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Abstract

Excessive nitrogen (N) fertilization in tea plantations often leads to substantial nitrous oxide (N,O) emissions, which
exacerbate global warming, and to pronounced ammonia (NH;) volatilization, which is closely associated with air
pollution and aquatic eutrophication. Although N transformation inhibitors and biochar have shown promise

in mitigating these gaseous losses, their combined effects and the underlying mechanisms in tea fields remain poorly
understood. A 2-year field experiment was conducted in a subtropical hilly tea plantation to evaluate the individual
and combined effects of dual inhibitors (the urease inhibitor N-(n-butyl) thiophosphoric triamide, NBPT, and the nitrifi-
cation inhibitor 3,4-dimethylpyrazole phosphate, DMPP) and biochar (28 t ha™') on N,O and NH; emissions. Four treat-
ments were established: conventional N fertilization (CON), N fertilizer amended with dual inhibitors (NI), N fertilizer
combined with both biochar and dual inhibitors (BNI), and a zero-N control (CK). The results showed that the CON
treatment produced high cumulative gaseous emissions (N,O: 25.8 kg ha™'; NH: 75.8 kg ha™'). The NI treatment
reduced the N,O and NH; emission factors by 54.59% and 20.0%, respectively, while the BNI treatment achieved
comparable mitigation efficiencies (49.8% for N,O and 20.2% for NH,). Both treatments significantly suppressed

the abundance of key N-cycling functional genes, including ammonia-oxidizing bacteria (AOB) and the nitrite reduc-
tase gene (nirS), with NI exerting a stronger inhibitory effect on AOB. Gaseous emissions originated predominantly
from the tea rows rather than from the inter-row ridges. Structural equation modeling (SEM) and random forest (RF)
analyses revealed that the mitigation effect was driven by shifts in soil N transformation dynamics and substrate avail-
ability. Specifically, NBPT significantly reduced short-term soil NH,*~N concentrations following fertilization, thereby
decreasing substrate availability for NH; volatilization, whereas DMPP significantly suppressed the abundance of key
N-cycling functional genes, particularly AOB and nirS, thereby inhibiting nitrification-driven N,O production. Addi-
tionally, the BNI treatment increased the tea yield by 6.7% and plant N uptake by 14.4%. In conclusion, applying dual
inhibitors, either alone or in combination with biochar, effectively mitigates N,O and NH; emissions while maintaining
tea productivity offering a practical strategy for environmentally sustainable tea cultivation.

Highlights

- Conventional fertilization caused high N,O and NH; emissions from tea plantations.
+Applying dual inhibitors alone or with biochar reduced N,O and NH; emission factors by up to 50% and 20%.
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Combining inhibitors with biochar increased tea yield by 6.7% and N uptake by 14.4%.
N emissions were cut by suppressing soil NO; =N, altering NH, =N transformation dynamics, and key microbial
genes.

Keywords N cycling, Biochar, Urease and nitrification inhibitors, Flux monitoring, Functional gene
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1 Introduction

Tea (Camellia sinensis L.) is the most widely consumed
beverage globally, and its substantial economic and social
value has led to its cultivation in an increasing number
of countries. Tea is commercially grown in 62 countries,
with China accounting for approximately 61% of the
global tea-growing area (FAO 2018). In tea plantations
across China, nitrogen (N) fertilizer application rates can
be as high as 500-2600 kg ha™' per growing season to
sustain high yields (Shen et al. 2022).

The average N application rate in major tea-producing
regions of China is 444 kg ha™! yr™! (Zou et al. 2021),
which far exceeds the global average N application rate of
95-118 kg ha™" yr™! for cereal crops (Smerald et al. 2023).
Tea plantations are a major global source of nitrous
oxide (N,0O), with annual emissions ranging from 0.02 to
38.54 kg ha™! yr™! (Han et al. 2023a, b). Ammonia (NH,)
volatilization is another major pathway of reactive N loss

in tea plantation systems. NH; is a well-documented
precursor of fine particulate matter (PM, ;) and a major
source of indirect N,O emissions (Song et al. 2024). Fur-
thermore, NH; deposition drives ecosystem acidification
and eutrophication via atmospheric reactive N deposi-
tion (Uwiragiye et al. 2024), a process largely driven by
excessive N fertilizer application (Yi et al. 2025). Opti-
mizing the synchrony between N supply and crop N
demand is essential for developing evidence-based N
management strategies in tea plantation systems. Such
optimization can simultaneously improve nitrogen use
efficiency (NUE), sustain crop productivity, and mitigate
concurrent N,O and NH; emissions.

Various field management strategies have been devel-
oped to mitigate reactive N losses, mainly in the form of
N,O emissions and NHj; volatilization, while sustaining
optimal crop productivity. These strategies include the
use of dual inhibitors (nitrification and urease inhibitors)
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(He et al. 2022; Wang et al. 2023a, b), biochar soil amend-
ment (Wang et al. 2024), and optimization of N ferti-
lizer application rates (Ju et al. 2009). Collectively, these
agronomic practices improve agricultural NUE while
maintaining stable crop yields (Li et al. 2023a, b). Ure-
ase inhibitors (Uls) retard the hydrolysis of urea into
ammonium (NH,"), thereby reducing NH,* concentra-
tions in the soil solution and the associated risk of NH;
volatilization (Qi et al. 2022). In contrast, nitrification
inhibitors (NIs) act by suppressing the nitrification pro-
cess mediated by ammonia-oxidizing bacteria (AOB)
and ammonia-oxidizing archaea (AOA). This inhibi-
tory effect blocks the enzymatic oxidation of NH," to
hydroxylamine, which is then oxidized to nitrite (NO,")
and subsequently to nitrate (NO,™). This action directly
limits the substrate availability for N,O production via
nitrification, and indirectly suppresses N,O emissions by
reducing the nitrate (NO;™—N) pool available for denitri-
fication (Han et al. 2023a, b; Elrys et al. 2023). However,
the use of NIs alone can prolong the retention of mineral
N as NH," N in soil, thereby increasing the risk of NH,
volatilization (Cui et al. 2025; Zhu et al. 2021). Therefore,
the combined application of urea and nitrification inhibi-
tors (ie., dual inhibitors) represents a promising agro-
nomic strategy for concurrently mitigating N,O and NH,
emissions. A combination of N-(n-butyl) thiophosphoric
triamide (NBPT) and 3,4-dimethylpyrazole phosphate
(DMPP) was selected for this study due to its high adapt-
ability to subtropical hilly tea plantation ecosystems.
First, NBPT exhibits excellent thermal and moisture sta-
bility, enabling it to maintain effective urease inhibition
under the warm, humid conditions typical of subtropi-
cal tea plantations. This, in turn, slows urea hydrolysis,
thereby directly mitigating the risk of NH; volatilization
(Chen et al. 2019a, b; Shen et al. 2022). Second, DMPP is
particularly well-suited to acidic soils, where it effectively
suppresses ammonia oxidation and subsequent nitrifica-
tion. This inhibition prolongs the retention of NH,*—N
in the soil matrix and reduces substrate availability for
N,O production (Li et al. 2023a, b; He et al. 2022). Third,
the combined use of these two inhibitors produces syn-
ergistic and complementary effects: it alleviates the risk
of NH,*-N accumulation associated with DMPP alone,
while compensating for the inability of NBPT alone to
suppress nitrification. Consequently, this synergy enables
the simultaneous mitigation of NH; and N,O emissions.
The mitigation efficacy of dual-inhibitor application is
influenced by multiple factors, including soil physico-
chemical properties, climatic conditions, and field man-
agement practices (Hao et al. 2023; Wang et al. 2025). To
date, the mitigation effects of dual inhibitors on N,O and
NH, emissions from tea plantations in China’s subtropi-
cal hilly regions remain largely unquantified.
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Biochar is a porous, alkaline, carbonaceous material
produced by the pyrolysis of biomass under oxygen-
limited conditions (Hu et al. 2024). It is characterized
by a high recalcitrant organic carbon content, large spe-
cific surface area, and strong adsorption capacity (Wu
et al. 2021). Biochar amendment is widely regarded as
a promising strategy for agricultural soil management
because it delivers dual benefits: improving soil fertility
and mitigating greenhouse gas (GHG) emissions (Ngaba
et al. 2026). However, the effects of biochar on soil NH,
volatilization and N,O emissions remain highly vari-
able and context-dependent, posing a major challenge
for large-scale field applications. Previous studies have
reported contrasting effects of biochar amendment on
reactive N gas emissions from soil. A substantial body
of literature supports the GHG mitigation potential of
biochar. For instance, Fungo et al. (2019) and Park et al.
(2019) observed significant reductions in both NH; and
N,O emissions following biochar application, which
were attributed to the suppression of ammonification,
enhanced gaseous adsorption, and promotion of com-
plete denitrification to dinitrogen (N,). Wu et al. (2019)
reported a pronounced reduction in NH; volatilization
from straw biochar-amended soils with no significant
effect on N,O emissions, which was primarily attrib-
uted to the strong adsorptive retention of inorganic N by
biochar. Zhong et al. (2025) demonstrated that biochar
amendment reduces N,O emissions by enhancing soil N
immobilization and pH buffering. Conversely, the stimu-
lation of N,O emissions by biochar amendment has also
been widely reported. Deng et al. (2019) observed that
fruit-shell-derived biochar consistently increased N,O
emissions in acidic soils from Camellia oleifera planta-
tions across different N forms, accompanied by an ele-
vated temperature sensitivity of N,O production. This
considerable heterogeneity in biochar performance is
primarily attributed to three categories of driving factors:
soil and climatic conditions (e.g., soil texture, pH, and
organic matter content), the intrinsic properties of bio-
char, and field agronomic management practices (Wang
et al. 2019; He et al. 2024). Biochar can directly modu-
late the rate and direction of soil N transformation by
altering the abundance, diversity, and community struc-
ture of N-cycling functional microorganisms. Song et al.
(2014) reported that biochar amendment significantly
altered the community composition of ammonia oxidiz-
ers and nitrification dynamics in alkaline coastal soils,
processes central to regulating reactive N losses in soil.
Second, the interaction between biochar and N-loss miti-
gation additives introduces additional uncertainty. Bio-
char can adsorb nitrification inhibitor molecules, thereby
attenuating their inhibitory efficacy on N,O emissions
(Pokharel and Chang 2021); this is a non-negligible factor
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when the two amendments are co-applied in field prac-
tices. To date, most studies on biochar and N inhibitors
have focused on their individual effects on gaseous reac-
tive N loss and crop yield in cereal cropping systems, such
as wheat and rice monocultures. However, intensively
managed tea plantations, characterized by excessive N
input, long-term soil acidification, and unique rhizos-
phere biogeochemical processes, differ substantially from
annual cereal cropping systems. The combined effects of
dual inhibitors and biochar on NH; and N,O emissions,
tea yield, and the underlying interactive mechanisms in
tea plantation systems remain largely unquantified. This
critical knowledge gap limits the development of low-
carbon, high-efficiency N-management strategies for tea
plantations.

