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Rice production underpins food security but relies heavily on nitrogen (N) fertilization,
much of which is lost as gaseous emissions. Dinitrogen (N,) represents the largest N
loss, yet its sources remain poorly constrained because biological dinitrogen (N,) fluxes
are difficult to quantify against the atmospheric background. Here, we apply an in situ
N tracing-membrane inlet mass spectrometry (""N—MIMS) technique to simultane-
ously measure N,, ammonia (NHj;), and nitrous oxide (N,0) emissions and partition
their soil- versus fertilizer-derived origins across the growing season in conventional
japonica rice and hybrid rice. We find that soil organic N (SON) accounts for most N,
emissions (72 to 75%), overturning the prevailing assumption that fertilizer dominates
this loss pathway, which is independently confirmed by a 14-y fertilization experiment.
In contrast, NH; originates mainly from fertilizer (71 to 77%) and N,O derives from
both sources in near-equal proportions. We identify a previously unrecognized “micro-
bial N pump”, in which rapid microbial assimilation of fertilizer-derived ammonium
(NH,") induces stoichiometric imbalance and stimulates SON mineralization, mobi-
lizing soil-derived NH," that ultimately fuels N, emissions, with depleted SON par-
tially replenished through microbial N turnover. Neglecting SON contributions causes
systematic overestimation of fertilizer-derived N, and NH; losses by ~35%. Hybrid
rice increases yield by 59% and reduces yield-scaled gaseous N losses by 43% through
enhanced fertilizer uptake and microbial N use efficiency. Together, these findings reveal
an underappreciated pathway of fertilization-driven soil N losses, revise N budgets for
flooded rice systems, and demonstrate that cultivar-informed management can simul-
taneously enhance rice productivity and environmental sustainability.

nitrogen cycling | flooded rice field | gaseous nitrogen losses | dinitrogen measurement |
ammonia volatilization

Rice (Oryza sativa) is the main staple food for over half of the global population, providing
more than 20% of global calorie intake (1). To meet rising demand, particularly in
China—the world’s largest producer and consumer of nitrogen (N) fertilizer (2, 3)—
substantial amounts of N are applied to paddy fields. Application rates in China typically
reach 200 to 300 kg N ha per season, two to three times higher than in other major
rice-producing countries such as Japan (80 to 100 kg N ha™") and India (100 to 150 kg
N ha™") (3). However, rice plants often recover less than 40% of applied N, with about
half lost to the environment (4, 5). Gaseous N emissions such as dinitrogen (N,) and
ammonia (NH;) dominate these losses, accounting for up to ~50% of applied N, whereas
hydrological losses through leaching and runoff contribute only 5 to 7% (6, 7). Quantifying
and mitigating gaseous N losses are therefore critical for improving N use efficiency and
ensuring sustainable rice production.

Nitrogen fertilizer has long been considered the main source of N, emissions from
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flooded paddy fields (8), where anaerobic conditions promote denitrification of  Theauthors declare no competing interest.
fertilizer-derived nitrate or nitrite to N, via nitrous oxide (N,O) intermediates (9, 10).
However, N fertilization also stimulates microbial decomposition of soil organic matter
(SOM), primarily in the oxygenated rhizosphere (11), as microbes decompose SOM to
restore nutrient stoichiometric balance during the assimilation of fertilizer N. This process
may function as a microbially driven pump, mobilizing soil organic N (SON) and releasing
soil-derived ammonium (NH,") that may contribute substantially to N, emissions. Direct
quantification of soil- versus fertilizer-derived N, remains lacking, largely because meas-
uring N, fluxes against a high atmospheric background is technically challenging. Previous
estimates, based on methods like acetylene inhibition, 5N tracing or mass balance—each
with inherent limitations—suggest that N, emissions account for 22 to 41% of applied
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N fertilizer (6, 12, 13). Recent advances in membrane inlet mass
spectrometry (MIMS) technique have enabled precise, direct
measurement of N, fluxes in flooded systems (14, 15). Soil-core
incubation studies using MIMS reported N, losses of 11.9 to
13.5% of applied fertilizer (16, 17), but these estimates may be
conservative due to the absence of rice plants, whose root exudates
can enhance denitrification (18). The combination of MIMS and
N tracing now provides a powerful approach to directly partition
N, emissions between soil and fertilizer sources.

