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Abstract

Acidic soils are global hotspots of nitrous oxide (N,O) emissions, and biochar has been proposed as a promising miti-
gation strategy. However, most current evidence comes from short-term studies, and the legacy effects and underly-
ing mechanisms remain poorly understood. Here, we collected acidic soil samples from three sites with and without
biochar application, representing short-term (3 and 5 years) and long-term (9 years) legacy effects. Using microcosm
incubations, isotope-based source partitioning, and microbial analyses, we evaluated N,O dynamics and their micro-
bial drivers. The short-term legacy effects of biochar significantly reduced N,O emissions by inhibiting gross N,O pro-
duction and enhancing N,O reduction. This was primarily attributed to reduced nitrification-derived N,O, increased
nosZ gene abundance, and enrichment of taxa carrying the nosZ gene, such as Rhodanobacter and Gemmatimonas.
In contrast, long-term legacy effects markedly increased N,O emissions because biochar suppressed N,O reduc-

tion more strongly than its production. This was linked to reduced nosZ abundance, increased fungal denitrification,
and depletion of dissolved organic carbon and denitrifying bacteria. Together, these findings reveal that the legacy
effects of biochar on N,O emissions diverge over time, driven by changes in microbial nitrogen cycling pathways.
These results underscore the importance of incorporating temporal and microbial perspectives when evaluating

the long-term climate impacts of biochar and developing sustainable soil management strategies.

Highlights

« Biochar shows contrasting legacy effects on N,O emissions

« Biochar reduces N,O emissions by suppressing production and enhancing reduction
« Biochar increases N,O emissions by inhibiting reduction more than production

- Biochar enriches Rhodanobacter and Gemmatimonas carrying the nosZ gene
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1 Introduction

Nitrous oxide (N,O) is a long-lived greenhouse gas and a
major contributor to stratospheric ozone depletion, play-
ing a critical role in global climate change (Ravishankara
et al. 2009). Agricultural soils represent the dominant
source of anthropogenic N,O emissions worldwide (Tian
et al. 2020), with acidic soils recognized as emissions
hotspots due to their higher emission intensities under
equivalent nitrogen (N) input and greater sensitivity to
fertilization (Wang et al. 2018). The continuous use of
synthetic N fertilizers, driven by increasing food demand
and population growth, is likely to further exacerbate
acidification in acidic soils and consequently intensify
N,O emissions. Therefore, the development of effective
and sustainable mitigation strategies for acidic soils is
essential to support global climate goals.

Biochar, a carbon-rich material derived from pyro-
lyzed biomass, has attracted growing attention for its
potential to sequester carbon and reduce greenhouse
gas emissions in agroecosystems (Woolf et al. 2016). In
acidic soils, biochar has been widely reported to reduce
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N,O emissions by improving aeration, raising pH, alter-
ing substrate availability, absorbing N,O, and inhibiting
nitrification and denitrification (Xu et al. 2014; Krause
et al. 2018; Duan et al. 2019; Bo et al. 2023). However,
inconsistent outcomes have also been reported, including
neutral or even stimulatory effects (Ameloot et al. 2013;
Wang et al. 2016; Lin et al. 2017). These discrepancies are
often attributed to variations in soil properties, climate,
vegetation, and biochar characteristics (Cayuela et al.
2014).

Importantly, biochar is highly stable in soils and can
persist for decades (Chen et al. 2019), making its long-
term effects more relevant for climate mitigation. Over
time, aging processes, including microbial activity and
abiotic weathering, can alter biochar’s physical and
chemical properties, such as reducing porosity, increas-
ing surface acidity, and diminishing adsorption capacity
(Dong et al. 2017; Wang et al. 2020). These changes may
modify how biochar interacts with N transformation pro-
cesses and challenge the assumption that its mitigation
effects remain stable over time. Indeed, previous studies
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have reported long-term effects of biochar on N,O emis-
sions, with contradictory results including sustained sup-
pression (Hagemann et al. 2017; Liao et al. 2021; Wang
et al. 2021), negligible effects (Han et al. 2021; Guo et al.
2022), or even enhanced emissions (Duan et al. 2018).
Despite these insights, the mechanisms underlying such
temporal divergence, particularly the role of microbial N
cycling, remain poorly understood.

In this study, we investigated the legacy effects of bio-
char on N,O emissions in acidic soils and aimed to eluci-
date the microbial mechanisms underlying these effects.
We collected soil samples from three field sites where
biochar had been applied for 3, 5, and 9 years, thereby
enabling us to examine both short- and long-term legacy
effects. We hypothesized that biochar would suppress
N,O emissions in the short term but stimulate them in
the long term. This temporal shift likely occurs because
biochar can initially mitigate emissions by inhibiting
N,O production and enhancing its reduction, whereas
over time it may increase emissions by suppressing N,O
reduction.