In this study, two hypotheses were proposed: (a) the
combined application of urease inhibitor and nitrification
inhibitor would reduce both NH; volatilization and N,O
emissions in acidic tea plantation soils and (b) the co-
application of these dual inhibitors with biochar would
modulate their mitigation efficacy on NH; volatilization
and N,O emissions, owing to the potential adsorption of
inhibitor molecules by biochar and concomitant changes
in soil properties (e.g., soil mineral N contents as well
as soil N-cycling microbial abundances). To test these
hypotheses, a 2-year field experiment was conducted in a
typical subtropical hilly tea plantation in southern China.
This study aimed to (1) quantify the effects of dual inhibi-
tors and their combination with biochar on NH; and N,O
emissions, and (2) elucidate the underlying mechanisms.

2 Methods and materials

2.1 Site description and experimental design

This study was conducted at the Changsha Agro-Envi-
ronmental Observation and Research Station in Jin-
jing Town, Changsha City, Hunan Province, China. The
experimental site was a 16-year-old tea plantation, where
the tea plants had a canopy width of 0.8 m, a height of
1.0 m, and a row spacing of 0.5 m. The region has a mid-
subtropical monsoon climate with a mean annual tem-
perature of 17.5 °C and annual precipitation of 1390 mm
(data automatically collected by an on-site meteorologi-
cal station ~10 m from the experimental plots from 2010
to 2024). Approximately 70% of the annual precipita-
tion falls between April and June. During the 2022-2024
experimental period, daily precipitation ranged from
0 to 96.0 mm. Specifically, in the 2022-2023 growing
season, precipitation was concentrated from May to
August, totaling 1153.4 mm, whereas in the 2023-2024
growing season, precipitation was concentrated from
April to June, totaling 1377.3 mm. In contrast, precipi-
tation was relatively low from September to February in
both seasons (Fig. 1). Daily air temperature during the
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experimental period ranged from —11.1 to 32.8 °C. The
mean soil temperature during the tea-growing season
was 19.0 °C in 2022-2023 and 18.5 °C in 2023-2024.
Soil moisture and temperature were automatically moni-
tored every 30 min using TH5 sensors (Beijing Tanghua
Technology Co., Ltd, China). The sensors were installed
vertically at depths of 5 and 10 cm in the conventional N
fertilization (CON) plots. The mean values from the two
depths were used for subsequent analyses; these depths
were chosen to avoid interference from the tea root zone.
The soil is classified as red soil (Ultisol; USDA Soil Tax-
onomy), derived from highly weathered granite, and is
similar to the soils in adjacent Masson pine forests and
tea plantations in the region (Wu et al. 2016).

The observation period of this study covered the period
from May 2022 to April 2024. The total experimental
area was 672 m? and consisted of four treatments, each
with three biological replicates. Each treatment block
averaged 168 m? and each plot averaged 56 m” Each
plot contained three tea rows, and one sampling point
was established in the inter-row ridge. This location
was chosen primarily because it was less affected by the
experimental treatments and therefore showed minimal
treatment-induced variation. The materials used were as
follows: N fertilizers (urea, at 450 kg N ha™’, and locally
sourced rapeseed cake organic fertilizer, at 150 kg N ha™},
co-applied); phosphorus fertilizer (single superphosphate
applied at 68 kg P ha™!); dual nitrification and urease
inhibitors (DMPP and NBPT, each applied at 1% of the
total N application rate); and biochar (supplied by Hubei
Jinri Ecological Energy Co., Ltd, derived from rice straw
pyrolyzed at 500 °C, applied at 28 t ha™! and incorporated
into the 0-20 cm soil layer, equivalent to 1% of the soil
mass). The physicochemical properties of the biochar,
rapeseed cake, and initial soil are presented in Table S1.
The four treatments were as follows. (1) CK (zero N con-
trol): no fertilizer was applied. (2) CON: N applied at the
local conventional rate. (3) NI (reduced N input with
dual inhibitors): 70% of the conventional N rate, supple-
mented with the dual inhibitors NBPT and DMPP, which
was designed to test whether optimized N management
could reduce gaseous N loss while increasing tea yield
and plant N uptake. (4) BNI (biochar amendment with
dual inhibitors): the biochar amendment described above
was applied together with the dual inhibitors NBPT and
DMPP (He et al. 2018).

Detailed fertilizer application rates for each treat-
ment are provided in Table S2. Field management prac-
tices were as follows: The dual inhibitors were mixed
uniformly with urea and rapeseed cake organic ferti-
lizer before field application. Urea was split-applied in
April (300 kg N ha™!) and September (150 kg N ha™)
for both the 2022-2023 and 2023-2024 tea-growing
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Fig. 1 The daily dynamics of rainfall, air temperature (T,), soil temperature (T,), and soil moisture (SM, volumetric water content) over the 2022

2024 period at the study site. (a) Rainfall, T, and T¢; (b) SM

seasons. Organic rapeseed cake fertilizer was applied
each December during the experimental period. Phos-
phorus fertilizer (single superphosphate) was applied
annually in April using the same banding method as the
N fertilizer and was placed in trenches on one side of
the tea ridges at a soil depth of 10-15 cm, followed by
immediate backfilling with soil to minimize gaseous N
losses. Owing to the drought conditions from August
to October 2022, four supplemental irrigation events
were conducted, supplying a total of 539.4 m3 ha™!, to
maintain normal tea plant growth. All other agronomic
management practices followed local conventional tea
farming standards. Cumulative N,O and NH; emis-
sions were calculated using a weighted average method
to quantify total gaseous N emissions from the tea
plantation system.

To elucidate the underlying microscale mechanisms
of NH; mitigation by the dual inhibitors observed in the
field experiment, a laboratory incubation experiment
was conducted under controlled constant-temperature
conditions using the same tea plantation soil and identi-
cal inhibitor application rates as those in the field experi-
ment. Full details of the experimental design, analytical
methods, and corresponding results are provided in the
Supplementary Materials.

2.2 Field measurements of soil N,O and NH; fluxes

Soil N,O fluxes were measured using the static chamber-
gas chromatography. In each plot, stainless-steel cham-
ber bases were permanently inserted to a soil depth of
20 cm. Chambers deployed in tea rows had a base area
of 0.36 m? (0.9 mx 0.4 m) and a height of 0.4 m; those in
inter-row ridges had a base area of 0.64 m? (0.8 m x 0.8 m)
and a height of 1 m, and each enclosed one tea plant dur-
ing sampling. The exterior of each chamber was wrapped
with foam insulation to minimize internal temperature
fluctuations caused by solar radiation. Gas samples were
collected weekly between 09:00 and 11:00. Before each
sampling, the chamber lid was secured to the base and
sealed using a water-filled groove. Two small 12-V fans
were mounted inside each chamber to ensure homogene-
ous mixing of the headspace gas. Over a 40-min chamber
closure period, four gas samples were collected at equal
intervals using a 30-mL syringe and immediately injected
into 12-mL pre-evacuated vials. The headspace air tem-
perature was recorded during sampling with a ther-
mometer (JM624, China). All gas samples were analyzed
within 2 weeks of collection using a gas chromatograph
(Agilent 7890D, Agilent Technologies, USA). High-purity
N, was used as the carrier gas, and the chromatographic
column temperature was maintained at 55 °C. The N,O
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concentrations were quantified using an electron capture
detector (ECD). A mixture of CO, and N, (1:9, v/v) was
used as the detector makeup gas to minimize CO, inter-
ference in N,O quantification.

