
BioPharm Technology Co. Ltd. (Shanghai, China). The 
quality sequences were binned into operational taxo-
nomic units (OTUs) defined at the 97% similarity level 
using the UCLUST program (Edgar 2010) after chimera 
sequences were removed using Quantitative Insights 
Into Microbial Ecology (QIIME) (Caporaso et al. 2010). 
We deposited the raw reads of the nirK, nirS, and nosZ 
genes into the NCBI Sequence Read Archive (SRA) 
database under accession numbers PRJNA1441227, 
PRJNA1441200, and PRJNA1441235, respectively. 
Specifically, the relative abundance of specific orders 
encoded by nirK, nirS,  and nosZ genes was calculated 
based on the composition of nitrate reducer communi-
ties in each treatment.

2.6 � Statistical analysis
A two-way analysis of variance (ANOVA) was conducted 
to assess the effects of biochar amendment, soil depth, 
and their interaction on measured variables. Post hoc 
comparisons were performed using Duncan’s multiple 
range test at a significance level (P < 0.05). All statistical 
analyses were carried out using IBM SPSS Statistics 27.0 
(SPSS Inc., Armonk, NY, USA), evaluating differences 
in soil physicochemical properties, N transformation 
rates (denitrification, anammox, and DNRA), and copy 
numbers of nitrate reduction-related genes. The matrix-
weighted UniFrac distance-based principal coordinate 
analysis (PCoA) was conducted using ‘vegan’ and ‘ape’ 
packages in R (version 4.3.1) to evaluate the microbial 
community compositions associated with denitrification, 
and the significance was simultaneously estimated by the 
permutation analysis of variance (PERMANOVA) test. 
The Circos package was used to visualize the distribution 
of the most abundant denitrification phyla (> 1%). The 
properties and images of the network were calculated 
and generated using the igraph package in R (Csárdi and 
Nepusz 2006) and Gephi (http://​gephi.​github.​io/). Pear-
son correlation analyses between N transformation rates, 
functional gene abundances, and soil properties, as well 
as Mantel tests assessing relationships between denitri-
fier community composition and soil variables, were per-
formed using the vegan package in R (version 4.3.1). The 
structural equation modeling (SEM) was performed with 
the lavaan package in R (version 4.3.1). The chi square 
test (χ2), comparative fit index (CFI), and standardized 
root mean square residual (SRMR) were used to assess 
the model fit.

3 � Results
3.1 � Depth‑related patterns of denitrification, anammox, 

and DNRA in biochar‑amended paddy soils
Both depth and biochar amendment, as well as their 
interaction effect, significantly influenced dissimila-
tory nitrate reduction in both surface and deep layers of 
paddy soils (Fig.  1). DNRA, denitrification, and anam-
mox rates all exhibited a decreasing trend with increas-
ing depth (Fig. 1a–c). With increasing depth, the relative 
contributions of DNRA and denitrification exhibited 
opposite trends. Overall, DNRA rates ranged from 
5.03 to 17.90  nmol  g−1  h−1 (Fig.  1a) and the proportion 
of DNRA significantly increased from 25.7% to 91.1% 
(Fig.  1d). Concomitantly, denitrification rates ranged 
from 1.23 to 37.86  nmol  g−1  h−1 (Fig.  1b) and the pro-
portion of denitrification significantly decreased from 
67.9% to 7.2% (Fig. 1d). Anammox rates varied from 0.32 
to 13.85 nmol g−1 h−1 (Fig. 1c) and their proportion also 
decreased from 23.5% to 1.9% (Fig. 1d).

BC treatment significantly increased the rates of 
DNRA, denitrification, and anammox in the surface 
layers of the paddy soil profile (Fig.  1a–c). Compared 
to control (CK) treatment, BC treatment significantly 
increased the proportion of denitrification in the surface 
layer (0–20  cm) by 6.2%, but decreased the proportion 
by 28.8% in the 20–40 cm layer, 17.8% in the 40–60 cm 
layer, and 27.8% in the 60–80  cm layer, respectively 
(Fig. 1d). BC treatment in turn decreased DNRA propor-
tion by 2.9% in the 0–20 cm layer but increased DNRA 
proportion by 31.4% in the 20–40 cm layer, 22.2% in the 
40–60 cm layer, and 37.0% in the 60–80 cm layer, respec-
tively (Fig.  1d), which reached peak in the 60–80  cm 
layer. The denitrification/denitrification + DNRA ratio 
(Den/Den + DNRA) increased in the 0–20  cm layer by 
5.2% but decreased by 33.9% in the 20–40 cm layer, 21.6% 
in the 40–60 cm layer, and 31.8% in the 60–80 cm layer 
under BC treatment (Fig.  1d). The proportion of anam-
mox decreased in all depths, with the reduction of 3.8% 
in the surface layer, 2.7% in the 20–40 cm layer, 4.8% in 
the 40–60 cm layer, and 9.4% in the 60–80 cm layer under 
BC treatment, and decreased most in the 60–80 cm layer 
(Fig. 1d).