2 Materials and methods

2.1 Site description and soil sample collection

Three field experiments were established in Jiangsu Prov-
ince, China, all located in tea plantations with a subtropi-
cal monsoon climate. Two field experiments were carried
out in Jurong, Zhenjiang City (31°58'N, 119°08E; Alisol),
from November 2020 to November 2023 (S1), and from
August 2018 to August 2020 (S2). The third experiment
was located in Yixing, Wuxi City (31°14'N, 119°46'E;
Planosol) from October 2014 to October 2016 (S3). The
mean annual temperature and precipitation were 17.1 °C
and 1064 mm in Jurong, and 17 °C and 1208 mm in Yix-
ing. Basic soil properties before the experiment are pro-
vided in Table S1.

Each site included two treatments with three replicates:
conventional N fertilizer (F) and conventional N fertilizer
combined with biochar (F+BC). At S1, N was applied
at 450 kg N ha™! year™!, including 360 kg N ha™! year™"
from compound fertilizer (N: P,O5: K,0=16:16:16) and
90 kg N ha™! year™ from cattle manure. At S2 and S3,
N rates were 400 and 300 kg N ha™! year™, respectively,
using the same compound fertilizer. At all sites, 25% of
total N was applied as basal fertilizer and the remainder
as topdressing. At all three sites, biochar was co-applied
with the basal fertilizer and supplied by Sanli New Energy
Company (Shanggqiu, Henan, China). The basic properties
of biochar are presented in Table S1. At S1, 20 t ha™! of
peanut shell biochar was applied in 2020; at S2, the same
amount of wheat straw biochar was applied in 2018, and
at S3, wheat straw biochar was applied in both 2014 and
2015. At all three sites, other field management practices,

Page 3 of 15

such as tea harvesting, leaf trimming, and weeding,
were carried out in accordance with the local tea plan-
tation management regime throughout the experimental
period.

In November 2023, soil samples were collected from
both F and F+ BC treatments at each site. Samples were
transported to the laboratory on ice in polyethylene bags,
sieved (2 mm) to remove roots and debris, and homog-
enized. Subsamples were stored at 4 °C for physicochemi-
cal analysis, frozen at — 80 °C for DNA extraction, or
used directly in the microcosm incubation.

2.2 Soil microcosm experiment
A microcosm incubation experiment was conducted to
investigate the legacy effects of biochar on soil N,O emis-
sions. Given that net N,O emissions reflect the balance
between microbial production and consumption, we
employed the acetylene (C,H,) inhibition method to dif-
ferentiate gross N,O production and consumption (Lin
et al. 2022). Three headspace treatments were established
for both the F and F+BC soils: (1) 0% v/v C,H, (no inhi-
bition), (2) 0.01% v/v C,H, (inhibits nitrification), and (3)
10% v/v C,H, (inhibits both nitrification and N,O reduc-
tion). Each treatment was performed in triplicate. Briefly,
20 g (dry weight equivalent) of freshly sieved soil was
placed into 120 mL serum bottles and preincubated at
25 °C with 55% water-holding capacity (WHC) for 7 days
to revive and stabilize microbial activity. After preincuba-
tion, urea was added at a rate of 100 mg N kg™ dry soil,
and soil moisture was adjusted to 70% WHC. The bot-
tles were then sealed with butyl stoppers and exposed
to the designated C,H, concentrations. Incubation was
conducted at 25 °C for 36 days. To maintain aerobic con-
ditions and preserve the experimentally designed con-
ditions, the bottles were ventilated every 1-2 days and
replenished with deionized water and C,H, as needed.
Gas samples were collected from the headspace on
days 1, 3, 5,7, 9, 12, 16, 22, 30, and 36. After each sam-
pling, bottles were ventilated for 30 min, resealed, and
re-equilibrated with the corresponding C,H, concentra-
tion. Gross N,O production and consumption were cal-
culated as follows (Yang et al. 2011; Yin et al. 2020; Lin
etal. 2022):

Gross N2 O consumption = Gyge, — Go.01% (1)

Gross N2O production = Gy, — G 19 + Gow  (2)

where Gy, G190 and Gy denote the cumulative N,O
emissions measured under 0%, 0.01%, and 10% v/v C,H,
treatments, respectively. Specifically, the G reflects the
net N,O emissions, i.e., the balance between gross N,O
production and consumption.
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2.3 Determination of N,O emission, isotope analysis,
and N,O source partitioning

N,O concentrations were determined using a gas chro-
matograph (Agilent 7890A, USA) equipped with an
electron capture detector (ECD) operating at 330 °C, cali-
brated against a standard N,O gas at 600 ppb (Zou et al.
2009). Cumulative N,O emissions were calculated by
integrating daily fluxes using the trapezoidal rule.