NH; volatilization was measured using a dynamic
chamber coupled with intermittent air extraction. NH,
emissions were monitored simultaneously from both tea
rows and inter-row ridges. Dynamic sampling chambers
were positioned at the center of the tea rows and beneath
the tea plants in the inter-row ridges. Each cylindrical
dynamic chamber had an internal diameter of 20 cm, and
the internal air exchange rate was maintained at 15-20
air exchanges per min. Volatilized NH; from the chamber
headspace was drawn by an air-extraction pump through
an absorption bottle containing 0.1 L of 0.05 mol L™
dilute H,SO, solution. The NH; volatilization flux and
cumulative emissions were subsequently calculated. Fol-
lowing each fertilization event, NH; volatilization was
sampled daily for 7 consecutive days, with two sampling
sessions per day (09:00-11:00 and 15:00-17:00 local
time). The NH; concentration in the absorption solu-
tion was quantified using a continuous-flow autoanalyzer
(SEAL Analytical, Germany).

2.2.1 N,O flux calculation
The N,O flux (F, mg N m~ h™!) was calculated as follows:
M P To d.
F=—xHX—X— X — (1)
Vo Py T dy

The molar mass of the target gas is represented by M
in g mol™%; Vj, refers to the molar volume under stand-
ard conditions of 22.4 L. mol™%; H denotes the height, in
meter, from the floor of the stationary box to the top of
the air chamber; Py and Ty represent the standard atmos-
pheric pressure (101.3 kPa) and temperature (273.15 K),
respectively; P denotes the atmospheric pressure within
the chamber at the time of sampling, and 1% denotes the
pressure correction factor; T represents the air tempera-
ture inside the chamber at the time of sampling, and %
represents the temperature correction factor; and Z—i
denotes the gradient of the target gas concentration (ppb
h™") during the observation period after sealing (He et al.
2022).

The cumulative soil N,O emissions from tea planta-
tions were calculated as follows:

n—1
Fo— (fl ‘2an +Z (fir1 +1) x (tia —Q)) 4
im1

2
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the emission flux of the target gas at the first and last
samplings, respectively; f; and f;y; denotes the emission
flux of the target gas at the second and third samplings
(mg N m~2 h™Y, respectively; and ¢;11 and t; denote the
time intervals between the first and second samplings
(days), respectively.

The direct emission factor (EF) of N,O from tea planta-
tions was calculated using the following equation:

EFn,0 = (3)

EFEn,0 refers to the rate of N fertilizer loss due to N,O
emissions. Er and Ey represent the total N,O emissions
(kg ha™) for treatments with and without N, respectively,
and N represents the amount of N applied during the
observation period (kg ha™).

2.2.2 NH, volatilization
The NH, flux was calculated using the following formula.

10*

F=CxVx102x107° x >
T X7r

X 6 (4)

The NH, flux (kg N ha™ d7!) is represented by F; the
concentration of NH,*-N in the absorbing solution
(mg L") is represented by C; the volume of dilute H,SO,
absorbing solution (mL) is represented by V; the afore-
mentioned conversion factor, mass conversion factor, and
area conversion factor, are represented by 1073, 107 and
10% respectively; the radius of the gas chamber (m) is
represented by r; and 6 denotes the time conversion fac-
tor, which is the ratio of 24 h to the ammonia volatiliza-
tion collection time of 4 h (Chen et al. 20193, b).

Cumulative emissions were calculated as follows:

Fi+F, ~~(F+F
R Zl <+2“) X (ti1 — ti)‘|
(5)
Cumulative emissions of NH; (kg N ha™') are repre-
sented by the symbol F. The emission fluxes at the first
and last samplings are represented by F; and F,, respec-
tively, and those at any two consecutive samplings are
represented by F; and F;,; (kg N ha™' d™"). The number
of observations per season is represented by #. The time
interval between two consecutive samplings (d) is repre-

Fc =

365 10000
(2)

X
ti—t1 1000 x 1000 x 1000

In the formula, the variable Ec denotes the cumula-
tive soil N,O emissions (kg N ha™'); f; and f, denotes

sented by ;11 — ;.
The NH; EF was calculated as follows:
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E.—F
EFNH; = — o ° (6)
EFNH; indicates the rate of NH; volatilization loss (%);
F, and F, are the NH, volatilization fluxes (kg N ha™) for
the N fertilizer application and no N fertilizer applica-
tion treatments, respectively; and Q is the amount of N
applied (kg N ha™').
The global warming potential (GWP) arising from N,O
and NH; emissions was calculated as:

44
GWP = |298(En,0 + 0.01EnH,) X | /1000 (7)

In the calculations of N,O and NH;, 298 is defined as
the GWP of N,O over a 100-year time horizon relative to
that of CO,, indicating that N,O has 298 times the warm-
ing potential of CO,. En,0 and ExH, are the cumulative
emissions of N,O and NH, respectively, are in kg ha™!. In
addition, 0.01 was set as the conversion factor to account
for the fact that 1% of deposited NH; was converted to
N,O during the calculation.

2.2.3 Net environmental economic benefit (NEEB)
The NEEB was evaluated as follows:

Page 7 of 23

extracted from fresh soil samples sieved to <2 mm using
2 mol L™! K,SO, solution, and quantified using an AA3
continuous flow auto-analyzer (Seal Analytical, Nor-
derstedt, Germany) (Chen et al. 2019a, b). DOC was
quantified using a total organic carbon (TOC) analyzer
(TOC-VWP, Shimadzu, Japan). For microbial functional
gene analysis, soil samples were collected seasonally over
the 2022-2023 experimental cycle on August 28, 2022
(summer, pre-fertilization), October 24, 2022 (autumn),
December 30, 2022 (winter), and May 2, 2023 (spring,
post-fertilization). The collected soil samples were sieved
to <2 mm, thoroughly homogenized, and stored at ~80 °C
pending molecular analysis. Microbial molecular analysis
quantified the absolute abundance of functional genes for
AOB, AOA, and denitrifying gene (nirK, nirS, and nosZz).
Detailed primer sequences and qPCR amplification con-
ditions are listed in Table S3. Detailed protocols for soil
DNA extraction and qPCR analysis are provided in the
Supplementary Materials.

At the tea harvest, the fresh tea yield of each experi-
mental plot was recorded. The moisture contents of the
collected tea plant samples were determined by standard
oven-drying. The dried tea plant samples were ground
and sieved to pass a 0.15-mm sieve for total nitrogen
(TN) analysis. For TN determination, the dried samples

NEEB; = (Y; X P) — Ciplot — (EN,0,iplot X ECNy0 + ENHg,iplot X ECNH; ) (8)

NEEB; refers to the net environmental-economic ben-
efit of treatment, expressed in Chinese Yuan per hectare
per year (CNY ha™' yr™'). Here, i denotes the experimen-
tal treatment; Y; is the tea yield for treatment i (unit: kg);
P is the market price of dry tea; C; , is the total produc-
tion input cost for treatment i per plot; En,0,iplot indi-
cates the cumulative N,O emission for treatment i per
plot (unit: kg N ha™!); ECy,0 is the mitigation cost for
the greenhouse effect induced by N,O; Exp,iplot is the
cumulative NH; emission for treatment i per plot (unit:
kg N ha™'); and ECnp, is the mitigation cost for atmos-
pheric pollution caused by NH; (Cai et al. 2023).

2.3 Soil and plant sampling and analysis

Soil samples for chemical analysis were collected at
weekly to biweekly intervals during the fertilizer appli-
cation period from May 2022 to April 2024. In each tea
row, five soil cores were collected in an ‘S’ pattern using
a stainless-steel auger (3.8 cm diameter) and composited
into a single composite sample per row. Additional soil
samples were collected from each tea row concurrently
with each gas-sampling event. After removing stones and
visible plant residues, the samples were stored at 4 °C
prior to analysis for NH,/—N, NO;™-N, and dissolved
organic carbon (DOC). Soil NH,*~N and NO; -N were

were digested with concentrated H,SO, in the presence
of a catalyst mixture (K,SO,, CuSO,, and Se). The N con-
centration in the resulting digest was quantified using a
flow-injection auto-analyzer (FIAstar 5000, Foss Tecator,
Sweden) (Bao 2000).

2.4 Net environmental economic benefit
The unit price of bulk green tea was set at 96.6 CNY kg ™.
This price was derived from a field survey conducted by
Xu et al. (2021) across 105 tea plantations and 80 tea-
processing factories in Shengzhou, Zhejiang Province, a
core green tea-producing region of China. The aforemen-
tioned study by Xu et al. (2021) targeted the domestic
mass market for bulk green tea and estimated a refining-
stage revenue of 14—18 CNY kg™'. This estimation was
based on a total refining cost of 49.84 CNY kg™ and an
industry-average profit margin of 20-30%. Using the
2017 average annual exchange rate of 6.9 CNY USD™,
the lower bound of this revenue range (14 CNY kg™)
was converted, yielding the adopted unit price of
96.6 CNY kg™'. This unit price was adopted in the pre-
sent study because the study region has a subtropical
monsoon climate similar to that of Shengzhou.
Furthermore, soils in both regions are charac-
teristically acidic and well-suited to bulk green tea
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production, with no significant differences in tea qual-
ity or agronomic characteristics reported between the
two regions. The mitigation costs for greenhouse gas
damage driven by N,O emissions and atmospheric
pollution from NH; volatilization were set at 160
and 65 CNY kg™! N, respectively, following Cai et al.
(2023). The market prices of agricultural produc-
tion inputs used in this study were as follows: rape-
seed cake organic fertilizer, at 4 CNY kg™!; urea, at
6 CNY kg™!; calcium magnesium phosphate fertilizer,
at 1 CNY kg™!; biochar, at 2600 CNY t™'; and the dual
inhibitors DMPP and NBPT, each at 100 CNY kg™

2.5 Data analysis and statistics

All statistical analyses were performed using R soft-
ware (version 4.5.2; R Core Team, 2025). One-way
ANOVA followed by Duncan’s multiple range test
(DMRT) was performed using the ‘agricolae’ pack-
age to identify significant differences (P <0.05) among
treatments for variables, including soil physicochemi-
cal properties, tea yield, plant N uptake, cumulative
N,O and NH; emissions, and their EFs. Random for-
est (RF) modeling and structural equation modeling
(SEM) were performed using the ‘randomForest’ and
‘lavaan’ packages, respectively, to quantify the effects
of environmental factors on N,O and NH; emissions
and elucidate their direct and indirect driving path-
ways. Prior to SEM analysis, multicollinearity among
key numerical variables (e.g., NH,*-N, NO,; -N,
soil moisture, and microbial gene abundances) was
assessed using variance inflation factors (VIFs), with a
preset threshold of VIF <5 to exclude severe multicol-
linearity and ensure compliance with SEM modeling
assumptions. Model fit was assessed using stand-
ard goodness-of-fit indices: the comparative fit index
(CF1>0.90), Tucker-Lewis index (TLI>0.90), root
mean square error of approximation (RMSEA <0.05),
standardized root mean square residual (SRMR < 0.08),
and a non-significant chi-square (y*) (P>0.05). Data
on soil physicochemical properties, dynamic N,O
and NH; emissions, and tea yield were processed and
visualized in Origin 2024. The relationship between
N,O and NH; emissions was analyzed using linear
regression.