Ammonia represents another major pathway of gaseous N loss
from paddy fields (19, 20), accounting for approximately 10.5 to
14.8% of applied fertilizer N based on conventional approaches
that compare fertilized and unfertilized plots (21). However, these
estimates may overlook the contribution of SON mobilized by
fertilization. Conventional methods used to quantify gaseous N
(NH; and N,) losses, including mass balance calculations and
approaches based on fertilizer emission factors (17, 21), typically
attribute all measured emissions to applied fertilizer. Yet N ferti-
lization can stimulate SON mineralization and microbial turnover,
generating additional soil-derived NH; and N, that cannot be
distinguished from fertilizer-derived losses using these approaches.
Consequently, such methods may systematically overestimate
fertilizer-derived N, and NH; emissions.

Similar to N, emissions, the respective contributions of ferti-
lizer- and soil-derived NH; remain poorly quantified, limiting
our understanding of how N fertilization influences the interplay
among multiple N loss pathways. This knowledge gap is critical,
because NH; and N, emissions are tightly coupled and can vary
across the rice-growing season (9). Early in the season, when rice
N uptake is limited, a larger proportion of basal fertilizer N may
be lost as NH;;, reducing the substrate available for N, emissions,
and vice versa, depending on the environmental (e.g., air temper-
ature) and soil conditions (e.g., anaerobic status) (4). Later, as the
root system develops, top-dressed N is more efficiently absorbed
and both NH; and N, losses may decline. However, increasing
root exudation and radial O, release into the rhizosphere can
stimulate SOM decomposition and denitrifier activity (22), poten-
tially enhancing soil-derived NH; and N, emissions (17). To date,
no study has systematically quantified NH; and N, fluxes through-
out the rice-growing season while distinguishing soil- and
fertilizer-derived sources. This limitation has hindered the devel-
opment of strategies to simultaneously reduce NH; and N, emis-
sions from rice paddies.

Rice plants play a critical role in regulating the fate of applied
N fertilizer and associated gaseous losses through cultivar-specific
differences in N uptake, root O, loss (23) and root exudation (24),
and soil N transformation rates (25). On the one hand, high-
yielding cultivars, such as hybrid rice, generally absorb more
fertilizer-derived N, thereby reducing the mineral N pool available
for gaseous losses (26). Hybrid rice also releases greater amounts
of root-derived dissolved organic carbon (DOC), which can stim-
ulate microbial N immobilization (27), and further decrease the
substrate available for NH; and N, production (10, 24). On the
other hand, hybrid rice typically exhibits greater root porosity and
radial O, loss, which can enhance rhizosphere oxidation, acceler-
ating SON mineralization and nitrification (25), and increase
nitrate availability for denitrification. Elevated DOC may also
promote the reduction of N,O to N, during denitrification (17).
Despite these opposing processes, current evidence suggests that
enhanced plant N uptake and microbial immobilization are likely
to dominate, resulting in a net reduction in reactive N losses
(particularly NH; and N,O) (28), while potentially shifting the
sources of gaseous losses such as N, from fertilizer N to SON.
However, owing to methodological limitations, the mechanisms
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regulating the dominant N loss pathway in flooded rice systems,
particularly N, emissions, have rarely been examined in relation
to rice cultivars. This knowledge gap limits our understanding of
how rice cultivars regulate the complete fate of applied fertilizer
N, and constrains efforts to optimize cultivar selection for both
high yield and reduced environmental impact.

To address these knowledge gaps, we coupled MIMS and N
tracing (PN-MIMS; S7 Appendzx, Fig. S1) techniques to a) simul-
taneously quantify in situ emissions of N,, NH;, and N,O; b)
partition their soil- and fertilizer-derived sources; and c) track the
complete fate of applied N fertilizer throughout the growing sea-
son for two rice cultivars with distinct growth and yield traits:
conventional japonica rice (CX]) and hybrid rice (HZY). We
hypothesized that a) fertilizer N is the dominant source of all three
gaseous N losses, and soil-derived contributions are non-negligible
regardless of rice cultivar; b) seasonal tradeoffs exist between N,
and NH; emissions, with NH; dominating early-season losses and
N, dominating in late season; c) conventional methods overesti-
mate N, and NH; emission factors relative to "N-MIMS tech-
niques; and d) compared to CXJ, hybrid rice HZY improves
fertilizer N use efficiency, stimulates fungal and bacterial N immo-
bilization and reduces N,, NH;, and N,O emissions, thereby
enhancing both rice productivity and environmental outcomes.

