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Biochar modulates temperature sensitivity 
of soil N2O emissions: soil‑specific mechanisms
Siyu Luo1, Zhibo Li1, Jing Hu2 and Xiaolin Liao1*    

Abstract 

Biochar is increasingly promoted as a strategy for mitigating soil nitrous oxide (N2O) emissions, yet its effect 
on the temperature sensitivity (Q10) of N2O emissions remains poorly understood. In this study, short-term incubation 
experiments were conducted using two contrasting soils (agricultural and forest soils) amended with two biochar 
types (wood- and rice husk-derived) at three application rates (0, 1%, and 3%) under three temperatures (10 °C, 20 °C, 
30 °C). We investigated how biochar alters Q10 of N2O emissions and explored the underlying mechanisms. Results 
showed that cumulative N2O emissions increased with temperature in both soils, with higher Q10 values in forest 
soils (1.63–2.84) than in agricultural soils (1.13–1.63). Only high-rate wood biochar (WH) significantly changed Q10, 
decreasing it in agricultural soils but increasing it in forest soils. In agricultural soils, WH strongly reduced NO3

−–N 
availability and minimized its temperature response, intensifying substrate limitation and lowering Q10. In forest soils, 
biochar accelerated the decline of NH4

+–N and slowed the increase of NO3
−–N with temperature, suggesting tighter 

coupling between nitrification and nitrate-consuming processes. Although WH and high rate rice-husk biochar 
showed the smallest NO3

−-temperature slopes, the unique properties of WH (e.g., low ash content, higher aromatic-
ity, and larger pore size) may have promoted short-term NO3

− retention, thereby strengthening temperature-coupled 
nitrification–denitrification turnover, which likely contributed to the higher Q10 observed under WH. Partial least 
squares path modeling (PLS-PM) confirmed that temperature exerted stronger total effects on N2O emissions than 
biochar through changes in substrate availability, pH, and functional genes, while biochar acted as a secondary 
modulator. Overall, biochar regulated N2O Q10 through soil-specific pathways, highlighting the need for soil-specific 
biochar application strategies under future climate change scenarios.

Highlights 

•	 Biochar differently affected N2O responses to warming in forest and farmland soils.
•	 Only high-rate wood biochar altered N2O temperature sensitivity, lowering it in farmland but raising it in forest 

soils.
•	 Findings help guide tailored biochar strategies to control N2O under climate change.
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1  Introduction
Nitrous oxide (N2O) is a potent and long-lived green-
house gas, with a global warming potential 298 times 
that of carbon dioxide (CO2) over a 100-year time frame 
(IPCC 2014). Its atmospheric concentration has stead-
ily increased, largely due to anthropogenic nitrogen 
inputs into agricultural systems (Tian et  al. 2020). Soils 
represent the primary natural source of N2O, primar-
ily through microbial processes such as nitrification and 
denitrification, which are sensitive to environmental and 
management factors including nitrogen inputs, soil mois-
ture, and temperature (Butterbach-Bahl et al. 2013).

Biochar, a carbon-rich material produced by pyrolysis 
of biomass under limited oxygen, has gained considerable 
attention for its potential to mitigate soil greenhouse gas 
emissions while enhancing soil fertility (Xia et al. 2023). 
Numerous studies have demonstrated that biochar can 
reduce N2O emissions by improving soil aeration, alter-
ing nitrogen availability, and modulating microbial activ-
ity (Cayuela et  al. 2014; Liu et  al. 2018). However, the 

effectiveness of biochar varies with soil type, feedstock 
properties, and application rate, and its interaction with 
environmental factors remains insufficiently understood 
(Nguyen et al. 2017; Zhou et al. 2025).

Temperature is one of the most important drivers of 
soil N2O emissions, as it governs microbial activity and 
enzymatic kinetics involved in nitrogen cycling. Air 
temperature, which is closely correlated with soil tem-
perature (Bond-Lamberty and Thomson 2010), is com-
monly used to represent thermal effects on microbial 
processes in Q10 studies (Song et al. 2018). The tempera-
ture sensitivity of biogeochemical processes is commonly 
described by the Q10 coefficient, which quantifies the 
rate change with a 10 ℃ increase in temperature (David-
son and Janssens 2006). Although Q10 values of soil CO2 
emissions have been extensively studied (Davidson and 
Janssens 2006; Meyer et  al. 2018), those for N2O are 
limited and less consistent, with reported values rang-
ing widely (e.g., 1.44–72.2) (Sun et al. 2019) across eco-
systems and soil types. Understanding the Q10 of N2O 
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emissions is particularly relevant under climate warming, 
as it helps evaluate the strength and direction of feed-
backs between temperature and microbial N transforma-
tion (Song et al. 2018).

The two major biological processes that contribute to 
soil N2O production and consumption and consequently 
N2O emissions respond differently to soil temperature. 
Ammonia-oxidizing archaea (AOA) and bacteria (AOB) 
exhibit distinct thermal optima and sensitivities, while 
denitrifying communities vary in their abundance and 
gene expression under warming (Avrahami and Conrad 
2003; Tourna et al. 2008; Xing et al. 2021). For example, 
studies have shown that nosZ-type denitrifiers, which 
reduce N2O to N2, may be more responsive to warm-
ing than nirK-type denitrifiers (Cui et al. 2023; Dai et al. 
2020). However, these microbial responses also depend 
on substrate availability (Cui et al. 2016; Song et al. 2018), 
which can be altered by biochar (Nguyen et al. 2017; Liu 
et al. 2018).

Recent studies have proposed that biochar–tempera-
ture interactions may jointly regulate N2O emissions by 
modifying microbial metabolic efficiency and community 
composition under warming conditions (Rittl et al. 2021; 
Zhang et al. 2023a). Biochar can increase soil pH, reduce 
NO3

− availability, and improve aeration, thereby shifting 
microbial nitrogen pathways and potentially modulating 
Q10 indirectly (Clough et al. 2013; Rogovska et al. 2011). 
Despite these insights, few studies have systematically 
examined how biochar affects the temperature sensitiv-
ity of soil N2O emissions, particularly across different soil 
types or under varying application rates. Moreover, the 
mechanisms underlying such interactions remain poorly 
quantified.