(See figure on next page.)
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3 Results
3.1 N,0 and NH; emission fluxes
Over the entire 2-year observation period, N,O fluxes in
the CK plots ranged from 0.0 to 0.19 kg N ha™! d™!, with
an average daily flux of 0.02 kg N ha™ d™! (Fig. 2a). Peak
N,O fluxes occurred in May immediately after chemi-
cal N fertilizer application, with maximum values of
0.83, 0.27, and 0.27 kg N ha™! d™! for the CON, NI, and
BNI treatments, respectively. In comparison, peak N,O
fluxes following organic fertilizer application were 0.49,
0.15, and 0.15 kg N ha™! d™! for the CON, NI, and BNI
treatments, respectively. Regarding NH; volatilization
fluxes, consistent with the patterns observed for N,O,
the maximum emission fluxes after chemical N ferti-
lizer application occurred in May for the CON treatment
(6.69 kg N ha™! d™!), while the peak fluxes for the CK, NI,
and BNI treatments were recorded in October (0.52, 2.76,
and 3.71 kg N ha™! d7, respectively). In contrast, peak
NH; fluxes occurred following organic fertilizer appli-
cation in March for the CK (0.21 kg N ha™ d™') and NI
(0.63 kg N ha™! d7') treatments, in December for the
CON treatment (2.06 kg N ha™! d™!), and in April for the
BNI treatment (1.03 kg N ha™! d™!) (Fig. 2b).
Overall, both NH; volatilization and N,O
sion fluxes were consistently lower in the
row ridges than in the tea rows over the entire
observation period. For N,O fluxes in the inter-
row ridges, peak fluxes occurred in June for the CK
treatment (0.09 kg N ha™' d7!), March for CON
(0.09 kg N ha™! d™1), April for NI (0.11 kg N ha™! d7%),
and May for BNI (0.14 kg N ha™' d™!). The mean daily
N,O fluxes for the four treatments were 0.02, 0.01, 0.03,
and 0.03 kg N ha™! d7!, respectively (Fig. 2c). In contrast
to the staggered peak timing observed for N,O fluxes,
peak NH; volatilization fluxes in the inter-row ridges
for the CK, CON, NI, and BNI treatments all occurred
in October, with maximum values of 0.36, 2.84, 1.10, and
1.71 kg N ha™! d7!, respectively (Fig. 2d).

emis-
inter-

3.2 Cumulative N,0 and NH; emissions, GWP,

and emission factors
Significant positive correlations were observed between
the gaseous N emissions and N application rates across all
treatments throughout the observation period. Overall,
all N-fertilizer treatments produced significantly higher

Fig. 2 Daily dynamics of N,O and NHj fluxes from the tea rows and inter-row ridges across treatments during the 2022-2024 growing season. a
N,O fluxes in the tea rows; b NH; fluxes in the tea rows; ¢ N,O fluxes in the inter-row ridges; d NH; fluxes in the inter-row ridges. The treatments
were CK (blank control), CON (conventional fertilization), NI (dual inhibitors treatment), and BNI (biochar combined with dual inhibitors treatment).
Arrows denote the timing of fertilizer application: black arrows mark the application of chemical fertilizer, while red arrows mark the application

of rapeseed cake fertilizer. Error bars represent the standard error of three replicates (n=3)
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cumulative gaseous N emissions than the CK treatment.
In the first experimental year (2022-2023), cumula-
tive N,O emissions were 8.5, 22.1, 10.6, and 14.2 kg ha™
for the CK, CON, NI, and BNI treatments, respectively
(Table 1). Compared with the CON treatment, the NI
and BNI treatments significantly reduced N,O emissions
by 51.8% and 35.7%, respectively (P<0.05). In the second
experimental year (2023-2024), cumulative N,O emis-
sions were 7.5, 29.5, 16.7, and 19.7 kg ha™' for the CK,
CON, NI, and BNI treatments, respectively. Compared
with the CON treatment, the NI and BNI treatments sig-
nificantly reduced N,O emissions by 43.4% and 33.3%,
respectively (P<0.05). Across the entire 2-year experi-
mental period (2022-2024), cumulative N,O emissions
were 16.0, 51.5, 27.3, and 33.8 kg ha™! for the CK, CON,
NI, and BNI treatments, respectively. Compared with the
CON treatment, the NI and BNI treatments significantly
reduced total N,O emissions by 47.0% and 34.3%, respec-
tively (P<0.05). Notably, the NI treatment achieved a
significantly greater N,O mitigation effect than the BNI
treatment (P<0.05). Cumulative NH; volatilization
showed a similar trend to that of cumulative N,O emis-
sions, with both the NI and BNI treatments achieving
significant mitigation effects. However, the NH; mitiga-
tion efficiencies of both treatments were lower than the
corresponding N,O mitigation efficiencies, especially
for the BNI treatment. In the second experimental year
(2023-2024), cumulative NH; volatilization was 31.6,
80.8, 59.8, and 64.8 kg ha™! for the CK, CON, NI, and
BNI treatments, respectively (Table 1). Relative to the
CON treatment, the NI and BNI treatments significantly
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reduced NH; volatilization by 26.0% and 19.8%, respec-
tively (P<0.05). Across the entire 2-year experimental
period, cumulative NH; volatilization was 54.8, 151.6,
109.0, and 132.1 kg ha™! for the CK, CON, NI, and BNI
treatments, respectively. Compared with the CON treat-
ment, the NI and BNI treatments significantly reduced
the total NH; volatilization by 28.1% and 12.9%, respec-
tively (P<0.05).

GWP in the first experimental year (2022-2023) was
4.1, 10.7, 5.2, and 7.0 t CO,-eq ha™! for the CK, CON,
NI, and BNI treatments, respectively. Compared with
the CON treatment, the NI and BNI treatments signifi-
cantly reduced GWP by 51.1% and 34.8%, respectively
(P<0.05). Consistent with the first-year trends, similar
GWP patterns were observed in the second experimental
year (2023-2024) (Table 1), with the NI and BNI treat-
ments achieving GWP reductions of 42.9% and 32.9%,
respectively. Compared with the CON treatment, the NI
and BNI treatments exhibited significantly lower EFs for
both N,O emissions and NH; volatilization. In the first
experimental year, the N,O EFs were 2.3% (CON), 0.5%
(NI), and 1.0% (BNI), corresponding to significant reduc-
tions of 77.5% (NI) and 58.1% (BNI) relative to the CON
treatment (P<0.05). In the second experimental year, the
N,O EFs were 3.7%, 2.2%, and 2.0% for the CON, NI, and
BNI treatments, respectively; this gave significant reduc-
tions of 40.3% for NI and 44.7% for BNI, relative to the
CON treatment (Table 1). In the first experimental year,
the NH,; volatilization EFs for the CON, NI, and BNI
treatments were 8.0%, 6.2%, and 7.4%, respectively. The
NI and BNI treatments achieved significant reductions

Table 1 Average cumulative gaseous N emissions, GWP, emission factors, and NEEB for 2022-2023, 2023-2024, and for the 2-year

experimental period

Year Treatment  Nlosses (kg N ha™") GWP (tCO,-eqha™")  EF (%) NEEB (CNY ha~'yr™")
N,O NH, N,O NH,

2022-2023 CK 85+0.1d  232+02d 41+007d - - -
CON 221+09a  709+13a 10.7+04a 23+0.2a 80+0.2a -
NI 106+04c  49.2+04c 52+0.2c 05+009c  6.2+0.09c -
BNI 142+14b  674+04b 7.0£06b 10+02b 7.4+007b -

2023-2024 CK 75402d  316+0.1d 37+0.1d - - -
CON 205+18a  808+14a 142+0.8a 3.7+03a 82+0.2a -
NI 167+14c  598+13c 8.1+0.6¢ 22+03b 6.7+03b -
BNI 197+0.1b  64.8+08b 9.5+0.05b 20+£002b  55+0.1c -

Two-year average CcK 8.0+0.2d 274+0.2d 3.9+0.07d - - 103,749.6 +5358.5b
CON 258+1la  758+13a  124+05a 30+02a 8.1+0.2a 49,1347 +5410.8¢
NI 137+05c  54.5+0.5¢ 6.7+02c 14+0.1b 6.5+0.1b 100,510.8+7432.0b
BNI 169+06b  66.1+04b 82+03b 15+0.1b 6.4+0.06b 116,301.8+871.2a

CK blank control, CON conventional fertilization, N/ dual inhibitor treatment, BN/ biochar combined with dual inhibitor treatment, GWP global warming potential, EF
emission factor, NEEB net environmental economic benefit (CNY ha™' yr™'), CO,-eq CO, equivalent

Different lowercase letters in the same column indicate significant differences among treatments according to Duncan’s multiple range test (P <0.05)
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of 21.9% and 7.3%, respectively, compared with the CON
treatment (P<0.05). In the second experimental year, the
NHj; volatilization EFs for the NI and BNI treatments
were significantly reduced by 18.2% and 32.6%, respec-
tively, relative to the CON treatment (P<0.05). Across
the entire 2-year experimental period, the 2-year mean
N,O EFs were 3.0%, 1.4%, and 1.5% for the CON, NI,
and BNI treatments, respectively, with the NI and BNI
treatments achieving statistically significant reductions
(P<0.05) of 54.5% and 49.8% relative to the CON treat-
ment. Similarly, the 2-year mean NH; volatilization EFs
were significantly reduced by 20.0% and 20.2% for the NI
and BNI treatments, respectively, relative to the CON
treatment (P <0.05).