3.2 � Vertical distribution of nitrate reduction‑related gene 
abundance in biochar‑amended paddy soils

The abundance of nitrate-reducing functional genes 
was quantified under BC treatment in different soil lay-
ers. The functional genes including napA and denitrifi-
cation-related genes nirK, nirS, and nosZ were detected. 
The abundances of nrfA and hzs genes were too low to 
be detected. This may be attributed to the high alkaline 
soil pH, coupled with low oxygen and organic carbon 

http://gephi.github.io/
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levels resulting from periodic drainage and increas-
ing depth, suppressing microbial community activity 
associated with these functional genes. Overall, the 
nitrate reduction gene abundance (log10 copies) sig-
nificantly decreased from 8.20 to −0.07 with increasing 
soil depth (Fig.  2), indicating deeper soil layers inhib-
ited microbial activity. The napA gene (log10 copies) 
exhibited the most pronounced decreasing trend along 
the profile from 6.06 to 1.05 (Fig. 2c). The abundances 
of  nirS  (Fig.  2b) and  nosZ  (Fig.  2d) peaked within the 

0–40  cm soil layer, consistent with the adaptation of 
denitrifying bacteria to microaerobic conditions.

BC treatment showed diametrically opposed effects 
on nitrate reduction functional gene abundance (log10 
copies) in the surface and deep soil layers (Fig.  2). BC 
treatment significantly increased denitrification-related 
gene abundances (Fig.  2a, b, d) but reduced napA gene 
abundance in the 0–20 cm soil layer (Fig. 2c). This aligns 
with the changes of DNRA and denitrification rates in 
the surface layer. In contrast, BC treatment significantly 

Fig. 1  Rates of DNRA (a), denitrification (b), and anammox (c), and their relative contributions (%) in control and biochar-amended (BC) treatments 
across different soil depths in paddy soil. Error bars show the standard deviation of each treatment (n = 3). Different letters indicate significant 
differences at P < 0.05. The effects of sampling depth (D), biochar amendment (B), and their interaction (D × B) in each soil are shown. *P < 0.05; 
**P < 0.01; ***P < 0.001
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reduced the abundance of all four functional genes in 
the 20–80 cm soil layer (Fig. 2), similar to the change of 
DNRA and denitrification rates in deep layers.

3.3 � Diversity and composition of nitrate‑reducing 
communities in biochar‑amended paddy soil

For biochar amendment and depth combined effects, 
unconstrained principal coordinate analysis (PCoA) 
and permutation multivariate analysis of variance (PER-
MANOVA) showed significant differences in microbial 
community composition (i.e., encoding nirK, nirS,  and 
nosZ) between BC and CK treatments (P < 0.01), with 
this divergence particularly pronounced along the first 
axis (Fig.  3a, c, e). The predominant nirK species were 

the Rhizobiales and unclassified_c_Alphaproteobacte-
ria in the biochar treatments instead of the norank_d_
Bacteria in CK treatment, which was consistent in all 
soil depths (Fig.  3b). The nirS-encoding species in CK 
and BC treatments group were norank_d_Bacteria and 
unclassified_p_Protecobacteria, respectively (Fig.  3d). 
The major nosZ-encoding species in the CK and BC treat-
ments differed across soil depths (Fig.  3f ). The primary 
species both in CK and BC treatments of 0–20 cm were 
Nitrosomonadales and unclassified Proteobacteria, but 
their relative proportions differed significantly. Nitroso-
monadales decreased obviously and were replaced by 
Pseudomonadales, Rhizobiales, and unclassified_p_Pro-
tecobacteria in 20–40  cm soil. Compared to the CK 

Fig. 2  Abundance (log10 copies g−1 dry soil) of nitrate reduction-related genes (nirK, nirS, napA, and nosZ) under control and biochar-amended 
paddy soil Error bars show the standard deviation of each treatment (n = 3). Different letters indicate significant differences at P < 0.05. The effects 
of sampling depth (D), biochar amendment (B), and their interaction (D × B) in each soil are shown. *P < 0.05; **P < 0.01; ***P < 0.001
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treatment, Nitrosomonadales and Proteobacteria sig-
nificantly decreased in BC treatment in the 40–60  cm 
layer, whereas the proportion of Alphaproteobacteria 
increased. BC treatment significantly reduced the pro-
portions of Nitrosomonadales and Rhizobiales while 
increasing the proportion of Proteobacteria in 60–80 cm 
soil layer.

Our results further demonstrated that the denitrify 
genera had significant difference between CK and BC 
treatments, no matter in divided or all combined depths 
(Fig. S2). For nirK-encoding genera, norank_d_Bacteria 
abundance was significantly lower under BC treatment 

(P < 0.01) both in divided and combined layers (Fig. 
S2a). For nirS-encoding genera, Paracoccus and Sulfuri-
cella abundances were markedly lower in BC treatment 
(P < 0.01), whereas Azoarcus abundance was significantly 
higher in BC treatment compared to CK treatment 
(P < 0.05) both in divided and combined layers (Fig. S2b). 
For nosZ-encoding genera, Thiobacillus and Rhodoferax 
abundances were significantly lower in BC treatment 
(P < 0.01, 0.05, respectively), whereas Pseudomonas abun-
dance was significantly higher in BC treatment compared 
to CK treatment (P < 0.05) both in divided and combined 
layers (Fig. S2c).