To characterize N,O production pathways and reduc-
tion processes, isotope approaches were performed on
gas samples collected at the peak of N,O emissions for
the 0% v/v C,H, treatment (Toyoda et al. 2017; Yu et al.
2020). The isotope signatures of N,O, including §°NPlK,
SN, and &'%0, were measured using an isotope ratio
mass spectrometer (Isoprime 100, Elementar, UK). The
details of isotope measurements and calibration have
been previously described (Toyoda and Yoshida 1999;
Heil et al. 2015). The 8'°N¢, 8'°NE, §1°NPulk §15NP) and
8'80 values of N,O were calculated as follows (Coplen
2011; Toyoda et al. 2011):

15\gi
15471 _ sample 1
8N = BN 1(i = bulk, o, or B) (3)
standard
18 |
8180:18 sample 1 (4)
standard
sispbutk _ 81N +81NP 5)
2
SISNSP — 815N<x _ 815Nﬁ (6)

where ®Ni and 80 denote the isotopic ratios of 1°N
/YN and 80 /!0, respectively. The & value is expressed
as the permil (%o) deviation relative to atmospheric N,
(**N) and Vienna Standard Mean Ocean Water (}30) for
N and oxygen, respectively. §'°N® and §'°NP indicate the
I5N/1N isotope ratios at the central (*N-°N-1¢0) and
the terminal (°N-*N-1°0) sites in the N,O molecule,
respectively (Yamamoto et al. 2014).

The N,O isotope signatures of gas samples were meas-
ured from both soil-emitted gas and ambient air. The
isotope signatures of soil-emitted N,O were corrected
according to mass conservation (Well et al. 2006):

(asample X Csample + Sambient X Cambient)
(Csample - Cambient)

d soil—emitted =

(7)
where § denotes the isotopic signature and C repre-
sent the concentration of the N,O pool in gas sam-
ples and ambient air. The ambient N,O concentration
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in the laboratory air was 307 ppb. The 8%0 of soil
water (§'®0-H,0) was also measured using an isotope
water vapor analyzer (L115-I, Picarro Inc., USA), and
was —4.43%o, — 5.71%o, and — 5.66%o for the S1, S2, and S3
sites, respectively.

The three-dimensional N,O isotopocule model
(3DIM) was employed to partition microbial sources of
N,O and estimate the N,O reduction ratio (Lewicka-
Szczebak et al. 2020). The 3DIM model used a stable
isotope mixing model within a Bayesian framework to
estimate the four microbial pathways of N,O produc-
tion, including nitrification, nitrifier denitrification,
bacterial denitrification, and fungal denitrification.
This model relies on the simultaneous use of §°NPulk,
8°N®P, and §'80. Two N,O mixing-reduction scenar-
ios were evaluated as follows: (1) Reduction-Mixing
scenario (Scenario 1): the N,O produced by bacterial
denitrification is first reduced, and the remaining unre-
duced N,O is then mixed with N,O produced by other
pathways; and (2) Mixing-Reduction scenario (Scenario
2): the N,O produced by various pathways is first mixed
and subsequently reduced. In the model, the isotopic
fractionation factors and endmember ranges for nitrifi-
cation, nitrifier denitrification, bacterial denitrification,
fungal denitrification, and N,O reduction are presented
in Table S2. Additionally, the endmember ranges for the
four microbial pathways of N,O production and N,O
reduction were used as prior information in the 3DIM
model. For the Bayesian framework, a flat Dirichlet
distribution was assigned as the prior distribution for
microbial pathway contributions, while a Uniform dis-
tribution was used as the prior for the ratio of N,O
reduction. The contributions of microbial pathways
to N,O production and the N,O reduction ratio were
determined using the stable isotope Fractionation And
Mixing Evaluation (FRAME) based on the Markov-
Chain Monte Carlo algorithm (Lewicki et al. 2022).

Additionally, the &™NSP-§%0 mapping approach
(SP/O MAP) was applied to estimate the contributions
of microbial pathways to N,O production and reduc-
tion ratio (Wu et al. 2019; Lewicka-Szczebak et al.
2020). In the method, nitrification and fungal denitri-
fication, both characterized by high §"°N5® and §'%0
values, were grouped together, while bacterial denitri-
fication and nitrifier denitrification with low 8*°N°F and
8180, formed a group (Buchen et al. 2018). Two scenar-
ios of N,O mixing and reduction were evaluated in this
model. The detailed parameters for the model are pre-
sented in Table S2. The detailed method used to calcu-
late the contributions of N,O production pathways and
the N,O reduction ratio was described previously (Wu
etal. 2019).
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2.4 Measurement of soil characteristics

Soil bulk density was measured at a depth of 5 cm using
the core method. Soil moisture content was determined
by oven-drying fresh soil at 105 °C for 24 h. Soil pH was
measured in a 1:2.5 (w/v) soil-to-water suspension using
a pH detector (PHS-3C, Shanghai Kangyi, China). Total
carbon (TC) and total nitrogen (TN) contents were ana-
lyzed using a C/N elemental analyzer (multi EA® 5000,
Analytik Jena, Germany). Soil ammonium (NH,*-N)
and nitrate (NO3; -N) concentrations were extracted
using 2 M KCl and measured by continuous flow analysis
(Skalar SANP!S, Netherlands). Dissolved organic carbon
(DOC) was extracted using ultrapure water and deter-
mined using a TOC/TN analyzer (multi N/C® 3100, Ana-
lytik Jena, Germany).