Tea rows and inter-row ridges exhibited distinct con-
tributions to the total gaseous N emissions, with tea
rows identified as the dominant emission source (Fig. 3).
In the CK treatment, tea rows accounted for 46.7% of
the total N,O emissions. Inter-row ridges accounted
for the remaining 53.3% (Fig. 3a). For the CON treat-
ment, tea rows accounted for 83.1% of total N,O emis-
sions, whereas inter-row ridges contributed only 16.9%,
with tea rows contributing 4.9-fold higher than inter-
row ridges. For the NI and BNI treatments, tea rows
accounted for 59.7% and 68.1% of total N,O emissions,
with corresponding proportions of 40.3% and 31.9%
for inter-row ridges. In the CK treatment, tea rows
accounted for 57.6% of the total NH; volatilization. Inter-
row ridges accounted for the remaining 42.4% (Fig. 3b).
For the CON treatment, NH; volatilization from tea
rows was 2.2-fold higher than that from inter-row ridges;
tea rows accounted for 68.4% of the total, and inter-row
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ridges for 31.6%. For the NI and BNI treatments, the pro-
portions of total NH; volatilization derived from tea rows
were 69.6% and 70.9%, respectively, with only a marginal
difference between the two treatments (30.4% and 29.1%,
respectively).

3.3 Soil physical and chemical as well as microbiological
properties

Across the entire 2-year experimental period, soil avail-
able N and carbon contents in tea rows were significantly
affected by both the NI and BNI treatments (P<0.05)
(Table S4). In the first experimental year, immediately
after the combined application of chemical and organic
fertilizers, all N-fertilizer treatments resulted in sig-
nificantly elevated soil NH,*-N concentrations in tea
rows compared with the CK treatment (Fig. 4a). The
soil NH,*-N content in the short term after urea and
inhibitor applications (NH,*-SH) was determined
as the average soil NH,/—N content monitored from
May to July 2022 within 2 months after the first fertili-
zation of this study. Compared with the CON treat-
ment, the NI and BNI treatments significantly reduced
soil NH,*~SH content by 45.7% and 44.1%, respectively
(P<0.05) (Table S4). The results from our supplemen-
tary laboratory incubation experiment demonstrated
that soil NH,*-N concentrations in the urea treat-
ment (urea only) were consistently higher than those
in UNI (urea+DMPP), UUI (urea+NBPT) and UUNI
(urea+ NBPT + DMPP) treatments throughout the incu-
bation period, with the highest concentrations observed
on day 7. In contrast, soil NH,"—N concentrations in the
UUNI treatment remained consistently low on both day

-~ 120 () I Tea ridge
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o
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Fig. 3 Fractions of N,O (a) and NH; (b) cumulative emissions from tea rows and inter-row ridges across treatments during the 2022-2024 growing
season. a N,O; b NH;. The treatments were CK (blank control), CON (conventional fertilization), NI (dual inhibitor treatment), and BNI (biochar
combined with dual inhibitor treatment). Error bars represent the standard error of three replicates (n=3)
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Fig. 4 Daily dynamics of soil ammonium (NH,*-N) (a), soil nitrate (NO;™—N) (b), and dissolved organic carbon (DOC) contents (c) across treatments
in the tea plantation. The treatments were CK (blank control), CON (conventional fertilization), NI (dual inhibitors treatment), and BNI (biochar
combined with dual inhibitors treatment). Arrows indicate the timing of fertilizer application. Black arrows indicate the application of chemical
fertilizer, while red arrows indicate the application of rapeseed cake fertilizer. Error bars represent the standard error of three replicates (n=3)

4 and day 7, whereas those in the UUI treatment began to
increase by day 7 (Fig. Sla). The urea treatment resulted
in significantly higher soil pH values than the UUI, UNI,
and UUNI treatments on days 1 and 4. On day 7, the UNI
treatment reached a relatively high pH, whereas the pH
of the UUI treatment decreased to a relatively low level
(Fig. S1b).

Soil NH,"-N concentrations were significantly higher
in the first experimental year than in the second year
across all treatments. In the second experimental year,
the NI and BNI treatments significantly increased soil
NH,*-N concentrations by 13.2% and 11.8%, respec-
tively, relative to the CON treatment (P<0.05). Over the

2-year period, mean soil NH,*—N concentrations signifi-
cantly increased by 16.4% and 6.3% under the NI and BNI
treatments, respectively, relative to the CON treatment
(P<0.05).

The temporal dynamics of soil NO;7—N concentra-
tions in tea rows were consistent across the 2 experimen-
tal years (Fig. 4b). In the first experimental year, the soil
NO;™-N concentrations in the NI and BNI treatments
were reduced by 82.1% and 41.5%, respectively. In the
second experimental year, the soil NO;7/—N concentra-
tions in the NI and BNI treatments decreased by 24.4%
and 18.5%, respectively. Over the 2-year period, mean soil
NO;™—N concentrations significantly decreased by 59.0%
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and 31.5% under the NI and BNI treatments, respectively,
relative to the CON treatment (P < 0.05).

Across the entire 2-year experimental period, no nota-
ble increase in soil DOC concentration was observed,
except in the winter of the second experimental year
following the incorporation of organic fertilizer into tea
row soils (Fig. 4c). Soil DOC concentrations in the CON
treatment were consistently higher than those in the NI
and BNI treatments in both years. Specifically, soil DOC
concentrations in the CON treatment were 18.7% and
30.8% higher than those in the NI and BNI treatments,
respectively, in the first experimental year and 37.5% and
27.2% higher than those in the two treatments, respec-
tively, in the second experimental year (Table S4).

Overall, the application of inhibitors differentially
inhibited the abundance of genes associated with nitri-
fication and denitrification. The abundance of AOA
genes showed no significant seasonal variation (spring,
summer, autumn, and winter) during the experimental
period (Fig. 5a). However, in spring, the BNI treatment
decreased AOA gene abundance by 15.5% relative to the
CON treatment (P<0.05). AOB gene abundance exhib-
ited distinct seasonal dynamics (Fig. 5b). Compared with
the CON treatment, the NI treatment reduced AOB gene
abundance by 40.1%, 66.2%, 32.9%, and 11.4% in spring,
summer, autumn, and winter, respectively. The BNI treat-
ment decreased AOB gene abundance by 28.2% and
40.5% in autumn and winter, respectively, relative to the
CON treatment. On average, the NI and BNI treatments
significantly reduced AOB gene abundance by 39.4%
and 16.0%, respectively, relative to the CON treatment
(P<0.05).

Neither NI nor BNI treatments significantly reduced
the abundance of the denitrification functional gene
nirK (Fig. 5¢) (P>0.05). Compared with the CON treat-
ment, the NI treatment decreased the abundance of the
nirS gene by 30.0% and 25.2% in autumn and winter,
respectively (Fig. 5d). In contrast, the BNI treatment sig-
nificantly reduced #irS abundance by 37.5% and 32.8%
in spring and summer, respectively (P<0.05). On aver-
age, nirS abundance in the NI and BNI treatments was
19.0% and 20.3% lower, respectively, than that in the
CON treatment. The abundance pattern of nosZ was
similar to that of nirS (Fig. 5e). In summer, nosZ abun-
dance in the NI and BNI treatments decreased by 30.6%
and 16.9%, respectively, compared with that in CON. The
NI treatment further reduced nosZ abundance by 25.1%
in autumn compared with the CON treatment. The BNI
treatment significantly suppressed nosZ abundance by
40.7% in spring and by 4.2% in winter (P<0.05). The aver-
age nosZ abundance was reduced by 16.5% and 11.7% in
the NI and BNI treatments, respectively, compared with
that in CON.
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3.4 Cropyield, N absorption, and cumulative emissions
per unit yield

Over the 2-year tea cultivation period, all N-fertilizer
treatments enhanced tea yield and plant N uptake, with
the BNI treatment showing the greatest effects. In the first
year, the tea yield was significantly higher under the NI,
BNI, and CON treatments than under the CK treatment
(Fig. 6a). Tea yields for the CK, CON, NI, and BNI treat-
ments were 5103.5, 5994.7, 5754.3, and 5933.6 kg ha™},
respectively. In the second year, relative to the CK treat-
ment, the NI, BNI, and CON treatments increased
the tea yield by 13.5%, 28.2%, and 10.8%, respectively
(Fig. 6b). Notably, the BNI treatment produced a 13.6%
higher yield than the CON treatment (P<0.05). Over the
2 years, the total yields for the NI, BNI, and CON treat-
ments were 13.1%, 22.6%, and 14.9% higher, respectively,
than those of the CK treatment (P<0.05). Relative to the
CON treatment, the BNI treatment increased the yield by
6.7% (P<0.05; Fig. 6¢). In the first year, plant N uptake in
the BNI treatment was significantly enhanced by 13.0%
relative to that in the CON treatment (P<0.05; Fig. 6d).
In the second year, the NI and BNI treatments increased
plant N uptake by 12.3% and 16.0%, respectively (Fig. 6e).
Over the 2 years, cumulative plant N uptake was 219.7,
245.7, 259.6, and 281.1 kg N ha™! for the CK, CON, NI,
and BNI treatments, respectively (Fig. 6f). Relative to the
CK treatment, the NI and BNI treatments increased plant
N uptake by 18.2% and 28.0%, respectively (P<0.05). Rel-
ative to the CON treatment, the corresponding increases
were 5.7% and 14.4%, respectively.