Fig. 3  Unconstrained principal coordinate analysis (PCoA) shows that soils from control and biochar-amended treatments at different depths 
have significantly distinct microbiota, as suggested by permutational multivariate analysis of variance (PERMANOVA): nitrate reducers encoded 
by the nirS (a), nirK (c), and nosZ (e) genes. Circos plots show the composition of nirS (b), nirK (d), and nosZ (f) encoding nitrate reducer communities 
at the order level in each treatment. The number on the inner ring and the length of the bars on the outer ring represent the relative abundance 
(percentage), respectively. C1: control of 0–20 cm; B1: biochar amendment of 0–20 cm; C2: control of 20–40 cm; B2: biochar amendment 
of 20–40 cm; C3: control of 40–60 cm; B3: biochar amendment of 40–60 cm; C4: control of 60–80 cm; B4: biochar amendment of 60–80 cm
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3.4 � Co‑occurrence networks of denitrifying communities 
in biochar‑amended paddy soil profiles

The interaction patterns across denitrifying (nirK, nirS, 
nosZ-encoding) bacteria in CK and BC treatments in dif-
ferent depths were explored through network analysis 

based on strong significant correlations (Fig.  4). The 
nodes and edges were merged between 0–20  cm and 
20–40  cm. Similarly, the nodes and edges of 40–60  cm 
and 60–80  cm were merged because there were not 
enough samples to ensure the accuracy of the results. BC 

Fig. 4  Co-occurrence network analysis between nirK-, nirS-, and nosZ-encoding nitrate reducer communities (OTU level) in the Control and biochar 
treatments. 0–20 cm and 20–40 cm were combined of Control (a) and BC amendment (b), and 40–60 cm and 60–80 cm were combined of Control 
(c) and BC amendment (d), respectively
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treatment exhibited fewer nodes but more edges than the 
control, resulting in higher network connectivity within 
the 0–40  cm soil layer (Fig.  4a, b). However, the trend 
was completely reversed for the  40–80  cm soil (Fig.  4c, 
d). By comparing the interactions and niches of different 
denitrifiers in each network, we found that they exhibited 
more interactions among nirK, nirS,  and nosZ-encoding 
genera in BC treatment than CK treatment, character-
ized by increased positive correlations between them.

Keystone orders encoded by nirS, nirK, and nosZ genes 
in the 0–60  cm soil layer showed significant relation-
ships with DNRA, denitrification, anammox rates, and 
relative contributions (%). For the  0–20  cm  layer, the 
relationship between keystone orders and the three rates 
did not reveal significant competition among DNRA 
and denitrification and anammox, which was consistent 
with the rate change. Unclassified_c_Betaproteobacte-
ria and unclassified_p_Proteobacteria were significantly 
positively correlated with denitrification, its contribu-
tion, and related genes. Norank _d_Bacteria and Thio-
bacillus showed opposite correlation (Fig. S3). For 
the  20–80  cm  layer, the relationship between keystone 
orders and the three dissimilatory nitrate reduction rates 
showed significant competition, which was negatively 
correlated with DNRA rates whereas positively correlated 
with denitrification and anammox rates. The keystone 
orders included Thiobacillus, unclassified_o_Rhizobiales, 

and Rodoferax. The competition effect for all depths 
combined is also shown in Fig. S4. Thiobacillus showed 
a positive correlation with denitrification and anammox 
rates but a negative correlation with DNRA rates.

3.5 � Key edaphic factors controlling denitrification, 
anammox, and DNRA across paddy soil profiles 
under biochar amendment

Mantel correlations were analyzed between DNRA, deni-
trification, and anammox rates, their respective propor-
tions, and edaphic factors and microbial properties. For 
the 0–40 cm combined soil layer, anammox rate and its 
proportion showed significant positive correlations with 
functional gene (napA, nirK, nirS, nosZ) abundances and 
with edaphic factors (pH, SOC, NH4⁺–N, NO3

−–N, SOC/
NO3

−, AP, Fe2+) (Fig. 5a). Denitrification rates and their 
proportions showed significant positive correlations with 
functional gene (napA, nirK, nirS, nosZ) abundances and 
the edaphic factors (pH, SOC, NH4⁺–N, C/NO3

−, SOC/
NO3

−, AP, Fe2+) (Fig. 5a). DNRA rates and their propor-
tions showed significant positive correlations with the 
abundances of functional genes (napA, nirK, nirS, nosZ) 
and with the edaphic factors (pH, SOC, NH4⁺–N, C/
NO3

−, SOC/NO3
−, AP, Fe2+) (Fig. 5a).

The correlation results in the combined 40–80  cm 
soil layer showed distinct differences from those in the 
0–40 cm soil layer. Anammox rates and their proportions 