Results

Different Flux Pattern of Gaseous N Losses. Both rice cultivars
(HZY and CX]) exhibited similar seasonal patterns of gaseous N
emissions, but the temporal emissions differed among N species
(Fig. 1). NH; fluxes peaked shortly after the first basal N application,
coinciding w1th maximum soil NH4 -N concentrations (Fig. 1D),
and reached 7.0 and 8.8 kg N ha™' d™" for HZY and CXJ, respectively
(Fig. 1B). N, fluxes peaked later, following fertilization after the
third panicle-initiation, when surface water dissolved oxygen was
minimal (Flg 1F), with maxima of 2.5 (HZY) and 1.9 (CX])
kg N ha' d7! (Fig. 14). In contrast, N,O fluxes peaked during
mid-season drainage rather than 1mmed1ately after N fertilization
(Fig. 10). Across the rice-growing season, the three fertilization
events strongly stimulated NH; fluxes and diminished as plants
matured. N, fluxes, however, showed weaker responses to basal and
tillering N fertilization, and their temporal patterns were largely
decoupled from changes in soil NH,"-N and NO, -N contents
(Fig. 1 4, E, and F).

N, and NH; emissions showed a consistent seasonal trade-off
across both cultivars (Fig. 2). During the basal fertilization (BF)
period, cumulative NH; emissions exceeded N, emissions by 23%
in HZY (P> 0.05) and by 45% in CXJ (P < 0.05) (Fig. 24). From
the tillering stage onward, however, N, dominated the gaseous N
losses. During the tillering fertilization period (TF), cumulative
N, emissions were 1.8-fold (HZY, P < 0.05) and 1.9-fold (CXJ,
P < 0.05) higher than NH; emissions (Fig. 24). The largest N,
emissions occurred durmg the panicle- 1mt1at10n fertilization
period (PF), reachmg 24.41030.7 kg N ha™!, compared with 17.9
to 21.2 kg N ha™' in BF and 14.4 to 17.5 kg N ha™' in TE By
contrast, NH; emissions during PF were far lower than in BF and
TE As a result, N, emissions during PF were 4.9-fold (HZY,
P <0.01) and 6.2-fold (CXJ, P < 0.01) greater than NH; emis-
sions, underscoring a seasonal shift from NH;-dominated to
N,-dominated gaseous losses (Fig. 24).

Contrasting Dominant Sources of Gaseous N Emissions. The
three gaseous N species showed contrasting dominant sources
(Fig. 2). The pot experiment showed that seasonal cumulative N,

emissions ranged from 59.9 kg N ha™!in HZY to 66.1 kg N ha™!
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Fig. 1. Seasonal variations in (4) N,, (B) NH;, and (C) N,O fluxes, as well as (D) soil NH,", (E) NO5~, and (F) DOC concentrations under different cultivar treatments
during the rice-growing season of 2024. CX], japonica rice cultivar “Changxiang Jing 1813"; HZY, hybrid rice cultivar “Huazhong You 9326". Error bars indicate SD
(n = 3). Arrows indicate nitrogen fertilizer application events. The dashed line indicates midseason drainage period.

in CXJ (Fig. 2B), with SON being the primary source for both
cultivars. SON dominated N, emissions across all growth stages,
accounting for 78.3 to 81.4% in BE 66.2 to 64.9% in TF, and
71.9 to 74.3% in PF (Fig. 2A4). Field in situ measurements from
a 14-y long-term fertilization experiment further confirmed that
SON is the major source of N, emissions (76.4%) in flooded
rice paddies (Fig. 2D and SI Appendix, Fig. S4). In contrast, NH;
emissions were mainly fertilizer-derived. Seasonal cumulative NH;
emissions were 35.9 kg N ha™' in HZY and 40.1 kg N ha™' in
CX], with fertilizer contributions of 70.8 to 76.5% across the
whole season (Fig. 24). N,O emissions were much smaller (1.37
to 1.42 kg N ha!) and derived nearly equally from soil (49.6 to
51.5%) and fertilizer (48.6 to 50.4%) (Fig. 2B).

Fates of Applied N Fertilizer. Of the 240 kg N ha™' applied,
gaseous N losses accounted for 26.6 to 33.1% across the two
cultivars, dominated by N, (16.0 to 19.4%), followed by NH,
(10.8 to 13.3%), with N,O losses being negligible (0.30 to 0.33%)
(Fig. 3A). Plant uptake represented the largest sink, at 40.2 to

PNAS 2026 Vol.123 No.17 2603983123

45.0% of applied N. Soil retained 18.7 to 21.2%, of which 3.9
to 5.5% was immobilized in SON pools and 14.8 to 15.7% was
assimilated by soil microbes (Fig. 44). Fungi dominated microbial
N assimilation (74.9 to 80.4%), whereas bacteria contributed 19.6
to 25.1%.