Yield-scaled total N,O emissions were 1.9, 5.4, 2.9,
and 3.3 kg t~! for the CK, CON, NI, and BNI treatments,
respectively (Fig. 6g). Compared with the CON treat-
ment, emissions from the NI and BNI treatments were
reduced by 46.1% and 38.5%, respectively (P<0.05).
Yield-scaled NH; emissions for the CK, CON, NI, and
BNI treatments were 6.5, 15.8, 11.5, and 12.9 kg t71,
respectively (Fig. 6h). Relative to the CON treatment,
decreases of 27.0% and 18.4% were observed in the NI
and BNI treatments, respectively (P<0.05).

3.5 Mitigation effects and mitigation potential of N,O
and NH; emissions

The relationship between cumulative N,O and NH,
emissions was investigated in tea plantations that
experience gaseous N loss during the growing season
(Fig. 7a). A significant positive correlation (R*=0.8,
P<0.001) was detected between N,O and NH; emis-
sions across the three fertilizer-amended treatments
(CON, NI, and BNI). Compared with the CON treat-
ment, the BNI treatment significantly reduced both
N,O and NH; emissions, but its overall mitigation effi-
cacy was lower than that of the NI treatment. The CON
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treatment posed the highest risk of combined N,O
and NH; loss. Furthermore, NI treatment consistently
suppressed N,O and NH; emissions. Compared with
the CON treatment, the NI treatment demonstrated
an N,O reduction potential of 50.0-57.3% (Fig. 7b),
effectively reducing emissions over the 2 years. The

potential to reduce NH; emissions ranged from 16.7 to
22.3% (Fig. 7b). The BNI treatment reduced N,O and
NH; emissions by 45.5-55.6% and 17.5-22.4%, respec-
tively, consistent with its lower efficacy compared with
the NI treatment. In summary, both mitigation strate-
gies demonstrated the potential to reduce N,O and
NH, emissions from tea plantations synergistically.
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3.6 The impact of different environmental factors on N,O
and NH; emissions

SEM was employed to explore the relationships among
DMPP +NBPT +BC addition, environmental factors
(soil temperature, ST; soil moisture, SM), the combined
abundance of ammonia-oxidizing archaea and bacte-
ria (AOA+AOB), NH," and NO;~ concentrations, the
abundances of denitrifying bacteria (nirS/nirK), and N,O
emissions (Fig. 8a). No significant effect of nosZ abun-
dance on N,O emissions was observed. The addition of
DMPP +NBPT + BC suppressed N,O emissions primar-
ily through two distinct mechanisms. First, it markedly
inhibited the activities of AOA +AOB, thereby limiting
nitrification-driven N,O production. Second, it reduced
the abundance of #irS/nirK, directly restricting denitri-
fication. Importantly, although the application of these
inhibitors induced a modest accumulation of soil NH,*,
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this increase did not translate into enhanced N,O emis-
sions due to the robust suppression of ammonia-oxi-
dizing activity. Environmental variables also exerted
profound direct effects on N,O dynamics. Both ST and
SM were significantly positively correlated with N,O
fluxes (P<0.05). Furthermore, ST facilitated NO;™ accu-
mulation, thereby indirectly modulating substrate avail-
ability for denitrification. Based on the standardized total
effects, N,O emissions were negatively influenced by the
addition of DMPP+NBPT +BC. In contrast, NH,* con-
tent, AOA+AOB activity, soil NO;~ content, SM, the
abundances of #irS/nirK, and ST were positively associ-
ated with N,O emissions (Fig. 8b).

SEM was also employed to analyze the effects of the
DMPP+NBPT+BC addition, SM, ST, and NH,*-
SH (early-stage soil NH,*-N in the field experiment)
on NH; emissions. DMPP+NBPT+BC and ST had
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Fig. 8 Structural equation model (SEM) of the standardized total contributions of DMPP + NBPT +BC addition (combined application of DMPP,
NBPT, and biochar as a categorical variable; 0=without, 1 =with), environmental factors, soil temperature (ST), soil moisture (SM), soil properties

(NO, =N, NH, -
2024 (a). *

N), ammonia-oxidizing archaea and bacteria (AOA+AOB), and denitrifying bacteria (nirS/nirk) to N,O emissions during 2022—
P<0.05,** P<0.01, ** P<0.001. Numbers adjacent to arrows are standardized path coefficients; with arrow width proportional

to coefficient strength; red arrows indicate significant positive correlations, blue arrows denote significant negative correlations, and gray arrows
represent non-significant paths. R? values represent the variance explained for each variable; n denotes sample size. Model fit was assessed using
the comparative fit index (CFI), Tucker-Lewis index (TLI), root mean square error of approximation (RMSEA), standardized root mean square residual
(SRMR), and the chi-square ()(2) test with degrees of freedom (df) and its associated P value. The standardized total effects of DMPP + NBPT +BC,
NH,*, AOA+AOB, NO,~, SM, nirS/nirk and ST on N,O emissions (b). SEM for the standardized total contributions of DMPP +NBPT +BC addition, ST,
SM, and NH,*=SH (early-stage soil NH,*-N in the field experiment) to NH; emissions, based on monthly mean values collected from May to July
2022 (c). The total standardized effects of DMPP +NBPT+BC, SM, ST, and NH,*~SH on NH; emissions (d)
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highly significant negative effects on NH,*—SH levels
(P<0.001). ST and SM showed significant negative cor-
relations with NH; emissions, whereas NH,*-SH had
a highly significant positive effect on NH; emissions
(Fig. 8¢c). In terms of standardized total effects, SM, ST,
and DMPP + NBPT + BC amendment significantly inhib-
ited NH; emissions, while NH,*-SH significantly pro-
moted NH; emissions (Fig. 8d).

RF modeling was used to assess the effects of
DMPP+NBPT +BC, AOA+AOB, nirS/nirK and soil
parameters (NH,*-N, NO,; -N, temperature, and
moisture) on N,O and NH; emission fluxes. RF analy-
sis showed that soil NO; -N, moisture, NH,*-N,
AOA +AOB, temperature, DMPP+NBPT+BC, and
nirS/nirK were the primary drivers of N,O emission
fluxes (Fig. 9a). In contrast, the key variables associated
with NHj volatilization included soil NH,*~SH, tempera-
ture, DMPP + NBPT + BC and moisture (Fig. 9b). Among
these, soil NH,*~SH and temperature were the two most
important contributors.

3.7 Net environmental economic benefit

During the 2022-2024 trial period, the NEEB
was 103,749.6, 49,134.7, 100,510.8, and
116,301.8 CNY ha™! yr™! for the CK, CON, NI, and BNI
treatments, respectively (Table 1). Compared with CON,
CK, NI and BNI treatments increased NEEB by 111.2%,
104.6%, and 136.7%, respectively (P<0.05). Furthermore,
the NEEB under the BNI treatment was 15.7% higher
than that under the NI treatment (P<0.05). Therefore,
both NI and BNI treatments are effective strategies for
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reducing gaseous N losses and enhancing yield in sub-
tropical tea plantations, with BNI offering superior over-
all benefit.

4 Discussion
4.1 Mitigation of N,O emissions by dual inhibitors
and biochar

Relative to the CON treatment, cumulative N,O emis-
sions in the NI treatment were reduced by 47.0%, con-
sistent with Ren et al. (2023). Additionally, the results of
this study support that the NI treatment decreased AOB
gene abundance by 39.4% and NO;™—N content by 59.0%,
further substantiating the efficacy of the dual inhibitor in
regulating the conversion of NH,*~N to NO, -N and
NO; —N (He et al. 2022). Xia et al. (2017) reported that
Uls could reduce N,O emissions by 31%. This reduction
was primarily attributed to the Uls’ inhibition of urea
hydrolysis, which reduces NH,* availability for nitrifi-
cation and thereby reduces N,O production. A meta-
analysis indicated that biochar application reduced N,O
emissions from agricultural soils by an average of 32—-38%
(Liu et al. 2018; Borchard et al. 2019). In this study, N,O
emissions in the BNI treatment were reduced by 34.3%
relative to the CON treatment, falling within the range
reported above. However, Shen et al. (2014) reported
a 13-82% increase in N,O emissions from paddy fields
following the addition of biochar. Previous studies have
attributed the stimulation of N,O emissions by biochar
to enhanced denitrification driven by labile organic car-
bon derived from biochar addition (Troy et al. 2013).
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Fig. 9 Relative importance of soil environmental and climatic factors driving N,O (a) and NH; (b) emissions, as determined by Random Forest

modeling during the 2022-2024 tea growing season. ST, soil temperature; SM, soil moisture; NO; =N, soil nitrate; NH,*-N, soil ammonium; NH, "~
SH, early-stage soil NH,"=N; AOA +AOB, ammonia-oxidizing archaea and bacteria; nirS/nirK, denitrifying bacteria carrying nitrite reductase genes;
DMPP +NBPT +BC, combined application of DMPP, NBPT, and biochar as a categorical variable (0=without, 1 =with). * and ** indicate significant
contributions at P<0.05 and P<0.01, respectively
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Nevertheless, this mechanism may not apply to the pre-
sent study.