Fig. 5  Correlations between the associated gene abundances, alpha diversity of denitrification community, soil proprieties, and nitrate reduction 
rates (DNRA, denitrification, anammox rate, and relative contribution (%)) under control and biochar treatments in 0–40 cm (a) and 40–80 cm (b). 
The color gradient and square denote Pearson’s correlation coefficients. Asterisks indicate statistical significance with levels of *P ≤ 0.05, **P ≤ 0.01, 
and ***P ≤ 0.001 for P values. Blue, orange, green, and gray edges indicate significant at P < 0.05, P < 0.01, P < 0.001 and non-significant relationships 
(P ≥ 0.05), respectively. The alpha diversity of related microbes encoded by different genes is represented by the corresponding Shannon index.
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showed significant positive correlations with functional 
gene (nirK, nirS, nosZ) abundances and with the edaphic 
factors (pH, water content: WC, DOC, NH₄⁺–N, SOC/
NO₃⁻) (Fig. 5b). Denitrification rates and their proportions 
showed significant positive correlations with functional 
gene (nirK, nirS, nosZ) abundances and with edaphic fac-
tors (pH, WC, DOC, NH4⁺–N, NO3⁻–N, C/NO3⁻, SOC/
NO3⁻) (Fig. 5b). DNRA rates and their proportions showed 
significant positive correlations with functional gene (nirK, 
nirS, nosZ) abundances and with the edaphic factors (pH, 
WC, DOC, NH4⁺–N, NO3⁻–N, C/NO3⁻, SOC/NO3⁻, AP) 
(Fig. 5b).

It is evident that dissimilatory nitrate reduction in dif-
ferent soil layers of paddy soil is primarily dominated by 
denitrification and DNRA. Therefore, random forest and 
structural equation modeling were employed to further 
elucidate the effects of depth and biochar amendment on 
soil denitrification and DNRA. The random forest results 
indicate that the abundance of nirK and nosZ functional 
genes and the edaphic variables of Fe2+, SOC/NO3

−, pH, 
and DOC are the primary factors influencing denitrifica-
tion rates (Fig. 6a). The abundance of napA and nirS genes 
and the edaphic variables of pH, SOC/NO3

−, NO3
−, and 

TC are the primary factors influencing the denitrification/
denitrification + DNRA ratio (Den/Den + DNRA) (Fig. 6c). 
Structural equation modeling further identified the pri-
mary microbial and edaphic variables influencing denitri-
fication and DNRA processes under varying depths and 
biochar amendment. The datasets and structural equation 
models exhibited good fit, with the final models explaining 
over 90% of the variance in denitrification or DNRA rates 
(Fig. 6b, d). For the effect of biochar amendment, biochar 
amendment rate and Fe2+ content indirectly influenced 
soil denitrification rates by affecting nosZ gene abundance 
(R2 = 0.85). Other edaphic factors such as DOC and pH 
directly impacted soil denitrification rates. Depth and pH 
indirectly influenced soil denitrification rates by affecting 
nosZ gene abundance (R2 = 0.86). The edaphic factors of 
DOC and Fe2+ directly affected soil denitrification rates. 
The ratio of denitrification to DNRA, biochar amendment 
rate, and changes in SOC/NO3

− indirectly influenced soil 
Den/Den + DNRA by affecting napA gene abundance 
(R2 = 0.95). The factors of pH and Fe2+ directly influenced 
soil Den/Den + DNRA. Depth and pH indirectly influ-
enced soil Den/Den + DNRA by affecting napA gene abun-
dance (R2 = 0.86). DOC and NO3

− directly influenced Den/
Den + DNRA.

4 � Discussion
4.1 � The role of denitrification and DNRA in regulating 

dissimilatory nitrate reduction in deep alkaline paddy 
soil under biochar amendment

Our results indicated that the rates of denitrification, 
DNRA, and anammox all significantly increased in the 
0–20 cm soil layer. However, DNRA rate increased while 
denitrification and anammox rates decreased in the 
20–40  cm layer (Fig.  1). These seemingly inconsistent 
effects are in fact reasonable. In the surface layer, biochar 
increased all the three rates, but denitrification showed 
the greatest increase (Fig. 1d). The primary reason is that 
the porous structure of biochar provides attachment sites 
for denitrifying bacteria (such as Pseudomonas and Mic-
rococcus) and anaerobic ammonium-oxidizing bacteria 
(such as Candidatus Brocadia) (Zhou et al. 2016; Hafeez 
et al. 2022). On the other hand, biochar provides a large 
amount of readily degradable DOC, and the plow layer, 
influenced by rice root exudates (an additional carbon 
source), exhibits high carbon source availability (high 
C/N ratio), thereby satisfying the carbon requirements 
for both denitrification and DNRA (Pan et al. 2017; Pan-
dey et  al. 2020). Consequently, both denitrification and 
DNRA rates increased significantly. Compared to DNRA, 
denitrification has a competitive advantage under high 
C/N conditions, resulting in the greatest increase in its 
proportion (Li et al. 2022). At depths of 20–40 cm, read-
ily degradable carbon sources such as DOC decrease, and 
pH changes are minimal; thus, carbon limitation becomes 
the primary limiting factor for the denitrification process 
(Ding et  al. 2021). In contrast, DNRA rate continues to 
increase due to its low C/N requirements and pH adapt-
ability (pH range 7.5–8.5), while denitrification is actually 
inhibited  (Li et  al. 2023;  Kaviraj et  al. 2024). Anammox 
process relies on nitrite as an electron acceptor. In deep 
paddy soils, the primary source of nitrite is an interme-
diate product of denitrification. Consequently, its trends 
mirror those denitrification processes. Furthermore, Fe2+ 
is more conducive to the DNRA process in alkaline paddy 
ecosystems, particularly in deeper soil layers.