2.5 Determination of potential nitrification
and denitrification

Potential nitrification rate (PNR) and the associated
N,O production rate were measured using a modified
shaken slurry method (Hart et al. 1994). To distinguish
the contributions of different nitrifying groups, selective
chemical inhibitors were used: 1-octyne to inhibit ammo-
nia-oxidizing bacteria (AOB) and C,H, to inhibit both
ammonia-oxidizing archaea (AOA) and AOB (Hink et al.
2017). For each treatment (F and F+BC), three inhibi-
tor setups were established: (a) control (no inhibitor), (b)
1-octyne (0.009% v/v), and (c) C,H, (0.013% v/v). Freshly
sieved soils (3 g dry weight equivalent) were placed
into 120 mL serum bottles, followed by the addition of
20 mL phosphate buffer containing (NH,),SO, (100 mg
N kg™! dry soil). Bottles were sealed with aluminum caps
and butyl stoppers, and the designated inhibitors were
injected (Mushinski et al. 2019). All samples were incu-
bated in the dark at 25 °C with shaking at 200 rpm for
24 h. At 0 and 24 h, soil slurry was collected for the deter-
mination of NO; -N, whereas headspace gas was col-
lected for N,O concentration measurements. PNR and
N,O production from nitrification were calculated based
on the changes in NO;™-N and N,O concentrations over
the incubation period.

Potential denitrification rate (PDR) and denitrifica-
tion end-product ratio [N,0/(N,O+ N,)] were measured
using the C,H, inhibition technique (Carter and Gre-
gorich, 2007; Jones et al. 2022). Briefly, 3 g of fresh soil
was placed into 25 mL glass flasks and amended with
3 mL of a solution containing glucose (500 pg C g™* soil)
and KNO, (50 pg N g™! soil). Flasks were divided into
two groups: one received 10% v/v C,H, to block N,O
reduction to N,, while the other received helium gas as
a control. All flasks were incubated in the dark at 25 °C
for 5 h. Headspace gas was sampled after incubation, and
N,O concentrations were measured. PDR was estimated
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based on N,O production in the C,H,-treated flasks, and
the N,O/(N,O+N,) ratio was calculated from the differ-
ence in N,O accumulation between inhibited (C,H,) and
uninhibited (helium gas) treatments.

2.6 Quantitative PCR, amplicon sequencing, and microbial
co-occurrence network analysis

Genomic DNA was extracted from 0.25 g of fresh soil
using the DNeasy PowerSoil Kit (QIAGEN, Germany)
following the manufacturer’s instructions. The abun-
dances of bacterial 16S rRNA and N-cycling genes was
quantified using the high-throughput SmartChip quanti-
tative PCR technique (HT-qPCR). Primer sequences and
amplification protocols for the target genes were adopted
from Zheng et al. (2018).

Bacterial community composition was analyzed using
Ilumina MiSeq sequencing. The V3-V4 region of the
bacterial 16S rRNA gene was amplified using the primer
pair 341F (5- CCTAYGGGRBGCASCAG-3’) and 806R
(5-GGACTACNNGGGTATCTAAT-3). PCR products
were purified, quantified, and sequenced on the Illumina
MiSeq platform (Shanghai BIOZERON Co., Ltd.). Raw
sequence data were processed using QIIME 2.0, includ-
ing primer trimming, quality filtering, denoising, and chi-
mera removal (Callahan et al. 2016). Amplicon sequence
variants (ASVs) were generated from high-quality reads
for the downstream analyses.

Bacterial co-occurrence networks were constructed
separately and analyzed for each site using the Molecu-
lar Ecological Network Analysis Pipeline (http://ieg4.
rccc.ou.edu/MENA/). Only ASVs with a relative abun-
dance>0.01% were included in the analysis. The result-
ing networks were visualized using Gephi (https://gephi.
org/). Major ecological modules (subnetworks with >20
nodes) were identified and selected for further analysis.
The relative abundance of each module was calculated as
the average standardized relative abundances (z-score)
of all ASVs within the module (Delgado-Baquerizo et al.
2018). All sequence data were deposited in the NCBI
SRA database under accession number PRJINA1267288.