This study elucidated a potential mechanism: the tar-
geted modulation of soil microbes involved in N transfor-
mation, achieved by co-applying biochar with DMPP and
NBPT, was the key driver of N,O emission mitigation
observed in the BNI treatment. Owing to its high sub-
strate affinity, DMPP selectively binds to the active sites
of ammonia monooxygenase, preferentially suppressing
the growth and activity of AOB (Bachtsevani et al. 2021).
This finding aligns with the 39.4% reduction in AOB gene
abundance observed in the NI treatment: DMPP tar-
geted the initial nitrification step, altered N transforma-
tion kinetics, and reduced the availability of NO; —N, a
key substrate for denitrification-derived N,O production.
Meanwhile, NBPT inhibited the functional expression
of ureolytic microbes, slowed urea hydrolysis (Xia et al.
2017), modulated NH,*-N turnover dynamics, and indi-
rectly constrained the excessive proliferation of nitrifying
microbes. Biochar reshapes the community structure of
N-transforming microbes by providing labile organic car-
bon and optimizing the soil microenvironment, thereby
facilitating the enrichment of N,O-reducing microbes
harboring the nosZ gene while suppressing the activity
of N,O-producing microbes carrying the #irS and nirkK
genes (Liu et al. 2018; Borchard et al. 2019). This micro-
bial shift provides a mechanistic basis for the complete
denitrification of NO;~ to N,. In addition, the abun-
dance of the denitrification gene nirS was significantly
reduced by 20.3% (Fig. 5d), providing further evidence
for the N,O inhibition observed in the BNI treatment.
Notably, the NI and BNI treatments reduced the abun-
dance of the nosZ gene by 16.5% and 11.7%, respectively
(Fig. 5e), which ultimately resulted in a net reduction
in N,O. This apparent discrepancy can be attributed to
the distinct functional roles of the two genes: nirS cata-
lyzes the reduction of NO, —N to N,0O, and its decreased
abundance directly curtails N,O production. In contrast,
the nosZ gene facilitates the further reduction of N,O to
N,; its reduced abundance might theoretically attenuate
N,O consumption. Therefore, the suppression of nirS
by NI and BNI treatments substantially outweighed any
adverse effects resulting from the associated reduction in
nosZ gene abundance.

The SEM revealed that DMPP+NBPT+BC sig-
nificantly inhibited the activities of AOA+AOB and
nirS/nirK, whereas AOA+AOB activity promoted
NO;~ production during nitrification. Furthermore, a
significant positive correlation was observed between
the combined abundance of AOA+AOB and soil
NO; =N concentration. Given that NO;~ significantly
increased N,O emissions, DMPP+NBPT+BC likely
mitigated N,O emissions indirectly (Fig. 8a). The RF
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model identified soil NO; N as the dominant fac-
tor influencing N,O emissions, thereby supporting the
role of DMPP +NBPT +BC in N,O mitigation (Fig. 8e).
Thus, the SEM elucidated the mechanism by which
soil NO;™—N, a key product of nitrification and a cen-
tral substrate, drives N,O emissions. In parallel, the RF
model quantitatively clarified the dominant importance
of NO; -N among the environmental drivers. The two
approaches provided complementary verification, jointly
corroborating inferences about N,O mitigation pathways
and thereby offsetting the limitations inherent in relying
on a single method.

4.2 Mitigation of NH; emissions by dual inhibitors
and biochar

The application of Uls and NIs has been widely reported
to reduce NH; emissions by 9-78% in intensive agricul-
tural systems (Zaman et al. 2009). This mitigation effect
is commonly attributed to the delayed urea hydrolysis
induced by Uls, which decouples the simultaneous surge
of NH,* accumulation and microsite pH elevation, two
key prerequisites for substantial NH; volatilization (Abdo
et al. 2022). To capture the early-stage substrate avail-
ability for NH; volatilization, we defined NH,*-SH as
the average soil NH,*—N concentration measured during
May—July 2022, i.e., within 2 months after the first fer-
tilizer application. Compared with the CON treatment,
the NI and BNI treatments significantly reduced NH,*—
SH by 45.7% and 44.1%, respectively (P<0.05; Table S4).
This substantial reduction in the early-stage NH, N
pool directly limited the substrate available for NH,
volatilization during the critical post-fertilization win-
dow, a period during which more than 90% of cumula-
tive NH; emissions occurred in this acidic tea plantation
soil. Consistent with this phenomenon, the NI and BNI
treatments in this study exhibited reductions of 28.1%
and 12.9% in the cumulative NH; emissions, respec-
tively, relative to the CON treatment. Notably, under the
NI and BNI treatments, the growing-season average soil
NH,*-N content did not decrease; instead, it increased
by 16.4% and 6.3%, respectively. This phenomenon
may be related to the temporal specificity of NH; vola-
tilization in acidic tea plantation soils and to the kinetic
regulation of urea hydrolysis by inhibitors. Our sup-
plementary laboratory incubation experiment directly
verified this pattern: during the incubation period, in
the Urea treatment, urea was rapidly hydrolyzed at the
early stage, producing a large amount of NH, N and
a sharp increase in soil pH; in contrast, in the UUI and
UUNI treatments, both NH,*—~N content and soil pH
were significantly reduced (Fig. Sla, b), a finding that
has been widely confirmed (Zhou 2017) and that served
as the core driver of the significant reduction in NHy
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volatilization during the critical fertilization window
in this study. After this critical window, soil pH quickly
returned to its acidic background level. Even when the
growing-season average soil NH,"—N content increased,
the low-pH environment failed to provide sufficient
hydroxyl groups to drive further NH; volatilization; nota-
bly, in the present BNI treatment, NBPT application also
attenuated the elevation of soil pH following urea appli-
cation, thereby enabling effective NH; mitigation despite
the elevated soil NH,*-N pool. Therefore, the contribu-
tion of this retained NH,"—N to total cumulative emis-
sions was negligible. Importantly, the phenomenon of
reduced NH; emissions accompanied by increased soil
NH,"-N content has also been widely reported in pre-
vious peer-reviewed studies (Gao et al. 2023; Abdo et al.
2022), further confirming the generality and robustness
of the mechanism proposed in this study. Consistent with
our results, He et al. (2018) reported that the combined
application of biochar and dual inhibitors reduced NH,
emissions by 19.8% relative to conventional fertilization,
and that this mitigation effect was mainly attributed to
the delayed urea hydrolysis induced by NBPT and to the
adsorption of free NH,* by biochar during the critical
volatilization window.

In this study, the BNI treatment reduced NH; emis-
sions by 12.9% relative to CON, and its mitigation effi-
cacy improved in the second year compared with the
first (Table 1); this enhanced long-term stability is attrib-
uted to biochar aging. After incorporation into the soil,
biochar gradually oxidizes, significantly increasing the
abundance of oxygen-containing functional groups (e.g.,
carboxyl [FCOOH] and hydroxyl [-OH]) on its surface
(Wang et al. 2020). These functional groups enhance the
electrostatic adsorption of NH," during the critical vola-
tilization window, thereby further reducing the substrate
for NH; emissions while promoting the fixation and slow
release of NH,* during the non-volatilization period.

Notably, a negative correlation between NH; volatili-
zation and ST was identified using SEM (Fig. 8c). This
phenomenon can be attributed to the dominant role of
fertilization events in governing the seasonal dynamics
of NH; volatilization (Zhang et al. 2022). In the present
study, fertilizer application in early May rapidly elevated
soil NH,*-N concentrations, thereby driving the rela-
tively high NH; fluxes recorded during the monitor-
ing period. During the subsequent months (May-July),
although air temperatures continued to rise, no addi-
tional fertilizer was applied, and the soil NH,* pool was
progressively depleted through crop uptake and prior
volatilization losses. Consequently, NH; fluxes exhibited
a consistent declining trend throughout this period.

The causal pathways in the SEM were constructed
based on the classical theoretical framework of soil N
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cycling and on prior research hypotheses. It is impor-
tant to emphasize that these pathways represent a priori
hypothesized causal relationships grounded in estab-
lished N cycling knowledge rather than direct empiri-
cal evidence of causality. For the core variables (e.g.,
DMPP +NBPT +BC, NH,*-N, NO;™-N, soil moisture,
and microbial functional genes), all VIF values were
below 5, indicating moderate correlations among vari-
ables, the absence of severe multicollinearity, and stable
path coefficient estimates. Moreover, several limitations
of this study warrant consideration. First, the quantifi-
cation of N,O-related functional genes was temporally
decoupled from the N,O flux measurements, and the
overall sampling frequency was restricted. Furthermore,
the potential contributions of fungal nitrification and
denitrification were not explicitly evaluated, which may
partially explain the moderate predictive power of the
SEM. Finally, regarding NH; volatilization, the absence
of continuous monitoring for soil pH and urease activity
throughout the experimental period precluded a mecha-
nistic interpretation of NH; emission dynamics across
the entire observation cycle. Therefore, future studies
examining the long-term effects of dual inhibitors on
NH; emissions from agricultural soils should include
continuous monitoring of soil pH and urease activity
throughout the observation period.