Effects of Rice Cultivar. The most notable effect of cultivar was
a significant reduction in gaseous N loss intensity under hybrid
rice (HZY). Compared with japonica rice (CX]), HZY produced
26.9% more biomass and 58.6% higher grain yield (both < 0.05;
Fig. 5A4), leading to a 42.6% decrease in gaseous N loss intensity
(P < 0.05; Fig. 5D). Although absolute reductions in N,, NH;,
and total gaseous N emissions under HZY (9.3%, 10.2%, and
9.5%, respectively) were not statistically significant (7 > 0.05;
Fig. 2B), the greater productivity of HZY translated into markedly
lower emissions per unit biomass. Seasonal source partitioning
showed that soil-derived contributions to both N, and NH; were
consistently greater in HZY than in CXJ across all growth stages

(Fig. 24 and SI Appendix, Tables S2 and S3). Moreover, HZY was
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Fig. 2. N,, NH;, and N,O emissions and their respective sources during different fertilization periods from CX] (A) and HZY (B) and across the whole rice-growing
season (C), and field validation of N, source partitioning on a 14-y fertilization experiment (D). Dark shading denotes soil-derived emissions; light shading
denotes fertilizer-derived emissions. BF, TF, and PF denote the basal fertilization, tillering fertilization, and panicle-initiation fertilization periods, respectively.
Asterisks (*) indicate significant differences between N, and NH; emissions at « = 0.05. See Fig. 1 for treatment codes.

associated with higher bacterial N assimilation and microbial N
use efficiency (P> 0.05), despite less N retained in soil or microbial
biomass compared with CXJ (Figs. 34 and 4 4 and B). Together,
these results demonstrate that cultivar choice can substantially
improve yield-scaled environmental performance by reducing
gaseous N losses per unit of production.

Discussion

Soil, Not Fertilizer, Dominates N, Emissions Through a Microbial
N Pump. Our results show that soil, rather than fertilizer, is the
dominant source of N, emissions from flooded paddy fields,
regardless of rice-growth stage or cultivar, which is contrary to our
first hypothesis (Figs. 2 and 6). This provides direct evidence that
SON plays a central role in driving N, losses, further supported
by the N, partitioning field measurements from the long-term

https://doi.org/10.1073/pnas.2603983123

fertilization experiment (Fig. 2D). These findings challenge the
prevailing assumption that fertilizer N is the primary driver of N,
emissions in flooded rice paddies, and instead reveal a “microbial
N pump” mechanism that links fertilizer inputs to soil-derived N
losses (Fig. 6). Even under predominantly anaerobic conditions,
radial O, release from rice roots creates rhizosphere microsites
that support coupled SON mineralization, nitrification, and
denitrification (29, 30). In these microsites, microbes rapidly
assimilate urea-derived NH," to support growth, creating a
C:N stoichiometric imbalance (Fig. 6). To restore this balance,
microbes accelerate the decomposition of native SOM, mobilizing
SON and releasing additional NH" that can subsequently be
oxidized to nitrate and reduced to N, through denitrification
(Fig. 6). Although part of the depleted SON pool is replenished
through microbial necromass turnover (Fig. 4), this microbial
cycling effectively transfers soil-derived N into gaseous losses.

pnas.org
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We conceptualize this coupled process as a microbial N pump
(MNP), whereby fertilizer inputs stimulate microbial turnover
of SOM and drive the mobilization and loss of soil-derived N as
N, (Fig. 6), which is supported by the integrated pot and in situ
field flux evidence (Fig. 2).

Consistent with the MNP mechanism, a recent isotope-tracing
study showed that fertilizer-induced immobilization can increase
SON mineralization by 33 to0 98.5% (30). Our in situ field meas-
urements further showed that long-term mineral N fertilization
increased soil-sourced N, emissions by 28.2% (S/ Appendix,
Fig. S4). In addition, urea-derived NH," can replace interlayer
cations in 2:1 clay minerals, weakening cation bridges and accel-

erating SON decomposition (11, 31). These biological and

PNAS 2026 Vol.123 No.17 2603983123

physicochemical processes increase the supply of soil-derived
NH," to nitrifiers and denitrifiers, thereby amplifying soil-sourced
N, emissions. The substantially greater microbial assimilation of
fertilizer N (32.7 to 35.3 kg N ha™") compared to SON immobi-
lization (11.4 to 15.5 kg N'ha™") (Fig. 4 and SI Appendix, Fig. S5)
further highlights the predominance of the MNP mechanism in
mediating fertilizer-induced SON mineralization and associated
N, losses in flooded rice paddies.