Given the projected global warming and its influence 
on N2O emissions, it is critical to evaluate how biochar 
affects the temperature sensitivity of soil N2O fluxes, 
especially the link of biochar-induced shifts in micro-
bial functional groups (e.g., AOA, AOB, nirK, nosZ) with 
changes in the Q10 of N2O. In this study, we conducted 
controlled incubation experiments using two contrasting 
soils (agricultural and forest soils) and biochars derived 
from wood and rice husk applied at two rates. Our objec-
tives were to (1) determine how biochar affects the Q10 
of N2O emissions across soil types, (2) assess the phy-
scicochemical and microbial drivers underlying these 
effects; and (3) evaluate the relative importance of tem-
perature and biochar using path modeling. This work 
aims to provide mechanistic insights into biochar–tem-
perature–microbe interactions, contributing to a deeper 
understanding of how biochar can be used to mitigate 
N2O emissions under climate warming scenarios, and 
providing guidance for tailoring biochar strategies to spe-
cific soil environments.

2 � Materials and methods
2.1 � Biochar and soil
The tested biochar samples included two types: rice husk 
biochar (R) and wood biochar (W). Wood biochar was 
produced from pine wood planks in a horizontal car-
bonization furnace (DLTH-1000) by heating at a rate of 
7–13 ℃ min−1 to 500 ℃, followed by carbonization for 
3  h and holding at that temperature for 2  h. Rice husk 
biochar was produced from rice husk feedstock in the 
same furnace following the same procedure as for wood 
biochar under pyrolysis conditions of 550 ℃ for 4–6  h. 
Both biochars were oven-dried at 80 ℃ for 48 h to a final 
moisture content of < 0.03% (w/w) before application.

Soil samples were collected from two sites, i.e., a 
wheat-soybean rotation system in Lishui District, Nan-
jing City, Jiangsu Province (31°46′14.08"N, 119°1′51.7"E), 
and a poplar (Populus spp.) plantation in Sihong County, 
Suqian City, Jiangsu Province (118°36′E, 33°32′N). These 
are hereafter referred to as agricultural and forest soil, 
respectively. The two soils are clay loam (Liao et al. 2025; 
Li et al. 2018). At each site, surface soil (0–20 cm depth) 
was collected, air-dried in the laboratory, and then sieved 
through a 2-mm mesh after removing stones and plant 
roots. Basic physicochemical properties of the soils and 
biochars were measured before incubation and are sum-
marized in Table  1. Notably, the agriculture site had 
been abandoned and reclaimed only one year prior to 
sampling. This short reclamatoin history resulted in low 
fertility.

2.2 � Incubation experiment
The two soils were subjected to the following treatments: 
a control without biochar addition (CK), and wood-
derived biochar (W) and rice husk-derived biochar (R) 
applied at a high rate (3% w/w, H) and a low rate (1% w/w, 
L). These were designated as CK, WH, WL, RH, and RL, 
respectively. The incubation experiment was conducted 
in temperature-controlled incubators set at 10 ℃, 20 ℃, 
and 30 ℃ (air temperature, ± 0.5 ℃) with four replicates 
per treatment combination. Although soil temperature 
was not directly recorded, the set air temperature of the 
incubation chamber can be regarded as a proxy for soil 
temperature, as these two are generally well correlated 
under controlled conditions (Amato and Giménez 2024).

The incubation was conducted as follows. First, 100 g 
of soil sample was weighed into a 250 mL conical incu-
bation flask. The moisture content was adjusted to 40% 
water-holding capacity (WHC), followed by a 3-day 
pre-incubation at each targeted temperature. Subse-
quently, 100 mg urea-N g−1 soil and biochar were mixed 
well into the soil, and the moisture content was read-
justed to 70% WHC. Then, the formal incubation was 
implemented at the three designated temperatures for 
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7 days in agricultural soil and 10 days in forest soil. The 
choice of 7–10  days for incubation was based on our 
previous experiment (Liao et  al. 2025) and literature 
reporting peak N2O emissions within 5–10 days follow-
ing nitrogen application (e.g., Zhang et al. 2019, 2023b; 
Wu et al. 2022). For example, Zhang et al. (2020a) used 
a 72-h incubation to measure N2O emission rates and 
Q10 values in grassland soils, supporting the efficacy of 
short-term incubations for capturing microbial-driven 
N2O dynamics.Throughout the incubation, flasks were 
sealed with perforated aluminum foil to minimize 
water loss through evaporation while maintaining aer-
obic conditions. Additionally, soil moisture was pre-
served by periodically replenishing deionized water to 
counteract evaporation losses.

2.3 � Gas sampling
Gas sampling and N2O analysis were conducted follow-
ing the method established in our previously published 
study (Liao et al. 2025), with minor adaptations for soil-
specific sampling intervals. Gas samples from agricul-
tural soils were collected on days 1, 2, 4, and 7, whereas 
gas sampling for forest soil occurred on days 1, 2, 3, 5, 
7, and 10. For each gas sampling event, the aluminum 
foil sealing the conical flasks was first removed to allow 
a 30-min equilibration period, ensuring the gas inside 
the flasks mixed well with the ambient atmosphere. The 
flasks were then resealed with airtight rubber septa and 
incubated for an additional hour before final sampling. 
Gas samples were collected using a three-way valve 
syringe, withdrawing 30 mL of headspace gas through the 
rubber septum. Samples were immediately transferred 
to 25  mL pre-evacuated vials (SVF-20, Nichiden-Rika, 
Kobe, Japan). Ambient air samples were collected prior 
to incubation initiation as baseline references (t = 0). Gas 
concentrations were analyzed using a gas chromatograph 
(Agilent 7890B, USA) equipped with a 63Ni electron cap-
ture detector. N2O was quantified using the µECD detec-
tor with an argon-methane carrier gas mixture.

The gas flux was calculated as follows:

In this formula, F is the N2O flux (ng N2O-N g−1 h−1), ρ 
is the N2O density under standard conditions (μg N2O–N 
m−3), V is the volume of the headspace in the incubation 
flask (mL), W is the soil weight (g), T is the incubation 
temperature at sampling (℃), and dc/dt is the N2O pro-
duction rate during one hour.

With N2O flux of each desired sampling date, the 
cumulative N2O emissions over 7-day incubation period 
were calculated as

F = ρ ×
V

W
×

dc

dt
×

273

273+ T

In this formula, f is the N2O cumulative emission (ng 
N2O–N g−1), F is the flux (ng N2O–N g−1  h−1), i is the 
sampling count, n is the total sampling events during the 
incubation, t is the sampling time, and ti+1-ti is the inter-
val days between two samplings.

The temperature sensitivity parameter Q10 was calcu-
lated using the exponential equation method, with the 
calculation formula as follows (Ding et al. 2018):

In this formula, F is the soil N2O emission flux, ɑ and 
β are the fitting parameters of the exponential equa-
tion, and T is the incubation temperature.