Significant changes in soil denitrification rates and 
associated microbial communities are the primary fac-
tors driving depth-dependent variations in dissimilatory 
nitrate reduction under long-term biochar amendment. 
SEM results indicated that denitrification rates were 
influenced both by direct soil factors (DOC, pH, Fe2+) 
and indirectly by related functional gene (nosZ) abun-
dance (Figs. 5, 6a and b). Denitrification rates significantly 
decreased with increasing depth, primarily due to the 
following facts: (1) As soil depth increased, alkaline soil 
pH markedly rose, which inhibited nosZ gene abundance 
(Fig. 2d) and denitrifying microbial diversity (Figs. 5, 6b), 
particularly the abundance of Thiobacillus and Rodoferax 
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(Figs. 3, S2 and S3), thereby suppressing soil denitrifica-
tion rates; (2) Similarly, DOC concentrations also sig-
nificantly decreased with increasing soil depth (Table 1). 
On the one hand, substrate availability for heterotrophic 
denitrifying bacteria remained constrained (Qin et  al. 
2019). On the other hand, DOC, acting as an electron 
donor, significantly decreased (Ding et al. 2021), leading 
to a sharp decline in nosZ abundance (Fig. 2) and micro-
bial diversity (especially Thiobacillus and Rodoferax), 
which in turn suppressed denitrification rates (Figs. S2, 
S3); (3) There was a decreased  Fe2+ concentration. Fe2+ 

in deep soil may oxidize to Fe3+, thereby weakening its 
role of electron-transfer function and further inhibit-
ing denitrification (Cayuela et  al. 2013, 2014). Biochar 
amendment amplified the decline in denitrification rates 
associated with increased depth (Fig. 1b). Biochar further 
increased soil pH and reduced DOC concentration, both 
of which persistently suppressed nosZ gene expression 
(Fig.  2d) and related nosZ-encoding genera (Thiobacil-
lus and Rodoferax) (Fig. S2). In general, the optimal pH 
for nosZ enzyme activity is near neutral, with significant 
inhibition occurring above pH 8 or 8.5 (Frostegård et al. 

Fig. 6  Importance of predictors for denitrification rate (a) and Denitrification/ Denitrification + DNRA (Den/Den + DNRA) ratio (c) in paddy soils 
based on the random forest analyses. Structural equation model based on effects of abiotic and biotic environmental factors on the denitrification 
rate (b) and Den/Den + DNRA ratio (d). Blue and orange solid arrows indicate significant positive and negative relationships, respectively. The 
thickness of the arrows is directly proportional to the standardized path coefficient on the single arrow. R2 represents the variance of factors 
explained by the model
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2022). Soil pH reached a maximum of 8.10, leading to a 
more pronounced decrease in denitrification rates under 
long-term biochar amendment.

Our results indicated that DNRA also plays a vital role 
in regulating dissimilatory nitrate reduction under long-
term biochar amendment. DNRA rates decreased with 
increasing depth, most markedly between 60 and 80 cm, 
though less markedly than denitrification rates (Fig. 1a). 
However, qPCR analysis failed to detect the abundance 
of the nrfA functional gene (its abundance < 103 copies 
g−1). This is probably because the observed DNRA rate 
is primarily driven by non-biochemical nitrate reduction, 
which is not related to the nrfA-encoding microbial com-
munity. The specific reasons are as follows: (1) although 
the alkaline environment in the studied paddy soil is 
suitable for nrfA-encoding microbial communities (with 
an optimal pH of 7.5–8.5), SOC and DOC concentra-
tions drop sharply in deep soil, causing nrfA bacteria to 
decline sharply due to their inability to obtain sufficient 
energy  (Wei et  al. 2023); (2) high NO3⁻ concentration 
combined with reduced SOC and DOC in alkaline paddy 
soils leads to a significant decrease in the ratio of SOC/
NO3⁻ and DOC/NO3⁻ (Table 1), thereby inhibiting nrfA 
gene expression; (3) alkaline paddy soils (particularly in 
the coastal areas of Tianjin) are often rich in Fe2+. Under 
deep anaerobic conditions, NO2⁻ can be chemically 
reduced directly to NH4

+ through Fe2+, which not require 
nrfA-encoding enzyme (Robertson and Thamdrup 2017; 
Pandey et al. 2020). Therefore, the fact that nrfA gene was 
not detected in our alkaline paddy soils does not affect 
the analysis of controlling factors of DNRA process.

Our results indicated that changes in DNRA process 
were regulated by soil pH, SOC/NO3

−, and AP (Fig.  5). 
With increasing depth, soil pH significantly increased, 
while SOC/NO3

− and AP significantly decreased 
(Table  1). The decline in SOC/NO3

− and AP directly 
led to a decline of soil DNRA rates, as both parameters 
showed significant positive correlations with DNRA 
(Fig. 5). SOC/NO3

− has been widely shown to have a sig-
nificant positive relationship with DNRA rates (Zhang 
et al. 2021; Wei et al. 2022), because fermentable C (such 
as glucose and glycerol) serves as an electron donor 
source and NO3