Unlike N,, most NH; emissions originated from fertilizer
(Fig. 2). These volatilization losses indirectly enhanced soil-sourced
N, emissions by reducing the pool of urea-derived NH," available
for nitrification—denitrification (16, 17), particularly during BE
At this stage, limited N uptake by young rice roots (32) and high

https://doi.org/10.1073/pnas.2603983123 5 of 12
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air temperatures (19) led to substantial NH; volatilization (19.1
t0 22.8% of applied N), which exceeded plant uptake (18 to 20%)
and coincided with peak seasonal fluxes (Fig. 1B and S/ Appendix,
Tables S2 and S3). Only 4.1 to 4.5% of applied N was lost as N,
accounting for 18.6 to 21.7% of total N, emissions (Fig. 24). The
remaining shortfall was met by SON mineralization, which con-
tributed 78.3 to 81.4% of N, emissions during this period, sub-
stantially more than during tillering and panicle fertilization. As
root systems developed, top-dressed fertilizer was absorbed more
efficiently (33), NH; losses declined (34), and competition for
NH," between volatilization and nitrification—denitrification less-
ened (17), increasing the fertilizer contribution to N, emissions.
Midseason drainage disrupted whole soil anaerobic conditions
(35), stimulating microbial N turnover (36, 37) and converting
microbial necromass—""N to ""NO;", which was subsequently
denitrified to "N, upon reflooding. These processes raised the
fertilizer share of N, emissions to 32.2 to 39.6% during tillering,
although SON still dominated (Fig. 24). At panicle fertilization,
peak plant N demand and greater C allocation to roots (38),

https://doi.org/10.1073/pnas.2603983123

reduced NH," available for both NH; and N, losses. Concurrently,
rapid root growth and oxygen release intensified rhizosphere prim-
ing (39, 40), elevating SON’s contribution to N, emissions to
71.9 to 74.3% (Fig. 24 and SI Appendix, Table S2).

Together, these findings reveal a previously underappreciated
pathway of fertilization-driven soil N losses in rice systems, medi-
ated by biologically driven N, emissions. Although microbial N
turnover can partially recycle immobilized N back into soil pools,
this process does not fully compensate SON mineralization
(Figs. 2B and 4A). Quantitatively, microbial assimilation of
fertilizer-derived N offset 58.7 to 61.6% of soil-derived gaseous
N losses, while plant root residue inputs and abiotic stabilization
of SON contributed an additional 9.0% and 24.1%, respectively.
Even when these pathways are considered together, internal recy-
cling appears insufficient to fully balance soil N fluxes. Sustaining
rice productivity while minimizing N losses will therefore require
management strategies that maintain soil N stocks and enhance
microbial N use efficiency, rather than relying solely on improved
fertilizer N recovery.
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Fig. 5. (A) Aboveground biomass, (B) N uptake, (C) fertilizer N use efficiency, and (D) intensity of gaseous N loss under different cultivar treatments during the
rice-growing season. Asterisks (*) denote significant differences between cultivars at « = 0.05. See Fig. 1 for treatment codes.

Trade-Offs between NH3 and N, Emissions. Competition among
NH,; volatilization, N, production, and plant N uptake for
fertilizer- and SON-derived NH," created a clear seasonal trade-off
between NH; and N, losses, consistent with our second hypothesis
(Figs. 2 and 6). Followmg BF NH fluxes rose sharply and then
declined (0.1 to 2.5 kg N ha'd ) whereas N, ﬂuxes remained
smaller and more stable (0.2 to 1.3 kg N ha™ d D) (Fig. 1 Aand
B). Strong NH; losses depleted fertilizer-derived NH," available
for N, productlon (15, 17), while shallow flooding enhanced
nitrification (16), as indicated by a two- to 4.5-fold rlse in soil
NO;". Elevated dissolved oxygen (112 to 222 mg Lt ; Fig. 1F)
further inhibited denitrification (10), reinforcing hlgh NH but
low N, emissions during this period. During tillering, rice growth
cooled the canopy-water-soil microclimate (26, 38), reducing
NH,; volatilization (20). Vigorous plant uptake of fertilizer-
derlved NH," suppressed both NH; and N, losses, but the effect
was stronger on NHj, as plants competed more effectively with
volatilization than with soil-sourced N, production (11, 17).
Consequently, NH; declined while N, emissions increased.
By panicle fertilization, expanded root systems and higher N
demand reduced NHj losses to negligible levels (4.9 to 5.1 kg N
ha™) (Fig. 2). At the same time, declining dissolved oxygen and
abundant root-derived DOC stimulated denitrification (9, 18),

producing peak soil-sourced N, fluxes. This seasonal pattern of

PNAS 2026 Vol.123 No.17 2603983123

low NH; but high N, at panicle fertilization completed the trade-
off cycle. These dynamics provide mechanistic guidance for the
coordinated mitigation of NH; and N, emissions. For instance,
applying a urease inhibitor with basal fertilizer could reduce
NH; volatilization (4, 41) and associated SON priming, whereas
nitrification inhibitors would be more effective when used with
topdressing at tillering and panicle fertilization, when strong root
NH," uptake favors suppression of both NH; and N, losses (16).