2.4 � Destructive sampling and soil analysis
At the end of each incubation temperature treatment, 
destructive soil sampling was conducted, with each sam-
ple being divided into two portions. The first portion was 
stored at −4℃ in a refrigerator for subsequent analy-
sis of nitrate nitrogen (NO3

−–N), ammonium nitrogen 
(NH4

+–N), and microbial biomass carbon (MBC). The 
second portion was air-dried in shaded conditions, then 
ground and sieved through 20-mesh sieves for determi-
nation of pH (soil: water = 1: 2.5).

Soil MBC was used as a proxy for microbial biomass 
activity (Joergensen and Mueller 1996) and was meas-
ured by the chloroform fumigation-K2SO4 extraction 
method. Microbial biomass nitrogen was not meas-
ured due to instrument constraints. Briefly, two fresh 
soil subsamples equivalent to 5  g dry soil weight were 
placed in 25  mL centrifuge tubes. One subsample was 
fumigated with alcohol-free chloroform for 24  h in the 
dark. Then, both the fumigated and non-fumigated sub-
samples were extracted with 0.05 M K2SO4 solution. The 
extracts were analyzed using a Shimadzu TOC-L CPH/
CPN analyzer.  The dissolved organic carbon (DOC) of 
the non-fumigated soil samples is soil DOC, while MBC 
was calculated by the difference between fumigated and 
non-fumigated extractable organic carbon contents and 
divided by a correction factor of 0.45 (Wu et  al. 1990). 
For mineral nitrogen analysis, fresh soil samples were 
extracted with 1 M KCl solution, and the extract was ana-
lyzed for NH4

+–N and NO3
−–N concentrations using 

ultraviolet spectrometry (U-2900; HITACHI, Tokyo, 
Japan) following the indophenol blue methods (Zhang 
et al. 2023b).

f =

n∑

i=1

(Fi+1 + Fi)/2× (ti+1 − ti)× 24

F = α × eβT

Q10 = e10β
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Additionally, electrical conductivity (EC) and cation 
exchange capacity (CEC) were measured for the soils 
and biochars before incubation. EC for both soils and 
biochars was measured in a 1:5 (w/v) suspension using 
a conductivity meter (DDS-307, Rex, China). CEC was 
determined by compulsive exchange with 1 M NH4OAc 
at pH 7.0 (Schollenberger and Simon 1945).

2.5 � Abundance of N2O‑related functional genes
At the end of the incubation, functional genes related 
to N2O emissions were measured in soils amended with 
low dose biochar (L) and control treatment (CK) due to 
resource limitations and field-realistic application rates. 
First, DNA extraction was performed using a PowerSoil 
DNA Isolation Kit, and DNA purity and quality were 
assessed via gel electrophoresis and a Nanodrop spectro-
photometer, respectively. DNA was stored at −20 °C and 
diluted to 10 ng DNA μL−1 with sterile water for quanti-
tative PCR (qPCR) analysis. The nitrification gene amoA 
was used to study the ammonia-oxidizing bacteria (AOB) 
and archaea (AOA), and the denitrification functional 
marker genes (nirK, nirS, and nosZ) were targeted. The 
two nosZ clades (I and II) were not analyzed separately 
because of low amplification efficiency of nosZII primers. 
The quantitative PCR (qPCR) was performed on a Step 
One Plus Real-Time PCR System (ABI, USA). Each qPCR 
reaction was performed in a 20 μL PCR mixture contain-
ing 10 μL SYBR@ Premix Ex Taq, 0.4 μL ROX reference 
dye (50 ×), 0.4 μL each primer, 2 μL template DNA, and 
6.8  μL sterile water. The detailed information of primer 
and procedure was described in our previous study (Liao 
et al. 2021).

2.6 � Statistical analysis
All data processing, statistical analyses, and graphical 
representations were performed using GraphPad Prism 
10.0 software (GraphPad Software, California, USA). 
Each experimental treatment included four replicates, 
with data presented as mean ± standard error. A three-
way analysis of variance (ANOVA) was used to test the 
effects of temperature, biochar feedstock, and biochar 
application rate on soil physcicochemical properties, and 
a two-way ANOVA was employed to examine differences 
in soil physicochemical properties and microbial indica-
tors under the same incubation temperature, and Q10 val-
ues between different biochar feedstocks and application 
rates, followed by Tukey’s honestly significant difference 
(HSD) post hoc test for multiple comparisons. Multi-
variate analysis was conducted using Pearson correlation 
coefficients to evaluate relationships and significance lev-
els between various parameters, with statistical signifi-
cance defined as P < 0.05.

The partial least squares path modeling (PLS-PM) 
analysis was performed to identify the pathways and 
main factors affecting N2O emission using the R package 
“plspm” with 500 bootstraps. Model quality was assessed 
by the “goodness of fit” statistic. We first ran PLS-PM 
using only soil physicochemical properties and then 
incorporating the data of functional gene abundance.

3 � Results
3.1 � Effects of temperature and biochar on soil 

physicochemical properties
The effects of biochar on soil physicochemical properties 
(pH, DOC, NH4

+–N, and NO3
−–N) were interactively 

regulated by temperature, feedstock type, and application 
rate, with distinct responses observed between the two 
soil types (Table 2, Table S1).

Temperature effect: In agricultural soils, pH showed a 
significant drop when incubation temperature increased 
from 10 ℃ to 20 ℃ almost in all the treatments, while a 
similar drop in forest soils was only observed in CK (7.51, 
7.15, and 7.29 at 10 ℃, 20 ℃, and 30 ℃, respectively). 
Conversely, soil DOC, NH4

+–N, and NO3
−–N in agricul-

tural soils showed a significantly increase from 10 ℃ to 
20 ℃ and 30 ℃. In forest soils, DOC was comparatively 
stable with rising temperature except showing an upward 
trend in WH and WL; NH4

+–N exhibited a decreasing 
pattern with increasing temperature while NO3

−–N sig-
nificantly increased from 10 ℃ to 20 ℃ to 30 ℃.

Biochar effects: In agricultural soils, wood biochar 
notably increased soil pH under low-temperature condi-
tions (10 ℃), particularly at high application rates (WH: 
7.55 ± 0.03 vs. CK: 7.40 ± 0.03), while rice husk biochar 
showed no significant effect on soil pH (RH: 7.32 ± 0.02 
and RL: 7.31 ± 0.02). In contrast, in forest soils, biochar 
application significantly decreased soil pH at 10 ℃ and 
20 ℃, especially with the wood biochar and at high appli-
cation rates. No significant effects of biochar on soil pH 
were detected at 30 ℃ in both soils.