− as an electron acceptor (Zhou et  al. 
2016; Pandey et al. 2020). In addition, decreased AP sig-
nificantly reduced soil organic matter decomposition 
activity, leading to decreased electron donors (Yuan et al. 
2022) and consequently inhibiting the DNRA process. 
Although soil pH continued to increase with soil depth, 
values approaching or exceeding eight slightly inhibited 
DNRA-related enzyme activities, resulting in a marginal 
decrease in DNRA rates. Long-term biochar amend-
ment mitigated the decline in DNRA rates induced by 
increased soil depth, though it showed a downward trend 

(Fig. 1a). The primary reason is that biochar amendment 
increased soil AP content (Table  1), which is consistent 
with previous findings (Joseph et al. 2021). The increase 
in AP mitigated the decline in DNRA rates. This is 
mainly due to (1) an increase in AP content can alleviate 
microbial phosphorus limitation in deep soil, promoting 
the growth and maintenance of the functional micro-
bial community involved in DNRA, thereby partially 
offsetting the decline in DNRA rates caused by reduced 
DOC and anaerobic conditions; (2) increased soil AP 
can enhance the α-diversity of DNRA microbial com-
munity, as well as its energy metabolism and the activ-
ity of related enzymes, enabling it to continue performing 
DNRA even under low-carbon conditions (Wang et  al. 
2022); (3) higher AP content promotes the dominant 
DNRA microbial community, providing a competitive 
advantage over denitrifying bacteria (Huang et al. 2025). 
Even though DOC decreases with depth, a simultaneous 
increase in AP can provide a certain “protective effect” 
for soil DNRA process, thereby reducing its decline to 
some extent. In summary, long-term biochar amendment 
significantly suppressed denitrification rates in deep alka-
line paddy soils while relatively promoting DNRA pro-
cesses, thereby enhancing deep soil N retention.

4.2 � Mechanisms associated with the trade‑off 
between denitrification and DNRA in alkaline deep 
paddy soil under biochar amendment

Long-term biochar amendment had significantly dif-
ferent impacts on denitrification and DNRA processes 
across different soil layers. In the topsoil, biochar amend-
ment simultaneously enhanced the absolute rates of deni-
trification and DNRA, while denitrification accounted for 
a significantly higher proportion than DNRA (Fig.  1d). 
The simultaneous increase in denitrification and DNRA 
were primarily attributed to soil pH rising from 6.8 to 7.4 
due to biochar amendment, which favors the transcrip-
tional activity of nirK and nrfA (Kajie and Anraku 1986). 
Moreover, nirK exhibits optimal activity at pH < 7.0, while 
nrfA activity peaks at pH > 7.5 (Kim et al. 2017), leading to 
a greater increase in denitrification compared to DNRA 
rates. Secondly, biochar significantly increased soil SOC/
NO3

− and DOC/NO3
− ratios (Table 1), with SOC/NO3

− 
exerting a significant positive effect on Den/Den + DNRA 
ratio (Fig.  6d). This was mainly because increased con-
centrations of SOC and DOC, acting as electron donors, 
simultaneously promoted denitrification and DNRA (Li 
et al. 2020a; Zhang et al. 2021). Thirdly, Fe2+ concentra-
tion also significantly increased under long-term biochar 
amendment (Table 1), which is consistent with previous 
findings (Joseph et  al. 2021). Direct evidence showed 
that there was a significant positive correlation between 
Fe2+ concentration and denitrification and DNRA rates 
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(Fig.  5a), primarily because Fe2+ acted as an electron 
donor for both processes. Higher Fe2+ concentrations 
directly increased both denitrification and DNRA rates 
(Pandey et al. 2020). DNRA process generally transferred 
more electrons (8 e−) than denitrification process (5 e−) 
(van den Berg et  al. 2015), and thus, denitrification was 
promoted more significantly than DNRA. Overall, long-
term biochar amendment primarily regulated the relative 
proportions of denitrification and DNRA by influencing 
soil pH and Fe2+ concentration in the surface soil layer.

Soil denitrification rate significantly decreased while 
the DNRA rate markedly increased with increasing soil 
depth (Fig.  1d). Long-term biochar amendment signifi-
cantly decreased the denitrification proportion while 
it increased the DNRA proportion, which was opposite 
to that observed in the surface layer. Furthermore, the 
Den/Den + DNRA ratio showed more decrease with 
increasing depth (Fig. 1d). Concentrations of SOC, DOC, 
and NO3

− significantly decreased, and SOC and DOC 
showed greater decrease than NO3

−. The primary reasons 
for the gradual decrease in SOC and DOC concentration 
with increasing soil depth are that: (1) the root biomass 
decreases sharply as soil depths increase, resulting in 
minimal DOC input to deeper soil layers (Aumtong et al. 
2023); and (2) as depth increases, microbial diversity and 
activity decline due to anaerobic conditions, leading to a 
slower rate of organic matter decomposition and a reduc-
tion in DOC production, which was particularly pro-
nounced under alkaline conditions (He et al. 2015). This 
effect was particularly pronounced under long-term bio-
char amendment, leading to more decrease in SOC/NO3

− 
and DOC/NO3

− ratios (Table 1). This is attributed to the 
continuous microbial consumption of labile C during 
migration to soil deep layers, allowing only recalcitrant 
C (e.g., aromatic compounds) to leach to deeper soil lay-
ers for microbial utilization, while NO3