Substantial Soil Contributions to N, Losses Challenge Conv-
entional Estimates. The substantial contribution of SON to
gaseous N losses, particularly N,, indicates that traditional
approaches based on fertilizer emission factor (EFy,,4) and mass-
balance s;lstematically overestimate fertilizer-derived emissions.

Using a ’N-tracer, we quantified NH; losses as 10.8 to 13.3% of
applied fertilizer N (EFNH;_;5\), 51gn1ﬁcantly lower than the 15.1
to 16.7% (EFNH;_r,,,) calculated from the same dataset using
conventional methods (P < 0.05; Fig. 3B). Direct measurements
with the "N-MIMS technique showed that 16.0 to 19.4% of
applied N was lost as N, (EFN,_ s Fig. 34), compared with
21.6% and 36.4% reported by Zhao et al. (7, 34) and Ju et al.

(6) using a traditional ' °N mass balance (EFN, _r..,). Even when
applied to our dataset, EFN, 1,4 (24.1%) remained significantly
higher than EFN, ;s (17.6%) across rice cultivars (P < 0.05;
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Fig. 6. A microbial nitrogen pump driving distinct sources of soil gaseous nitrogen losses from flooded rice systems. Microbes rapidly assimilate urea-
derived NH," ("°N-Urea) to support growth, creating a carbon:nitrogen stoichiometric imbalance. To restore this balance, microbial activities accelerate the
decomposition of native SOM, mobilizing soil organic nitrogen (SON) and releasing additional NH,"-N (**N-Soil). This N can subsequently be oxidized to nitrate
and reduced to N, through denitrification, causing SON (SOM), rather than fertilizer, to become the dominant source of N, emissions. The mineralized SON is
only partially replenished through microbial N turnover. In contrast, NH; emissions are largely fertilizer-derived, whereas N,O originates from soil and fertilizer
sources in similar proportions.

Fig. 3B), isolating methodological bias. These results support our
third hypothesis: Conventional methods overestimate NH; and
N, emissions by neglecting SON contributions.

The "N=MIMS technique provides more accurate in situ esti-
mates of N, losses than first-generation MIMS—soil core incuba-
tions, which exclude rice plants (15, 42). MIMS-Soil studies
reported 11.9 to 13.5% N, loss (16, 17), well below BN-MIMS
values, because they omit plant-mediated processes such as O,
transport stimulating SOM mineralization and nitrification (25),
and root-derived DOC enhancing denitrification (8, 43). Scaling
cultivar-averaged emission factors derived from the pot and
long-term fertilization experiment (EFN,_y;s» EFNH; 15) to
global irrigated paddies yields annual losses of ~2.58 + 0.6 Tg N
as N,, and 1.76 £ 0.39 Tg N as NH; (total 4.34 + 0.99 Tg N yil)
(81 Appendix, Fig. S6). Traditional approaches estimate 5.87 +
0.73 Tg Ny, overstating losses by 1.53 + 0.26 Tg Ny~ (~35%),
equivalent to ~30% of fertilizer N applied in Chinese paddies.
While these numbers provide a first approximation, they should
be interpreted cautiously, as climate, soils, cultivars, and manage-
ment practices can influence emission factors, and regional vari-
ability may further affect global estimates. Nonetheless, the
comparison highlights clear discrepancies between the "N-MIMS
technique and conventional methods.

These discrepancies have major implications. Flooded rice
(~160 Mha) represents a substantial anthropogenic N, source, yet
this flux is absent from atmospheric inventories. By inflating
fertilizer-derived losses and omitting SON contributions, conven-
tional approaches distort N partitioning in agroecosystem models
(9, 13, 44), misguide NH; abatement strategies (45), and

https://doi.org/10.1073/pnas.2603983123

underestimate the scale of reactive N loss (46). The "N-MIMS
technique provides low-bias (14), process-inclusive measurements
that can recalibrate emission factors in global databases and
improve paddy representation in Earth system models. Revising
gaseous N budgets with such measurements is essential to narrow
uncertainties in the global N cycle, and target mitigation strategies
toward true sources and magnitudes of loss. To further strengthen
global extrapolations, multisite and multiyear "N-MIMS exper-
iments across major rice-producing regions are needed. Such
efforts would capture climatic, soil, and management variability,
yielding more representative emission factors and robust global N
budgets, and providing a stronger foundation for targeted miti-
gation strategies.