Biochar generally showed no significant effects on 
dissolved organic carbon (DOC), except that WH sig-
nificantly elevated soil DOC at 30  ℃ in agricultural 
soils (WH: 52.14 ± 2.59 vs.CK: 41.53 ± 3.71  mg  kg−1, 
P < 0.05) and at 10  ℃ in forest soils (36.11 ± 1.75 vs. 
26.70 ± 0.97 mg kg−1, P < 0.05).

Biochar feedstock, application rate, and their interac-
tion significantly affected soil NH4

+–N content only for 
agricultural soils at 10 ℃. Both wood and rice husk bio-
char decreased NH4

+–N in agricultural soils, but only 
rice husk biochar showed significant reductions (RH: 
0.13 ± 0.03, RL: 1.32 ± 0.28 vs. CK: 2.37 ± 0.30  mg  kg−1, 
P < 0.05).

Soil NO3
−–N content generally responded negatively 

to biochar addition in both soils except at 10 ℃ in forest 
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soils. For example, in agricultural soils, WH significantly 
decreased NO3

−–N content by 49.3%, 19.9%, and 76.4% 
at 10 ℃, 20 ℃, and 30 ℃, respectively. RH significantly 
decreased NO3

−–N content by 48.3%, 35.8%, and 33.3% 
under 10 ℃, 20 ℃, and 30 ℃, respectively. In forest soils, 
WH significantly decreased NO3

−–N content by 30.3% 
and 21.8% at 20  ℃ and 30  ℃, respectively, while RH 
significantly decreased NO3

−–N content by 10.1% and 
22.0% at 20 ℃ and 30 ℃, respectively.

3.2 � Effects of biochar on soil N2O emission
For agricultural soils, the temporal N2O flux patterns 
from soils treated with RH and RL were similar to that 
from soils without biochar application (CK) (Fig. S1a–c). 
WH and WL treatments showed sharp N2O peaks on day 
1 (10 ℃), 3 (20 ℃), and 4 (30 ℃) after the urea application, 
respectively, and then the flux decreased to the baseline, 
while RH and RL peaked on day 2 post-urea application 
at 10  ℃. Significant increases in soil N2O fluxes were 
observed only on day 1 after the urea application in WH 
and WL compared to CK at 10 ℃. In forest soils, N2O 
fluxes from all treatments demonstrated similar temporal 
trends, with biochar generally reducing N2O fluxes rela-
tive to the control (CK) (Fig. S1d–f). N2O peaks occurred 
on day 7 (10 ℃), 5 (20 ℃), and 3 (30 ℃) after the urea 
application.

When upscaled to cumulative N2O emissions, the 
biochar effects became more pronounced (Fig.  1). In 
agricultural soils, biochar feedstock showed signifi-
cant effects on cumulative N2O emissions only at 30 ℃ 
(P < 0.05), while biochar rate significantly affected soil 
N2O emissions at 20 ℃ and 30 ℃ (Fig.  1a). Specifically, 
at 10  ℃, WH decreased soil N2O emissions by 10.9%, 
whereas WL, RH, and RL increased soil N2O emis-
sions by 16.1%, 16.5%, and 58.5%, respectively. At 20 ℃, 
WH, WL, RH, and RL enhanced cumulative  N2O emis-
sions by 48.4%, 73.6%, 32.4%, and 44.3%, respectively. At 
30 ℃, WH, WL, and RH decreased soil N2O emissions by 
40.0%, 10%, and 7.1%, respectively, with only WH show-
ing significance (WH: 7.82 ± 0.25  ng N2O–N g−1 vs CK: 
13.03 ± 0.94  ng N2O–N g−1) (P < 0.05); whereas RL sig-
nificantly increased cumulative N2O emissions by 16.9% 
(15.22 ± 0.95 ng N2O–N g−1) relative to CK.

In contrast, for forest soils, biochar feedstock type, 
application rate, and their interaction all exerted signifi-
cant effects on cumulative N2O emissions across all incu-
bation temperatures (P < 0.05, Fig. 1b). In general, biochar 
significantly decreased soil cumulative N2O emissions. 
Specifically, WH reduced soil N2O emissions by 99.5%, 
80.1%, and 47.3%, respectively, at 10 ℃, 20 ℃, and 30 ℃; 
WL by 44.7%, 61.8%, and 38.7%, respectively; RH by 
48.0%, 38.7%, and 22.7%, respectively; and RL by 58.3% 
and 8.1%, and 24.2%, respectively.

3.3 � Effects of biochar on Q10 of soil N2O emissions
Soil cumulative N2O emissions from both agricultural 
and forest soils increased with the temperature across 
all treatments (Fig.  1). Specifically, for agricultural 
soils, all treatments showed relatively low emissions 
at 10 ℃ (3.53 ± 0.79 to 6.28 ± 1.14  ng N2O–N g−1), and 
increased at 20 ℃ (6.97 ± 1.97 to 12.10 ± 0.78 ng N2O–N 
g−1), and peaked at 30 ℃ (12.10 ± 1.47 to 15.22 ± 0.95 ng 
N2O–N g−1) (Fig.  1a). Forest soils followed a similar 
trend, with low emissions ranging from 0.12 ± 1.84 to 
21.65 ± 2.75 ng N2O–N g−1 at 10 ℃, increasing markedly 
at 20 ℃ (7.48 ± 2.64 to 37.50 ± 2.25  ng N2O–N g−1), and 
reaching even higher emissions at 30 ℃ (32.55 ± 1.07 to 
61.81 ± 3.59 ng N2O–N g−1).

Accordingly, the temperature sensitivity (Q10) of 
N2O emissions in agricultural soils ranged from 1.01 to 
1.90 among different biochar treatments. Both biochar 
feedstock type and its interaction with application rate 
significantly influenced Q10 values (P < 0.05) (Fig.  2a). 
Notably, WH demonstrated the  lowest Q10 (1.13 ± 0.08 
vs CK: 1.52 ± 0.08). In comparison, forest soils exhibited 
consistently higher Q10 values ranging from 1.50 to 3.44 
(Fig.  2b). Both biochar feedstock and application rate 
significantly influenced Q10 values (P < 0.05). Interest-
ingly, WH significantly increased Q10 (2.84 ± 0.46 vs CK: 
1.79 ± 0.06), contrasting with its significant suppressing 
effect on Q10 in agricultural soils.