− was consumed 
only in anaerobic zones (Yoon et  al. 2015; Pandey et  al. 
2020). Characterized by its large specific surface area and 
porous structure, biochar can adsorb free organic carbon 
and significantly reduce the DOC concentration in soil 
(Lehmann et  al. 2011). In addition, it provides habitats 
for microorganisms and promotes the immobilization of 
DOC into microbial biomass, which constitutes the pri-
mary cause for the reduction of soil DOC. Under alkaline 
conditions, soil organic matter tends to form negatively 
charged colloids  (Yuan et  al. 2017). Since the surface of 
biochar is also negatively charged, electrostatic repul-
sion inhibits the direct attachment of DOC to biochar, 
which in turn expands the physical interception capacity 
of biochar porosity and leads to a significant decline in 
DOC content (Wu et al. 2021; Zhang et al. 2023). Deni-
trification is highly dependent on carbon sources, and 
a sharp reduction in C sources significantly suppressed 

the denitrification process. Conversely, the DNRA path-
way showed greater advantage in anaerobic zones (Lu 
et  al. 2013). With pH exceeding 8 in deep soil layers 
(Table 1), nrfA protein expression becomes feasible (Bai 
et  al. 2020), while denitrification-related proteins are in 
turn suppressed. Furthermore, although Fe2+ concen-
tration decreased with soil depth, biochar amendment 
and diffusion mitigated this decline in Fe2+ concentra-
tion (Table 1). The depletion of electron donor Fe2+ and 
electron acceptor NO3

− with increased depth was miti-
gated due to biochar amendment. Thus, DNRA process 
showed a competitive advantage over denitrification pro-
cess when both electron donors and acceptors were rela-
tively abundant (Kraft et al. 2014; Zhao et al. 2021). Thus, 
soil pH, C availability, and Fe2+ concentration are key fac-
tors influencing the competitive dynamics between deni-
trification and DNRA processes in deep alkaline paddy 
soils.

4.3 � Depth‑dependent suppression of anammox 
under biochar amendment

Soil anammox process, acting as a main N loss pathway, 
was also strongly influenced by the combined effect of 
depth and biochar amendment  (Gu et  al. 2017). While 
denitrification and DNRA processes dominated total dis-
similatory nitrate reduction, anammox had measurable 
contributions in surface layers (23.47% in 0–20 cm) that 
declined dramatically with depth to only 1.85% in the 
60–80  cm soil layer (Fig.  1d). Biochar significantly sup-
pressed the proportion of anammox rates across all soil 
layers, with the most pronounced effects in deep lay-
ers where rates decreased from 10.8% to 1.90% in the 
60–80  cm layer. This suppression likely results from 
multiple interacting factors. First, anammox bacteria 
are highly sensitive to pH, with optimal activity between 
pH 7.0  and  8.5 and significant inhibition above pH 8.5 
(Shan et al. 2018; Yang et al. 2025a). The pH increase to 
8.10–8.12 in deep biochar-amended layers approached 
or exceeded this inhibitory threshold. Second, anam-
mox bacteria require both NH4⁺ and NO2⁻ as substrates. 
In deep layers, NO2⁻ availability likely became limiting 
as denitrification was suppressed and DNRA consumed 
available nitrate, converting it to NH₄⁺ rather than pro-
ducing NO2⁻ intermediates (Wei et  al. 2022). This was 
confirmed by the opposite trend between anammox and 
DNRA across soil depth (Fig.  1). Third, anammox bac-
teria abundance typically increases with depth in paddy 
soils where O2 concentrations are lower, but our results 
suggested that in alkaline systems, pH constraints likely 
override the favorable O2 conditions.

The near-complete suppression of anammox in deep 
alkaline layers under biochar amendment has important 
implications. Since anammox contributes to N loss from 
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the system, its very low rates in these conditions mean 
that the N retention benefits of enhanced DNRA are not 
substantially offset by anammox activity. This contrasts 
with neutral to slightly acidic paddy soils where anam-
mox can account for 4.5–37% of N loss (Xi et al. 2016), 
highlighting the unique N cycling dynamics in alkaline 
deep paddy soils. Soil pH markedly increased under 
long-term BC treatment (pH > 8, Table 1), which signifi-
cantly inhibited anammox. Soil Fe2+ content markedly 
decreased along the profile, even with a slight increase 
under BC treatment (Table  1). Low Fe2+ concentrations 
significantly suppressed anammox rates (Huang et  al. 
2014; Li et  al. 2020a). This contrasts sharply with the 
results for anammox in deep, non-alkaline soils regarding 
soil N loss (Ding et al. 2021). In summary, the vital role 
of anammox processes in causing N loss in alkaline deep 
paddy soils was overestimated, particularly under long-
term biochar amendment.

4.4 � Implications for dissimilatory nitrate reduction 
in paddy soil profile

Compared to previous studies focused on acidic paddy 
soils, this research fills a gap in understanding the 
effects of long-term biochar amendment on dissimila-
tory reduction processes in alkaline paddy soil. This 
study demonstrated that long-term biochar amendment 
simultaneously increased denitrification and DNRA 
rates while increasing the Den/Den + DNRA ratio. Con-
versely, long-term biochar amendment increased DNRA/
Den + DNRA ratio in acidic soils (Wei et  al. 2022). A 
meta-analysis also confirmed that biochar amendment 
promoted DNRA processes in acidic soils (Yang et  al. 
2025b). Although biochar increases denitrification in the 
surface layer of the alkaline paddy soil, the deeper soil in 
turn showed a higher proportion of DNRA (Fig. 1). The 
results indicated that long-term biochar amendment 
favors DNRA processes in deeper soil layers, thereby 
reducing soil N loss. Alkaline paddy soils are widely dis-
tributed in arid-semiarid irrigated agricultural regions. 
Long-term application of biochar can effectively seques-
ter available N from DNRA in deep soils, thereby enhanc-
ing plant N uptake and ultimately boosting crop yield.