4.3 Effects of dual inhibitors combined with biochar
on the simultaneous mitigation of N,O and NH,
emissions

The results demonstrated that, compared with the CON
treatment, the NI and BNI treatments significantly
reduced both N,O and NH; emissions (Table 1), with no
trade-off effect typically associated with single-inhibi-
tor application (Fig. 7a). For instance, Qiao et al. (2015)
reported that using NIs alone led to a 39-48% reduction
in N,O emissions but a 33—-67% increase in NH; emis-
sions. Zhang et al. (2022) also observed similar trade-off
effects when NIs were applied alone with surface-broad-
cast urea, a common fertilization practice in agricultural
production. This trade-off occurs because the inhibi-
tion of AOB activity induced by NIs delays the conver-
sion of NH,* to NO,7/NO;~, leading to excessive NH,*
accumulation in the soil and thus an elevated risk of NH,
volatilization. The simultaneous mitigation of N,O and
NH; observed in this study was driven by the comple-
mentary regulation of soil N transformation by Uls and
NIs. Specifically, Uls retard urea hydrolysis and reduce
the substrate pool for NH; volatilization, whereas NIs
block nitrification and weaken the primary production
pathway of N,O. This complementary regulation avoids
the trade-off effect associated with a single inhibitor
application, thereby achieving simultaneous reductions
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in both gases. The effects of biochar on N,O and NH,
emissions have been widely reported to vary substantially
across agroecosystems. Some studies report mitigation
achieved through reduced ammonification, adsorption
of NH,"/NO;~, promotion of complete denitrification, or
increased soil pH (Fungo et al. 2019; Park et al. 2019; Wu
et al. 2019; Zhong et al. 2025). In contrast, other studies
report that biochar can increase emissions by increas-
ing the viscosity of liquid organic fertilizer, reducing soil
infiltration, or adsorbing nitrification inhibitors (Deng
et al. 2019).

Notably, while the dual-inhibitor treatment alone
achieved simultaneous mitigation of N,O and NHj,
the combination of biochar and dual inhibitors further
enhanced the long-term stability of this dual-gas mitiga-
tion effect. However, biochar did not increase the magni-
tude of N,O mitigation compared with the NI treatment,
and its primary role was to enhance the long-term stabil-
ity of the mitigation effect. This outcome is attributed to
the high surface area and abundant functional groups of
biochar, which enable the adsorption of both NH,* and
inhibitor molecules. This adsorption not only reduced
the availability of NH," but also slowed inhibitor release
and protected the inhibitors from degradation, thereby
prolonging inhibitory activity and enhancing long-term
mitigation stability. He et al. (2022) reported consistent
results in rice fields, where biochar combined with dual
inhibitors reduced N,O and NH; emissions by 14.6% and
24.3%, respectively. The underlying mechanisms were
attributed to the adsorption of NH,* by biochar, coupled
with urease inhibitors, to mitigate NH, emissions, and
to the targeted inhibition of AOB abundance by a nitri-
fication inhibitor to slow nitrification and curb N,O pro-
duction. Notably, this study further demonstrated that
biochar could adsorb inhibitor molecules, retard their
release and degradation, and extend the effective inhi-
bition period, which is consistent with our observation
that biochar primarily enhances the long-term stability
of the dual-gas mitigation effect. In our study, we quanti-
fied emission benefits, and the results indicated that both
treatments showed strong potential for emission reduc-
tions. The N,O mitigation potential of the NI treatment
was slightly higher than that of the BNI treatment. How-
ever, the two treatments exhibited comparable NH; miti-
gation effects (Fig. 7b). These results suggest enhanced N
retention within the soil-crop system for recycling and a
significantly reduced risk of N loss through leaching and
runoft. These findings were derived from field plot exper-
iments. However, large-scale agricultural environments
are heterogeneous and may exhibit uncertain long-term
effects (Kravchenko et al. 2017). Therefore, economic
assessments are crucial to evaluate the feasibility of
large-scale adoption. Future studies should, therefore,
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be conducted across multiple scales, considering the key
driving factors in diverse agricultural systems.

4.4 Biochar and inhibitor addition on yield
and yield-scaled N,0 and NH; emissions

The increases in yield and plant N uptake observed in the
BNI treatment are consistent with the findings of Cheng
et al. (2022). This enhancement can be attributed to two
synergistic mechanisms. First, as an ammonium-prefer-
ring crop, tea benefits from the enhanced retention of
soil NH,*~N mediated by nitrification inhibitors. Sec-
ond, biochar adsorbs both N and moisture from the soil
(Yang et al. 2025), thereby reducing N loss and prolong-
ing N availability within the root zone. This enhanced
retention facilitates more efficient N utilization by tea
plants, thereby improving yield.

Consequently, the additional cost of biochar applica-
tion is economically justified, as it is offset by yield gains
while concurrently providing environmental benefits
through reduced N emissions. Increased rice yields with
varying levels of biochar have been documented in paddy
soils (Jin et al. 2024). Compared with the control, biochar
addition increased the rice yield by 116.4—145.2%. How-
ever, the NI treatment did not significantly increase tea
yield relative to CON; this was likely attributable to a 30%
reduction in the N application rate. Nevertheless, plant N
uptake was enhanced by 5.7% in the NI treatment. These
findings demonstrate that optimizing N application can
simultaneously stabilize yield, improve N uptake effi-
ciency, and reduce N loss.

In contrast, Ding et al. (2015) reported that the com-
bined application of NBPT and DCD had no significant
effect on wheat yield in sandy loam soils of the North
China Plain, suggesting that excessive N fertilizer appli-
cation may mask or attenuate the yield-enhancing effects
of inhibitors. Yield-scaled N,O emissions can serve as an
indicator of the trade-off between N,O emissions and
tea yield. In this study, both the NI and BNI treatments
significantly reduced yield-scaled N,O and NH; emis-
sions, which is consistent with previous findings (He
et al. 2022). Compared with the CON treatment, the NI
treatment significantly lowered N,O and NH; emissions
without incurring a significant yield reduction. Thus, the
reduction in yield-scaled emissions in the NI treatment
was solely attributable to decreased gaseous emissions.

In contrast, for the BNI treatment, this reduction was
driven by both increased yield and reduced N,O and NH,
emissions relative to the CON treatment. Consequently,
the BNI treatment resulted in significant reductions in
yield-scaled emissions. This study demonstrated that the
application of dual inhibitors, either alone or in combi-
nation with biochar, effectively reduced yield-scaled N,O
and NH; emissions. These findings indicate that such
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mitigation strategies can reduce gaseous N emissions
without compromising the yield. This study also revealed
that gaseous N emissions originate predominantly from
tea rows rather than from ridges; this spatial heterogene-
ity can be attributed to three interacting factors: fertilizer
placement, root distribution, and soil moisture gradients.
First, fertilizer was predominantly banded within the tea
rows, leading to significantly higher soil NH,*-N and
NO; -N availability than in the ridges. Second, the tea
rows constituted the primary root zone. Abundant root
exudates in this zone supply labile carbon, thereby stimu-
lating microbial nitrification and denitrification. Third,
the slightly concave microtopography of the rows facili-
tated rainwater retention, creating favorable conditions
for gaseous N production. In contrast, the convex ridge
structure restricts water accumulation and the associated
microbial activity.

From an N footprint perspective, the reductions in
N,O and NH; emissions and in soil NO;”-N content
achieved by the NI and BNI treatments can diminish
NO;™—N leaching losses, as NO;™—N is weakly adsorbed
by soil colloids and is highly susceptible to leaching.
Additionally, the adsorption of NH,*~N by biochar can
reduce runoff losses since NH,*-N is readily adsorbed
by soil colloids, and these colloids are primarily lost via
surface runoff. These combined effects act synergistically
to reduce the N footprint of tea production and mitigate
the risk of N pollution migrating to aquatic environments
through runoff and leaching.

5 Conclusions

A 2-year field study conducted in a subtropical acidic
tea plantation demonstrated that both the NI and BNI
treatments significantly reduced N,O and NH; emis-
sions. Quantitative analysis revealed differences in
mitigation efficacy: the NI treatment achieved slightly
greater N,O mitigation than the BNI treatment, whereas
the two treatments demonstrated comparable effec-
tiveness in reducing NH; emissions. Mechanistically,
NBPT significantly reduced short-term soil NH,"-N
concentrations following fertilization, thereby lowering
the substrate availability for NH; volatilization, while
DMPP significantly suppressed the abundance of key
N-cycling functional genes, particularly AOB and nirS,
thereby inhibiting nitrification-driven N,O production.
Compared with the CON treatment, the BNI treatment
increased tea yield and plant N uptake. In contrast, NI
treatment maintained tea yield while enhancing plant N
uptake with a 30% reduction in the N application rate.
Both the NI and BNI treatments increased NEEB. Future
research should systematically elucidate the under-
lying soil N transformation processes and microbial
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mechanisms associated with the combined application of
NBPT, DMPP, and biochar.
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