Hybrid Cultivar Benefits Rice Production and Gaseous N
Reduction Through Stimulating Plant and Microbial N Use
Efficiency. Substantial gasecous N losses from flooded paddy
fields (97.3 to 107.5 kg N ha™') highlight the urgency of
developing mitigation strategies that sustain yields while reducing
environmental impacts. Consistent with our fourth hypothesis,
hybrid rice offers a “win—win” solution, combining high
productivity with lower yield-scaled gaseous N losses. Although
the absolute reductions in individual gases were not statistically
significant, the 42.6% decrease in gaseous N loss intensity (P <
0.05) demonstrates a substantial environmental benefit per unit
of rice produced.

Two cultivar-dependent mechanisms underpin this effect
(SI Appendix, Fig. S7). First, HZY captured more applied N in
grain and biomass, as indicated by higher fertilizer N use efficiency
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(Fig. 50), reducing fertilizer-derived N available for volatilization
and denitrification. This is supported by a negative correlation
between plant °N uptake and "NH, emissions (P < 0.05;
Fig. 4C). Across growth stages, HZY reduced fertilizer-sourced
NHS,; by 10.5 to 23.7% and fertilizer-sourced N, by up to 27.3%
(SI Appendix, Table S2). Second, cultivar traits influenced rhizos-
phere redox and C inputs (25, 39), shifting N source partitioning.
During BE, greater root porosity and oxygen release raised flood-
water DO (Fig. 1F), enhancing SOM mineralization and nitrifi-
cation (16) and increasing soil-sourced N,,. At tillering and panicle
stages, however, higher N uptake drew down both soil and ferti-
lizer pools (SI Appendix, Table S3), reducing N, emissions despite
enhanced DOC exudation and SON mineralization, which is
evidenced by much lower denitrification gene abundances
nirK (-34.4%), nirS (-25.4%), and nosZ (-41.7%) in HZY
(SI Appendix, Table S4). These stage-specific effects yielded a net
seasonal reduction of 10.2% in N, emissions under HZY.
Cultivar effects also extended to microbial N use efficiency
(Fig. 4 and ST Appendix, Fig. S7). In HZY, abundant root exudates
supplied labile C that stimulated microbial communities (47),
particularly bacteria capable of efficient NH," assimilation (48,
49), incorporating mineral N into biomass rather than releasing
it as gaseous N (50). This enhanced microbial N use efliciency
increased the proportion of assimilated N allocated to biomass
production relative to respiratory losses (51, 52). Consequently,
even though less fertilizer N remained in soil or microbial pools
by season’s end, the microbial N pool that persisted was more
efficient in turnover and function (53). This efficient microbial
loop acted as a short-term buffer, temporarily immobilizing reac-
tive N and suppressing peaks in nitrate availability that could
otherwise fuel denitrification and nitrifier—denitrification (54).
Consistent with this, '"NH; emissions declined significantly with
increasing bacterial "°N assimilation. However, microbial N is not
a permanent sink: Necromass-derived "N can be mineralized and
subsequently denitrified (55), as indicated by the positive rela-
tionship between microbial N assimilation and N, emissions.
Together, these results demonstrate that N management strat-
egies aimed at reducing N losses while maintaining soil N stocks
must also enhance microbial retention of residual N and synchro-
nize soil N availability with cultivar-specific uptake capacity.
Hybrid cultivars such as HZY combine strong N uptake with
microbial stimulation that effectively narrows the window for
gaseous losses. Future research should explore whether integrating
such cultivars with organic N replenishment, urease and nitrifi-
cation inhibitors, and tailored fertilizer timing could further
improve microbial N use efliciency, align soil N supply with crop
demand, and sustain long-term soil fertility. By simultaneously
enhancing yield and microbial N use efficiency while reducing
NH; and N, emissions, cultivar-informed strategies offer a scalable
pathway toward sustainable intensification of rice agriculture.

Materials and Methods

Study Site and Soil Properties. Soil used for the pot experiment was collected
from Jiangning District, Nanjing City, China (31°53’ N, 119°06’ E), located in
the Yangtze River region with a subtropical monsoon climate and typical rice-
wheat rotation. The mean annual temperature is 15.7 °C, the frost-free period
averages 224 d, mean annual precipitation is 1072.9 mm. The soil was a paddy
soil developed from loess-derived parent material that has been under long-
term cultivation. The basic physicochemical properties of the soil (0 to 20 cm
layer) were pH 6.5 (soil-water ratio 1:2.5), total N content of 1.8 g kg™, organic
C15.9 g kg, available phosphorus (P) 42.2 mg kg™, and available potassium
(K)296.8 mg kg ™.