3.4 � Effects of biochar and temperature on the abundance 
of soil N2O‑related functional genes

For agricultural soils, biochar application significantly 
influenced the abundances of AOB, nirS, nirK, and the 
(nirS + nirK)/nosZ ratio. Temperature exhibited signifi-
cant effects on AOA, nosZ, and the (nirS + nirK)/nosZ 
ratio. The interaction between biochar and temperature 
significantly influenced the abundances of all five func-
tional genes as well as the (nirS + nirK)/nosZ ratio. Spe-
cifically, AOA gene abundance increased significantly 
with rising temperature, especially between 10  ℃ and 
20 ℃, while no further significant increase was observed 
between 20 ℃ and 30 ℃ (Fig. 3a). At 30 °C, WL showed 
significantly lower AOB gene abundance than both RL 
and CK (Fig. 3b, P < 0.01). At 10 ℃, RL treatment exhib-
ited significantly lower nirS abundance than WL (Fig. 3c, 
P < 0.05), while at 30 ℃, WL and RL both significantly 
reduced nirS abundance compared to CK (P < 0.001). 
WL also showed lower nirS abundance at 30 ℃ than at 
20 ℃ and 10 ℃, in contrast to CK, which showed signifi-
cantly higher nirS at 30 ℃. For nirK, RL treatment dem-
onstrated a temperature-dependent increase (Fig.  3d), 
while WL maintained the lowest nirK abundance at 
30 ℃ (P < 0.05). The abundance of nosZ in soils treated 
with RL also increased with rising temperature, though 
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biochar addition at 30 ℃ generally decreased nosZ gene 
abundance without statistical significance (Fig.  3e). 
At 20  ℃, WL treatment showed significantly higher 
(nirS + nirK)/nosZ ratio than RL (Fig. 3f, P < 0.001).

Forest soils exhibited microbial gene abundance 
approximately one order of magnitude higher than agri-
cultural soils. Biochar application, temperature, and their 
interaction all significantly affected the abundances of 
AOA, AOB, nirS, nirK, nosZ, and the (nirS + nirK)/nosZ 
ratio (Fig. 3g–l). Specifically, AOA abundance increased 

significantly with temperatures, particularly at 30  ℃. 
Both WL and RL significantly increased AOA gene abun-
dance at 30 ℃ compared to CK (Fig.  3g, P < 0.05). AOB 
abundance also increased significantly with tempera-
ture, with the highest levels at 20 ℃ (P < 0.05). At this 
temperature, WL showed lower AOB abundance than 
both RL and CK (Fig.  3h, P < 0.05). Compared to CK, 
WL significantly increased nirS gene abundance at 10 ℃, 
whereas RL significantly reduced nirS abundance at 20 ℃ 
(P < 0.05). Both WL and RL significantly suppressed nirS 

Fig. 1  N2O cumulative emissions from agricultural soils (a) and forest soils (b) treated with different biochars during incubation. Different lowercase 
letters indicate statistically significant differences among different temperatures within the samebiochar treatment



Page 8 of 16Luo et al. Biochar            (2026) 8:81 

at 30 ℃ (Fig.  3i, P < 0.01). Elevated temperature signifi-
cantly increased nirK gene abundance, with the highest 
abundance at 30 ℃. WL treatment exhibited lower nirK 
abundance than RL at 20 ℃ (Fig.  3j, P < 0.01). At 20 ℃, 
WL also demonstrated significantly lower nosZ gene 
abundance than both RL and CK (Fig.  3k, P < 0.01). At 
10 ℃, WL significantly increased the (nirS + nirK)/nosZ 
ratio than RL (Fig. 3l, P < 0.01).

3.5 � Drivers and regulatory pathways of soil N2O emissions
In agricultural soils, correlation analysis (Fig. 4a) revealed 
that pH was significantly negatively correlated with DOC, 
inorganic nitrogen (NH4

+–N, NO3
−–N, SIN) and AOA 

abundance (P < 0.001). Cumulative N2O emissions were 
positively correlated with NH4

+–N (r = 0.47, P < 0.001), 
NO3

−–N (r = 0.63, P < 0.001), DOC (r = 0.48, P < 0.001) 
and AOA (r = 0.71, P < 0.001), but negatively correlated 
with pH (r = −0.72, P < 0.001). Additionally, nosZ was 
positively correlated with nirS (r = 0.50, P < 0.05) and nirK 
(r = 0.74, P < 0.001).

In forest soils, pH was significantly negatively corre-
lated with NH4

+–N and MBC (P < 0.05), but positively 
correlated with NO3

−–N (r = 0.44, P < 0.001). N2O emis-
sions exhibited positive correlations with pH (r = 0.44, 
P < 0.001), NO3

−–N (r = 0.85, P < 0.001), AOA (r = 0.63, 
P < 0.01), AOB (r = 0.62, P < 0.01), nirK (r = 0.75, P < 0.001), 
nosZ (r = 0.61, P < 0.01), and the (nirS + nirK)/nosZ ratio 
(r = 0.61, P < 0.01), but negative correlations with DOC 
(r = −0.27, P < 0.05), NH4

+–N and MBC (r = −0.61, 
P < 0.001). AOA, nirK, nosZ, and (nirS + nirK)/nosZ 
were all significantly negatively correlated with NH4

+–N 
(P < 0.01) and significantly positively correlated with 
NO3

−–N (P < 0.01). AOA and AOB showed strong posi-
tive correlations with nirK and nosZ (P < 0.01), and nirK 

was also significantly positively correlated with nosZ and 
the (nirS + nirK)/nosZ ratio (P < 0.01).

To evaluate the relative contribution of abiotic and 
biotic factors to N2O emissions, we first constructed 
PLS-PM using only physicochemical variables (Fig. S2), 
and then incorporated microbial functional gene groups 
in the models (Fig. 5). For agricultural soils, the PLS-PM 
further showed that temperature significantly reduced 
soil pH, and increased substrate availability (Fig.  5a, b). 
Biochar significantly reduced substrate availability but 
had no direct effect on N2O emissions. Temperature, in 
contrast, had a significantly positive effect on soil N2O 
emissions (r = 0.50, P < 0.001).