2.7 Statistical analyses

All statistical analyses and figure plotting were per-
formed in R v4.1.1 (R Core Team 2021). Data normality
and homogeneity of variance were tested using the Shap-
iro—Wilk test and Bartlett’s test, respectively. At each site,
differences between the F and F+BC treatments were
evaluated using Student’s t-test (P<0.05) for the follow-
ing variables: soil properties, N,O emissions, PNR, nitri-
fication-driven N,O production, PDR, N,O/(N,O+N,)
ratio, bacterial alpha diversity, the abundances of 16S
rRNA and N-cycling genes, and relative abundances of
major network modules. Spearman’s rank correlation
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was used to assess the relationships between cumulative
N,O emissions and the relative abundances of microbial
modules. Modules that showed significant treatment
effects and strong correlations with N,O emissions were
selected for further genus-level analysis. Differences in
the top 10 most abundant genera within the target mod-
ules were assessed using STAMP analysis. Spearman’s
rank correlation was also used to examine the relation-
ships between differentially abundant genera and soil
properties, N-cycling gene abundances, and N,O-related
processes.

3 Results

3.1 Soil physicochemical properties

Biochar application induced notable changes in soil phys-
icochemical properties across the three sites (Table 1). At
the S1 site (3 years after biochar application), soil pH, TC,
DOC, and the C/N ratio significantly increased, while
concentrations of NH,"-N and NO;™-N decreased mark-
edly. At the S2 site (5 years after application), biochar sig-
nificantly increased TC, TN, moisture content, DOC, and
NO;™-N concentration, but reduced soil pH and NH,"-N
concentration. Slight decreases in bulk density and the
C/N ratio were also observed. At the S3 site (9 years after
application), biochar led to significant increases in TC,
C/N ratio, and NO;™-N concentration, while soil pH, TN,
DOC, and NH,*-N concentration declined. Bulk density
and moisture content showed no significant differences
between treatments.

3.2 N,0O emissions

The legacy effects of biochar significantly altered soil N,O
emissions across all three sites (Fig. 1). Temporal patterns
of N,O fluxes were consistent among treatments, with
emissions occurring within the first two weeks of incuba-
tion, followed by a gradual decline (Fig. 1a, c, e). At the
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S1 and S2 sites, biochar significantly reduced cumulative
N,O emissions by 41% and 84%, respectively. In con-
trast, at the S3 site, biochar markedly increased cumula-
tive N,O emissions by fourfold. Across all sites, biochar
inhibited gross N,O production (Fig. 1b, d, f). However,
biochar substantially increased gross N,O consumption
and the ratio of gross N,O consumption to production at
the S1 and S2 sites, but notably reduced both at the S3
site. Moreover, at the S3 site, biochar reduced gross N,O
production and consumption by 32% and 68%, respec-
tively. This indicates that biochar had a stronger inhibi-
tory effect on N,O reduction than on N,O production.

3.3 N,O source partitioning and reduction

The legacy effects of biochar altered the relative con-
tributions of microbial pathways to N,O production
and the extent of N,O reduction, with consistent pat-
terns observed across scenarios 1 and 2 (Figs. 2 and S1).
According to the 3DIM model, bacterial denitrification
was the dominant source of N,O across all samples, fol-
lowed by nitrifier denitrification, fungal denitrification,
and nitrification (Fig. 2b). Biochar consistently reduced
the contribution of nitrification across all sites. At the S1
and S2 sites, biochar increased the contribution of bacte-
rial denitrification, reduced that of fungal denitrification,
and increased N,O reduction ratio, whereas biochar had
the opposite effects at the S3 site. The SP/O MAP results
showed that bacterial denitrification and fungal deni-
trification were the dominant contributors to soil N,O
production (Fig. S1b). Biochar increased both the N,O
reduction ratio and the contributions of bacterial denitri-
fication and fungal denitrification at the S1 and S2 sites,
while both metrics declined following long-term appli-
cation at the S3 site. Furthermore, the 3DIM model and
the SP/O map showed good agreement in the extent of
N,O reduction under scenarios 1 and 2, and both models