Biochar aging significantly alters its specific surface 
area, pore volume, pH, elemental content, and migra-
tion (Wang et  al. 2020). First, as natural aging pro-
gresses, the specific surface area and pore volume of 
biochar may either increase or decrease. This is typi-
cally closely linked to biochar oxidation, mineral dis-
solution, and DOM release, which significantly alter 
microbial colonization and reactions in denitrification 
and DNRA. Second, biochar aging can reduce its ash 
content and pH value (Ren et  al. 2018). In addition, 

biochar aging enhances the migration of biochar par-
ticles, which may explain why DNRA processes are not 
inhibited by strong alkalinity as soil depth increases. 
On the other hand, labile C significantly decreases in 
aging biochar, while the remaining recalcitrant C can-
not be utilized by most denitrifying microorganisms, 
leading to weakened denitrification (He et  al. 2019). 
Therefore, changes in soil C fractions caused by biochar 
aging significantly altered the interactions between 
denitrification and DNRA processes. The lack of under-
standing of how the variations of different C fractions 
due to biochar aging affecting soil nitrate dissimilatory 
reduction processes is also a limitation of this study. 
Future research is needed to compare the effects of 
fresh biochar and naturally aged biochar on soil nitrate 
dissimilatory reduction processes.

Our study demonstrated that five years of biochar 
amendment increased DNRA rates while suppress-
ing denitrification and anammox rates with increasing 
soil depth, highlighting the role of biochar in regulating 
dissimilatory nitrate reduction and N cycling in alka-
line deep paddy soils. Although the effects of biochar 
amendment on soil denitrification (Zhang et al. 2024), 
anammox (Yang et  al. 2025a), and DNRA (Yang et  al. 
2025b) processes have been reported at a global scale, 
the dynamics of these processes remain unclear and 
need further research. This is because we can reveal 
the competition and interactions between denitrifica-
tion and DNRA only by simultaneously quantifying 
the dynamics of three processes and related microbial 
community, thereby avoiding overestimating or under-
estimating the impact of any single process on soil N 
flux. For example, high pH may inhibit denitrifying 
microbes but potentially promote anammox-related 
microbes in alkaline paddy soil. Focusing solely on 
denitrification could lead to an inaccurate assessment 
of soil total N loss. Based on our findings, we infer 
that biochar likely reduced soil nitrogen (N) losses. 
The significant reduction in N loss via denitrification 
and anammox (20–80  cm, Fig.  1) and the enhanced 
DNRA likely had a greater impact on overall N loss 
under biochar amendment (Zhang et  al. 2021). This is 
because N transformation processes in the deep soil 
directly determine whether nitrate leaches into ground-
water or is further converted into gaseous losses, and 
the reduction in deep denitrification and anammox 
directly reduces these losses under biochar amendment 
(Pandey et al. 2019; Ding et al. 2021). Therefore, future 
research should consider the dynamics of three pro-
cesses under different cropland management and moni-
toring of N2O gas losses and N leaching to provide a 
theoretical basis for accurately assessing soil N cycling 
in agroecosystems.
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5 � Conclusion
This study investigated the partitioning of nitrate reduc-
tion pathways in an alkaline deep paddy soil following 
five years of biochar amendment. Across the soil profile, 
denitrification rates declined sharply with depth, whereas 
DNRA rates became progressively more dominant with 
depths. Biochar amendment increased the absolute rates 
of denitrification, anammox, and DNRA  in the  surface 
layer  of alkaline paddy soil, yet altered their relative 
importance: biochar amendment enhanced denitrifica-
tion in surface soil, while in deep layers it suppressed 
denitrification and anammox but promoted DNRA. 
Structural equation modeling and random forest analy-
sis showed that these shifts were governed primarily by 
changes in the edaphic variables of soil pH, DOC, SOC/
NO3⁻ ratio, and Fe2+ concentration, acting through their 
effects on nosZ and napA gene abundances. In deep lay-
ers, increased pH (> 8.0), lower DOC availability, and 
reduced Fe2+ concentrations decreased nosZ and napA 
abundances, thereby constraining denitrification but 
favoring DNRA. Collectively, these findings demonstrate 
that long-term biochar amendment in alkaline paddy soil 
enhances N retention by steering nitrate reduction away 
from gaseous loss pathways (denitrification and anam-
mox) toward DNRA in deep layers, while stimulating 
denitrification in the surface layer. This depth-dependent 
re-partitioning of nitrate reduction provides mechanis-
tic evidence that biochar probably can be an effective 
tool for conserving N in alkaline paddy systems, but also 
highlights the need to consider soil depth and initial pH 
when designing biochar-based N management strategies.
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