Interestingly, when both AOA and AOB were included 
as latent variables representing nitrification genes 
(Fig.  5a), nitrification showed a significantly negative 
correlation with N2O emissions (r = −0.66, P < 0.001). 
However, when AOB, which played a less prominent 
role and exhibited contrasting patterns with AOA, was 
removed, nitrification became significantly positively 
correlated with N2O emissions (Fig. 5b), consistent with 
the multivariate correlation results (Fig. 4a). In contrast, 
denitrification genes showed no significant effect on N2O 
emissions.

For forest soils, the PLS-PM (Fig.  5c, d) revealed that 
temperature exerted significantly negative effects on soil 
substrates and carbon sources, while biochar significantly 
decreased soil pH and increased soil carbon sources. 
Temperature had a stronger total effect than that of bio-
char, with the former significantly promoting N2O emis-
sions and the latter suppressing them.

Interestingly, when both biochars were included in the 
model, only denitrification genes showed a significantly 
negative correlation with N2O emissions (r = −0.68, 

Fig. 2  Temperature sensitivity (Q10) of N2O emissions from agricultural soils (a) and forest soils (b) treated with different biochars. Different 
lowercase letters indicate statistically significant differences among different biochar treatments
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Fig. 3  Gene abundances of (a, g) AOA, (b, h) AOB, (c, i) nirS, (d, j) nirK, (e, k) nosZ, and (f, l) (nirS + nirK)/nosZ ratios in agricultural soils (a–f) and forest 
soils (g–l) treated with different biochars at varying temperatures. Different lowercase letters indicate significant differences betweem different 
temperatures unde same biochar treatment. Blue * on the top of the bars respresent significant difference from the control treatment (CK). *, **, 
and *** indicate significance at P < 0.05, P < 0.01, and P < 0.001, respectively
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P < 0.001), while nitrification genes had no significant 
effect (Fig. 5c). When only rice husk biochar was retained 
in the model, both nitrification (positive) and denitrifica-
tion (negative) genes significantly affected soil N2O emis-
sions (Fig. 5d).

4 � Discussion
4.1 � Temperature and biochar jointly influenced soil 

physcicochemical properties
Temperature and biochar jointly regulated soil phys-
icochemical conditions, but their effects differed by soil 
type. In agricultural soils, pH consistently declined as 
temperature increased from 10  °C to 20  °C across treat-
ments, whereas in forest soils, this decline was evident 
only in the control (CK). Such short-term acidification is 
commonly observed and attributed to enhanced micro-
bial respiration and nitrification that release protons (H+) 
into the soil solution (Yang et al. 2022).

Interestingly, our data showed no significant rise or 
even decrease in soil pH, creating an apparent contradic-
tion with the cited literature on  biochar’s liming effect 
(Rogovska et al. 2011; Clough et al. 2013). This transient 
acidification was likely due to the strong buffering capaci-
ties of the near-neutral soils (Hailegnaw et al. 2019), the 
specific type and production temperature of the  bio-
char we used having a lower pH or ash content (e.g., rice 
husk biochar) (Yao et  al. 2025), and the release of weak 
organic acids from biochar surfaces or microbial pro-
duction of acidic metabolites during early incubation 
(Lehmann et al. 2011). As temperature rose, these acids 
were progressively consumed or neutralized, and the pH 
in biochar treatments converged toward CK. Overall, 
the observed pH variations likely reflect a combination 
of temperature-enhanced microbial acid production and 
transient biochar–soil solution interactions, rather than a 
lasting acidification.

Dissolved organic carbon (DOC) showed distinct 
temperature responses between soils. Agricultural soils 
exhibited a marked DOC increase with incubation tem-
perature, indicating enhanced solubilization of organic 
matter and enzymatic depolymerization under warming 
(Yu et al. 2025). In contrast, DOC in forest soils remained 
relatively stable, likely buffered by its higher organic car-
bon and stronger organo-mineral associations. Com-
paratively, biochar’s effect on DOC was limited with only 
WH significantly elevating DOC at 30 ℃ in agricultural 
soils and at 10 ℃ in forest soils, likely due to the release 

of biochar-derived labile carbon release and tempera-
ture-dependent microbial decomposition and sorption 
processes.

Temperature also markedly altered soil inorganic N 
dynamics in contrasting ways between the two soils. In 
agricultural soils, both NH4

+–N and NO3
−–N increased 

from 10  °C to 30  °C, suggesting accelerated minerali-
zation and nitrification under warming. In forest soil, 
NH4

+–N declined while NO3
−–N increased with tem-

perature, indicating rapid conversion of ammonium to 
nitrate and a tighter coupling of ammonification and 
nitrification. These patterns indicate a more active and 
temperature-sensitive nitrogen cycle in forest soil, con-
sistent with its higher SOC and nutrient contents.

Biochar effects on inorganic N were generally weaker 
than temperature but still exhibited clear patterns. Across 
both soils, biochar had negligible impact on NH4

+–N, 
implying limited ammonium adsorption onto biochar 
surfaces or abiotic oxidation. In contrast, biochar con-
sistently reduced NO3

−–N, likely due to enhanced nitrate 
adsorption, denitrification, or microbial immobilization 
(Nguyen et al. 2017). The reduction was consistent across 
temperatures in agricultural soils, while in forest soils, it 
appeared mainly at 20 °C (WH and WL) and at 30 °C (all 
biochar treatments).

Together, these findings suggest that temperature 
drives the direction and magnitude of N transformations, 
while biochar modulates substrate availability, particu-
larly nitrate, through short-term retention processes.

4.2 � Temperature effects on N2O emissions (Q10): 
soil‑specific sensitivity

The PLS-PM analysis highlighted the dominant role of 
temperature in regulating N2O emissions (Fig.  5, Fig. 
S2). Cumulative N2O emissions increased with tempera-
ture in both soils (Fig. 1). At 10 °C, low microbial activity 
suppressed nitrification and denitrification, resulting in 
minimal N2O emissions across all treatments. This trend 
aligns with the reported optimal temperature ranges for 
nitrifiers (25–35  °C) and denitrifiers (30–65  °C) (Zhang 
et al. 2019).

Notably, the forest soil emitted more N2O than the 
agricultural soil (Fig. 1), opposite to many reports (Tian 
et al. 2020). This difference likely arises because the forest 
soil in this study was collected from a poplar plantation 
rather than a natural forest and contained substantially 
higher total carbon, total nitrogen, soil organic carbon, 

(See figure on next page.)
Fig. 4  Correlations between soil physicochemical properties, cumulative N2O emissions, and microbial gene abundances in agricultural (a) 
and forest (b) soils. Red indicates positive correlations, blue indicates negative correlations, with color intensity representing the strength 
of correlation. *, **, and *** denote significance at P < 0.05, P < 0.01, and P < 0.001, respectively
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Fig. 4  (See legend on previous page.)