Table 1 The physicochemical properties of soil under different treatments

S1 S2 S3

F F+BC F F+BC F F+BC
Bulk density (g cm™3) 1.03+0.09 1.08+0.11 1.02+0.03 1.07+£0.11 1.05+0.08 0.94+0.08
pH 4.38+0.01 4.47£0.01 4.42+0.00 4.35+0.01 4.13+£0.02 4.02+0.01
SOC(gkg™) 42.85+0.65 52.45+0.15 35.75+£0.15 58.96+0.64 31.37+£0.69 43.93+0.66
TN(gkg™) 1.84+0.06 1.97+0.02 1.53+0.02 2.39+0.04 1.41+£0.06 1.13£0.01
Moisture (%) 43.73+£1.59 46.70+0.67 25.55%0.11 38.02+1.32 28.00+0.00 30.00£0.00
DOC (mg kg™) 88.04+0.64 101.89+£0.83 84.02+0.19 115.37+£0.68 54.05+2.22 27.89+0.72
/N ratio 27.20£0.59 31.12+0.23 27.27+031 28.84£0.75 25.94+0.70 45.22+0.51
NH,* (mg N kg™ 29.20+0.28 24.07£0.32 13.53+£0.58 11.94+0.35 19.06+0.97 10.94+0.56
NO;™ (mg Nkg™) 20.58+0.31 16.48+0.00 20.04+0.13 22.47+0.05 18.44+0.01 40.77 +£0.22

Values indicate means + SE (n=3). Values in bold represent statistically significant differences (P < 0.05) between treatments. F, conventional N fertilizer; F +BC,

conventional N fertilizer combined with biochar
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revealed consistent trends in N,O reduction between the
F and F+ BC treatments.

3.4 Potential nitrification and denitrification

The legacy effects of biochar significantly affected soil
nitrification processes across all sites (Fig. 3). Biochar
application increased the total PNR but reduced the N,O
production rate driven by nitrification. Biochar enhanced
the rate of heterotrophic nitrification and its contribu-
tion to the total PNR (Figs. 3 and S2). Conversely, biochar
decreased the contribution of AOB to the total PNR and
the rate of AOB-driven N,O production across all sites.
At the S1 and S3 sites, biochar reduced N,O production
from both heterotrophic nitrifiers and AOA (Fig. 3b, f).

At the S2 site, in contrast, biochar increased N,O pro-
duction from heterotrophic nitrification but decreased
AOA-driven emissions (Fig. 3d).

Regarding denitrification, biochar caused a slight
increase in the PDR and a reduction in the N,O/
(N,O+N,) ratio at the S1 and S2 sites (Fig. 4). In con-
trast, at the S3 site, biochar significantly reduced PDR
and increased the N,O/(N,O + N,) ratio.

3.5 Abundance of 16S rRNA and N-cycling genes

The legacy effects of biochar altered the abundances of
both 16S rRNA and N-cycling genes. At the S1 and S2
sites, biochar significantly increased the abundance of the
16S rRNA gene, but it decreased at the S3 site (Fig. S3).
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Regarding N-cycling genes, at the S1 site, biochar appli-
cation led to increased abundance of multiple functional
genes, notably ureC, nirK+nirS, and nosZ genes (Fig. 5a
and d). At the S2 site, biochar significantly enhanced the
abundance of AOA, hao, #irK, and nosZ, whereas it sup-
pressed gdhA and napA (Fig. 5b). Additionally, the com-
bined abundance of AOA+AOB, nirK+nirS, and the
nosZ/(nirK+nirS) ratio were increased (Fig. 5e). At the
S3 site, biochar increased the abundance of ureC, gdhA,
and AOB, but substantially decreased the abundance of
hao, nxrA, narG, napA, nirK, nirS, hzsB, nosZ, and nifH
(Fig. 5¢). These changes were accompanied by a substan-
tial reduction in the abundance of nirK+nirS and the
nosZ/(nirK+ nirS) ratio, and by an increase in the abun-
dance of AOA + AOB (Fig. 5f).

3.6 Bacterial community and co-occurrence network
The legacy effects of biochar did not significantly alter
bacterial alpha diversity across the three sites (Table S3).
At the phylum level, the bacterial communities were
dominated by Proteobacteria, Actinobacteria, Acidobac-
teriota, Chloroflexi, and Firmicutes, collectively account-
ing for more than 80% of total relative abundance under
all treatments (Fig. S4).

Co-occurrence networks were constructed for each
site (Fig. 6a, c, e). From these, 6, 7, and 5 major modules
(containing > 20 nodes) were identified for S1, S2, and S3,

respectively (Fig. 6b, d, f). Among these, Module 1 at the
S1 and S3 sites and Module 5 at the S2 site showed sig-
nificantly correlations with cumulative N,O emissions
and differed significantly in abundance between F and
F+BC treatments (Figs. 6b, d, f and S5). These modules
were selected for further genus-level analysis. At the S1
site, biochar significantly enriched the genera Rhodano-
bacter and Sphaerobacter, while decreasing the relative
abundance of Sporosarcina, Nitrolancea, Bacillus, Can-
didimonas, and Chujaibacter within Module 1 (Fig. 6g).
At the S2 site, biochar enriched the relative abundance
of Gemmatimonas, Mycobacterium, Rhodococcus, Nitro-
spira, Bryobacter, and Candidatus Solibacter within
Module 5 (Fig. 6h). At the S3 site, biochar increased
Conexibacter, Acidibacter, and Acidicapsa, but sup-
pressed Sphingomonas, Acidothermus, and Candidatus
Solibacter (Fig. 61).