Page 12 of 16Luo et al. Biochar            (2026) 8:81 

and mineral nitrogen contents than the recently aban-
doned-reclaimed agricultural soil (Table 1). These prop-
erties provided a larger substrate pool for microbial 
nitrification and denitrification, thereby sustaining higher 
N2O emissions even during short-term incubation.

Temperature sensitivity of N2O is often driven by soil 
fertility (Cui et  al. 2016), texture (Cui et  al. 2023), and 
organic carbon (Zhang et al. 2020b). In this study, forest 
soils showed higher Q10 values (1.63–2.84) than agricul-
tural soils (1.13–1.63) (Fig.  2). This difference was pri-
marily driven by inorganic nitrogen, with soil organic 
carbon (SOC) playing a synergistic supporting role. Inor-
ganic nitrogen directly fuels nitrification/denitrification 
and thus sets the ceiling for temperature responsiveness. 
Specifically, in forest soils, abundant mineral nitro-
gen and higher SOC amplified warming responses and 
yielded higher Q10.

Functional gene data further align with these interpre-
tations. In agriculture soils, AOA exhibited an evident 
increasing trend with temperature (Fig.  3a), suggesting 
that AOA-driven nitrification may regulate the tempera-
ture sensitivity of N2O. In forest soils, all five functional 
genes (AOA, AOB, nirS, nirK, and nosZ) responded sig-
nificantly to temperature (Fig.  3g–l), implying co-regu-
lation of nitrification and denitrification. The PLS-PM 
(Fig. 5, Fig. S2) further indicated temperature as the pri-
mary driver of N2O and nitrification (AOA-mediated) 
dominated N2O production in agricultural soils, while 
both nitrification and denitrification jointly contributed 
in forest soils. These distinct gene-level responses also 
help explain the higher Q10 in forest soils, where both 
N2O production and reduction processes were actively 
temperature-sensitive.

4.3 � Soil‑specific effects of biochar on N2O emissions
While temperature was the primary driver, biochar 
modulated N2O fluxes through soil-specific pathways. 
It has been widely reported that biochar can reduce 
N2O emissions (Cayuela et  al. 2014, 2015; Liu et  al. 
2018). In this study, biochar’s mitigation effect was 
observed in forest soils but was not consistent in agri-
cultural soils (Fig.  1), emphasizing the dependence of 

biochar–N2O interaction on soil types, biochar feed-
stock, pyrolysis conditions, and application rates (Cay-
uela et al. 2014, 2015; Liu et al. 2018).

In agricultural soils, biochar significantly lowered 
NO3

−–N while leaving NH4
+–N unchanged across 

temperatures, suggesting that changes in N2O was not 
directly driven by enhanced nitrification but rather 
reflected indirect physicochemical effects (e.g., pH, 
DOC, micro-environment) that influenced nitrifier per-
formance and potentially promoted denitrification. At 
10 ℃ and 20 ℃, abundance of the five functional genes 
did not differ significantly among treatments, consist-
ent with negligible effects of biochar on N2O emissions. 
At 30 ℃, WL showed significantly lower abundance of 
AOB, nirS, and nirK, coincident with reduced N2O in 
WL and WH. However, qPCR data failed to explain 
the significantly higher N2O emissions in RL treatment 
at 30  ℃. These results suggest that biochar-induced 
changes in microbial functional groups were tempera-
ture-dependent and insufficient to fully account for the 
observed emission patterns. Correlation analysis across 
all treatments showed that N2O emissions were posi-
tively related to DOC, NH4

+–N, NO3
−–N, and AOA 

abundance (Fig.  4a), indicating that substrate avail-
ability and temperature-driven nitrification dominated 
N2O production, while biochar played an indirect, 
modifying role.

In forest soils, biochar, especially wood biochar, 
consistently reduced N2O emissions across tempera-
tures (Fig. 1b). This mitigation effect contrasts with the 
commonly reported liming effect (Clough et  al. 2013; 
Rogovska et  al. 2011), as pH decreased at 10  °C and 
20 °C in biochar treatments. The reduction in NO3

−–N 
under biochar treatments provides a plausible explaina-
tion for the suppressed N2O fluxes. Lower nitrate avail-
ability likely constrained denitrification substrates, 
reducing N2O formation (Mukherjee and Zimmerman 
2013). qPCR shifts (e.g., WL/RL affecting AOA, nirS, 
nosZ at specific temperatures) did not align coherently 
with the uniform emission decreases, suggesting that 
short-term flux changes were not tightly coupled to 
gene abundance.

Fig. 5  Structure equation model (SEM) describing the effects of biotic factors on N2O emission from agriculture soil with (a) and without (b) 
the indicator of AOB, and forest soil with (c) and without (d) wood biochar. The width of arrows is proportional to the strength of path coefficients. 
The red and black lines indicate positive and negative relationships, respectively. The continuous and dashed arrows in the boxes represent 
significant and insignificant relationships, respectively. Numbers adjacent to those arrows denote standardized path coefficients with significance. 
R2 denotes the proportion of variance explained. The model includes the following variables: temperature, biochar, pH, substrate (NH4

+ and NO3
−), 

C source (DOC and MBC), nitrification genes, denitrification genes, N2O emission, with "↑" and "↓" respectively indicating a positive correlation 
and a negative correlation between the latent variables in the rectangular boxes and the observed variables. The dashed arrows indicate 
insignificance. *, **, and *** indicate significance at P < 0.05, P < 0.01, and P < 0.001, respectively. The goodness of fit was used to assess the model

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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4.4 � Biochar’s modulation of the temperature sensitivity 
(Q10) of soil N2O emissions

Beyond regulating absolute N2O emissions, biochar 
also influences their temperature sensitivity (Q10) (Qi 
et al. 2020). Prior studies on biochar’s effect on Q10 of 
N2O are scarce and inconsistent: some reported no 
influence (Criscuoli et al. 2019), while others observed 
either increase (Deng et  al. 2019) or short-term sup-
pression (Criscuoli et  al. 2024). In this study, only 
high-rate wood biochar (WH) significantly affected 
Q10 of N2O emissions, decreasing it in agricultural soils 
but increasing it in forest soils (Fig.  2). This opposing 
response indicates that biochar effects on Q10 of N2O 
are both dose- and soil-specific.