4 Discussion

4.1 Divergent legacy effects of biochar on soil N,O
emissions

Our results demonstrated that the legacy effects of bio-

char on soil N,O emissions varied markedly across sites

(Fig. 1). Specifically, biochar application 3 and 5 years

prior (at the S1 and S2 sites, respectively) significantly

reduced N,O emissions, while biochar applied 9 years

earlier (S3 site) resulted in a pronounced increase.
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Notably, biochar significantly reduced N,O emissions
at all sites during the first year after application, as evi-
denced by unpublished data from the S1 site and our
previous findings from the S2 and S3 sites (Ji et al. 2020;
Han et al. 2021). These findings indicate that the mitiga-
tion effect of biochar on N,O emissions is not necessarily
sustained over time, thereby challenging the assumption
of persistent climate benefits. This contradicts our ini-
tial hypothesis, which anticipated consistent mitigation
across legacy periods. Our short-term findings agree with
previous studies reporting that biochar can continue to

suppress N,O emissions several years after application in
acidic soils (Wang et al. 2021; Zhang et al. 2021). In con-
trast, the long-term increase in N,O emissions observed
at the S3 site is consistent with previous studies, which
have reported that biochar aging can alter its properties,
such as increasing surface acidity and reducing porosity
(Duan et al. 2018; Zhang et al. 2019; Wang et al. 2020).
These changes may in turn modify soil properties and
microbial community composition, thereby affecting N
transformations, potentially weakening the mitigation
effect, and even leading to enhanced N,O emissions.
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Taken together, these results highlight that the legacy
effects of biochar are time-dependent, with the potential
to reverse direction over time. The divergent outcomes
are likely driven by temporal changes in soil properties,
N transformation processes, and microbial commu-
nity composition. It should be noted, however, that the
three study sites differed in soil type and management
regime, and therefore do not constitute a strict temporal
sequence. The legacy effects reported here should thus be
interpreted as site-specific outcomes under their respec-
tive conditions, rather than as a direct chronosequence
comparison.

4.2 Legacy effects of biochar reduce soil N,O emissions

The short-term legacy effects of biochar significantly
reduced soil N,O emissions (Fig. 1a, c), likely through
two primary mechanisms: inhibition of N,O pro-
duction and enhancement of N,O reduction. First,

F F+BC F

F+BC

biochar markedly enhanced total PNR, potentially due
to increased ureC gene abundance. Previous studies
have demonstrated that the ureC gene is widely used as
a functional marker for assessing urea hydrolysis in soils
(Mobley et al. 1995; Fisher et al. 2017; Oshiki et al. 2018;
Liu et al. 2021). Therefore, its increased abundance may
indicate facilitated urea hydrolysis, thereby increasing
the availability of substrates for nitrifiers. Interestingly,
despite higher PNR, biochar significantly reduced N,O
production rate from nitrification. This apparent contra-
diction can be explained by two concurrent effects (1) an
increased contribution of heterotrophic nitrification (Fig.
S2), which generates less N,O than autotrophic path-
ways; and (2) a reduced contribution of AOB, which typi-
cally produce more N,O than AOA (Zhang et al. 2015;
Hink et al. 2017).

Second, biochar significantly increased the abundance
of nosZ gene at both the S1 and S2 sites. Concurrently,
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biochar enriched genera carrying the nosZ gene, includ-
ing Rhodanobacter (S1) and Gemmatimonas (S2) (Fig. 6g,
h), both of which are capable of reducing N,O to N,
(Hallin et al. 2018; Bano et al. 2024). These shifts were
positively correlated with gross N,O consumption and
negatively correlated with cumulative N,O emissions
(Fig. S6). At the S1 site, increased soil pH likely con-
tributed to the stimulation of N,O-reducing bacteria,
as neutral-to-alkaline conditions favor the expression of
nosZ genes (Xu et al. 2014). Moreover, biochar increased
DOC and the nosZ/(nirK + nirS) ratio at both sites, fur-
ther supporting promoted denitrification completeness
(Fig. 1 and 5d, e). This is attributable to DOC serving as
an essential carbon source and electron donor for deni-
trifiers (McCarty and Bremner 1992; Kuypers et al. 2018;
Fu et al. 2022), and greater DOC availability likely facili-
tated the reduction of N,O to N,. Additionally, biochar
increased the contribution of bacterial denitrification
while reducing that of fungal denitrification to N,O pro-
duction, potentially explaining the observed increase in
N,O reduction (Fig. 2b). This shift is critical, as fungal
denitrifiers lack nosZ, and thus their denitrification typi-
cally terminates at N,O rather than N, (Lycus et al. 2018;
Shan et al. 2021). Together, these findings demonstrate
that the short-term legacy effects of biochar suppress
nitrification-derived N,O emissions and promote N,O
reduction through enhanced microbial potential and car-
bon availability, resulting in a net mitigation effect.

4.3 Legacy effects of biochar increase soil N,O emissions
At the S3 site (9 years after biochar application), the
legacy effects of biochar led to a significant increase in
N,O emissions (Fig. le), contrary to its initial mitiga-
tion effect. This increase can be attributed to an imbal-
ance between reduced N,O production and even more
strongly suppressed N,O reduction (Fig. 1f). Biochar sig-
nificantly increased ureC gene abundance (Fig. 5c), which
is consistent with a previous study (Liu et al. 2021). Given
that the ureC gene is widely recognized as a functional
marker for soil urea hydrolysis (Oshiki et al. 2018), its
increased abundance potentially promotes urea hydrol-
ysis and enhances ammonia supply for nitrification.
Accordingly, total PNR was increased (Fig. 3e). However,
despite the increased nitrification potential, total nitrifi-
cation-derived N,O production declined, consistent with
an increased contribution of heterotrophic nitrification
and a decreased role of AOB (Fig. S2, Fig. 3e, f). These
changes suggest that biochar suppressed high-emission
autotrophic pathways while favoring lower-emission het-
erotrophic ones.

Biochar significantly increased soil NO;™-N concentra-
tion, likely driven by enhanced PNR. Yet, denitrification
activity was weakened: PDR decreased markedly, and
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the N,O/(N,O +N,) ratio rose sharply (Fig. 4c). This was
accompanied by reduced #nirK, #irS, and nosZ gene abun-
dances, as well as lower DOC content. As denitrification
is a heterotrophic, carbon-dependent process, the reduc-
tion in available DOC likely limited electron donors for
complete denitrification, thereby promoting N,O accu-
mulation (McCarty and Bremner 1992; Kuypers et al.
2018). The decline in DOC may be partially explained by
the reduced abundance of genera such as Sphingomonas
and Candidatus Solibacter, both known for their roles
in degrading organic matter (Lee et al. 2011; Rime et al.
2015). These genera were positively correlated with DOC
content (Fig. S6), supporting their functional link to car-
bon cycling.

Although biochar is typically alkaline, its long-term leg-
acy effects at S3 site led to a significant decline in soil pH
as reported previously (Wang et al. 2020; Guo et al. 2022),
likely due to the accumulation of acidic functional groups
on aged biochar surfaces (Mukherjee et al. 2014; Liu et al.
2019). This acidification may have further inhibited nosZ
gene expression and the activity of N,O-reducing bac-
teria (Hallin et al. 2018; Qiu et al. 2024), consistent with
the observed decline in N,O consumption and nosZ/
(nirK+ nirS) ratio (Figs. 1f and 4). Isotopic analysis sup-
ported this conclusion, that is, biochar decreased the
contribution of bacterial denitrification and increased
the role of fungal denitrification, which lacks the capac-
ity to reduce N,O to N, (Fig. 2b; Mothapo et al. 2015).
This microbial shift likely contributed to elevated N,O
emissions despite reduced production rates. Collectively,
these results demonstrate that while the long-term legacy
effects of biochar may suppress N,O production path-
ways, its stronger inhibition of N,O reduction, driven by
microbial, chemical, and carbon constraints, ultimately
leads to increased N,O emissions.

5 Conclusions

This study demonstrates that the legacy effects of biochar
on N,O emissions in acidic soils are both time-depend-
ent and directionally divergent. In the short term (3- and
5-years post-application), biochar significantly reduced
N,O emissions by inhibiting nitrification-derived
N,O production and enhancing microbial N,O reduc-
tion. These effects were associated with increased hetero-
trophic nitrification, elevated nosZ gene abundance, and
enrichment of N,O-reducing taxa such as Rhodanobacter
and Gemmatimonas. In contrast, long-term legacy effects
of biochar (9 years) led to increased N,O emissions, as
N,O reduction was more strongly inhibited than produc-
tion. This shift was associated with reduced nosZ abun-
dance, lower DOC availability, microbial community
restructuring, soil acidification, and an increased con-
tribution of fungal denitrification lacking the capacity to
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reduce N,O to N,. These findings highlight that the miti-
gation potential of biochar cannot be assumed to persist
indefinitely and may even reverse over time. Long-term
impacts should therefore be explicitly considered when
evaluating biochar as a climate mitigation strategy.
Future research should focus on long-term field monitor-
ing across diverse soils, climates, and cropping systems,
and on identifying strategies, such as targeted amend-
ments or microbial interventions, to sustain or restore
the suppressive effect of biochar on N,O emissions.
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