4.5 � Agricultural soil: WH lowered Q10 by intensifing 
substrate limitation

The substrate-driven microbial response framework 
helps interpret these patterns (Song et al. 2018). Under 
limited substrate conditions, microbial growth and 
associated N2O production become less responsive to 
temperature increases, resulting in a lower Q10 (Blago-
datskaya et  al. 2014; Zhang et  al. 2020b; Velthuis and 
Veraart 2022).

In agricultural soils, both NO3
−–N and NH4

+–N 
increased with temperature; biochar had negligible 
effect on NH4

+–N while significantly reducing NO3
−–N 

at all temperatures (Table 2). This information together 
suggests that although warming enhanced nitrogen 
mineralization, subsequent nitrification and nitrate 
accumulation were constrained—either by limited 
nitrifier activity or by rapid NO3

− adsorption/immo-
bilization by biochar. Under such substrate limitation, 
microbial activity becomes less responsive to tempera-
ture fluctuations (Blagodatskaya et al. 2014; Zhang et al. 
2020b), resulting in a lower Q10.

The significantly lower Q10 in WH corresponded to 
its lowest NO3

−–N and the smallest NO3
−-temperature 

slope (~ 0.01, Table  S2). This may be related to wood 
biochar’s larger pore size (49.6  nm) and highly aro-
matic surfaces (H:C = 0.26) (Table  1), which enhance 
nitrate immobilization through physical entrapment 
and π–cation interactions, further constraining sub-
strate availability for denitrifiers (Cayuela et  al. 2015; 
Tan et  al. 2018). The pH increase at 10 ℃ under WH 
likely played a minor role relative to the strong NO3

− 
constraint. qPCR data (available for WL/RL) showed no 
AOA enhancement and partial suppression of nirS/nirK 
genes at 30 ℃, suggesting that biochar did not amplify 
temperature-driven nitrification/denitrification.

4.6 � Forest soil: tighter nitrification–denitrification 
coupling enhanced Q10

In forest soils, WH significantly increased Q10 despite 
reducing cumulative N2O emissions (Fig. 1) and NO3

−–N 
content at higher temperatures (Table  2). This suggests 
that the mechanisms controlling Q10 in forest soils are 
not solely dependent on substrate limitation, but rather 
involve more complex microbial community responses 
(Zhang et al. 2023a).

Similar to agricultural soils, biochar had negligible 
effect on NH4

+–N while significantly reducing NO3
−–N 

at 20 ℃ (WH and WL) and 30 ℃ (all the biochar treat-
ments). However, NH4

+–N decreased while NO3
−–N 

increased with temperature in forest soils. Moreover, 
biochar enhanced the magnitude of these responses with 
NH4

+–N-temperature slopes becoming more negative 
(−0.36 to −0.47 vs −0.16 in CK), while WH and RH pro-
duced the smallest NO3

−–N-tempertaure slopes (1.09 
and 1.04 vs 1.46 in CK) (Table S2). These trends suggest 
that biochar accelerated NH4

+ consumption while con-
straining net NO3

−–N accumulation, implying tighter 
coupling between nitrification and nitrate-consuming 
processes (e.g., NO3

− immobilization or denitrification). 
Such tighter coupling would increase the apparent tem-
perature sensitivity of N2O-producing pathways, leading 
to elevated Q10.

Among biochar treatments, only WH showed a statisti-
cally significant increase in Q10. Given the similar NO3

− 
-temperature response of RH but its non-significance, we 
interpret the WH effect cautiously. A plausible explana-
tion lies in wood biochar’s low ash content, higher aro-
maticity, and larger pore size, which promote short-term 
NO3

− retention and create micro-scale redox gradients, 
thereby strengthening temperature-coupled nitrifica-
tion–denitrification turnover.

Taken together, temperature determined the general 
magnitude of N2O emissions, while biochar modified 
their temperature sensitivity by altering substrate avail-
ability and the degree of microbial coupling. The con-
trasting Q10 responses—reduction in agricultural soil but 
increase in forest soil under high-rate wood biochar—
highlight that biochar-temperature interactions are con-
text-dependent. In substrate-limited systems, biochar 
imposes constraints on microbial activity and dampens 
temperature sensitivity; in substrate-rich or microbial 
active systems, biochar may instead amplify thermal 
responsiveness through tighter coupling of N transfor-
mation pathways.

Future work should combine gross nitrification/deni-
trification assays, isotopic partitioning, more detailed 
analyses of microbial community composition and 
function (e.g., differentiation of nosZ clades I and II), 
together with comprehensive biochar characterization 



Page 15 of 16Luo et al. Biochar            (2026) 8:81 	

(e.g., pore structure, surface functional groups, and 
nitrate-retention behavior), to elucidate the underly-
ing mechanisms. Moreover, systematic investigations 
across multiple biochar types and soils are required 
to determine whether and how biochar modulates the 
temperature sensitivity of N2O.

5 � Conclusions
This study demonstrated how biochar affects the tem-
perature sensitivity (Q10) of soil N2O emissions across 
two contrasting soil types. Effects of biochar on N2O 
emissions were soil-dependent, i.e., variable in agricul-
tural soils but consistently suppressive in forest soils. 
Notably, only high-rate wood biochar (WH) signifi-
cantly altered Q10, lowering it in agricultural soils while 
increasing it in forest soils, indicating that biochar 
effects on temperature sensitivity are both dose- and 
soil-specific.

The underlying physicochemical and microbial mech-
anisms differed between soils. In agricultural soils, 
biochar, particularly WH, decreased NO3

−–N and 
intensified substrate limitation, leading to a lower Q10. 
In forest soils, biochar enhanced the coupling between 
nitrification and denitrification, promoting stronger 
microbial responsiveness to temperature coupling. 
Wood biochar’s low ash content, high aromaticity, and 
large pore size, likely promote short-term NO3

− reten-
tion and create micro-scale redox gradients, thereby 
strengthening temperature-coupled nitrification–deni-
trification turnover, leading to higher Q10.

PLS-PM modeling further revealed that temperature 
exerted stronger total effects on N2O emissions than 
biochar, acting both directly and indirectly through 
shifts in substrate availability, pH, and microbial func-
tional gene abundances. Biochar served as a secondary 
regulator, modulating but not overriding temperature-
driven processes.

Overall, this study highlights that biochar’s role in 
regulating the temperature sensitivity of N2O emis-
sions is context-dependent. Future work should inte-
grate gross N transformation assays, isotopic tracing, 
and microbial functional analyses under long-term field 
conditions to better quantify how biochar-temperature 
interactions shape soil N2O dynamics.
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