PNAS 2026 Vol.123 No.17 2603983123

Experimental Design and Management Practices. We conducted a pot
experiment to trace the sources of gaseous N emissions from flooded paddy
fields cultivated with two rice cultivars with distinct growth and yield traits:
the japonica rice Changxiang Jing 1813 (CXJ) and the hybrid rice Huazhong
You 9326 (HZY). For each cultivar, two treatments were established with twelve
biological replicates (three for gaseous N measurements and nine for destruc-
tive sampling): i) control, supplied with urea at natural "N abundance (0.366
atom%); and ii) "°N-labeled, supplied with 40 atom% BN-enriched urea-N. In
addition, CXJ received a zero-N (NO) treatment to quantify background gaseous
N losses during the rice-growing season (SI Appendix, Fig. S3). Nitrogen was
applied at 240 kg N'ha™" as urea, following local practice and splitamong basal,
tillering, and panicle stages at a 4:3:3 ratio. Basal applications of P and K were
76 kg P,0, ha™" and 96 kg K,0 ha™", respectively.

Pots (20 cm diameter x 25 cm height) were filled with 7 kg of air-dried soil.
Rice seedlings were transplanted on July 25 in 2024 at two plants per hill, three
hills per pot. Destructive sampling occurred on August 30 (basal stage) and
September 28 (tillering stage), with plants grown until harvest on November
30 (129-d growth period). After transplanting and BF, pots were flooded to a
depth of 5 cm for 32 d, followed by a 7-d mid-season drainage to suppress
unproductive tillering and promote root growth. Pots were arranged in a com-
pletely randomized design and were rerandomized weekly to minimize potential
positional effects. Irrigation resumed with a 1to 5 cm water layer maintained until
November 23, after which soils were allowed to dry naturally during the week
before harvest. Detailed management practices are listed in S/ Appendix, Table S1.

Additionally, an in situ N, measurement was conducted in a 14-y long-term
fertilization experiment established in 2012 (30°53’ N, 121°23" E) within a
rice-wheat rotation system in the Yangtze region using a conventional japonica
cultivar (56). The basic physicochemical properties of the soil (0 to 20 cm layer)
were pH 7.6 (soil-water ratio 1:2.5), total N content of 1.4 g kg™, organic C
13.7 g kg™". The experiment includes a zero-N control (CK) and a mineral N
fertilization treatment (200 kg N ha™" applied in split doses at a ratio of 5:3:2),
arranged in a randomized complete block design with three replicate plots
(7 m x 8 m) per treatment. Phosphorus and potassium fertilizers were applied
at 100 kg P,05 ha™" (basal) and 225 kg K,0 ha™" (44% basal and 56% panicle-
stage topdressing), respectively. During the 2025 rice-growing season, microplots
(35 cm diameter x 60 cm height) were established within each fertilized plot
and received 40 atom% "N-enriched urea at the same application rate to trace
N, sources. This field measurement aimed to validate the study's main finding
that soil, rather than fertilizer, dominates N, emissions in flooded paddy fields, by
quantifying the relative contributions of soil- and fertilizer-derived N, (Fig. 2D).
The procedure for measuring N, fluxes was the same as that used in the pot
experimentand is described in the section “Nitrogen flux measurements.” Further
details are provided in S/ Appendix, Fig. S4.

Nitrogen Flux Measurements. For both the pot and long-term fertilization
experiments, soil N, fluxes and their sources were measured in situ using a deni-
trification sampling device (Patent No.201922502696.9 and 201911416804.9)
combined with "N tracing (40 atom%) and MIMS (17) (S! Appendix, Fig.S1). The
device consists of an injection piston, a PVC cylinder, a stainless-steel cylinder,
and a transparent PE bottle. The PVC and stainless-steel cylinders are seamlessly
connected, with the PVC positioned on top. The piston is movable and fitted
within the PVC cylinder, while the PE bottle encases its exterior, forming a sealed
system that eliminates atmospheric N, interference and preserves near-natural
conditions. Sampling is performed nondestructively by pressing the piston, ensur-
ing structural integrity and optimal sealing. This design enables reliable in situ
measurement of soil denitrification rates.

After BF, the device was inserted into the soil with minimal root disturbance,
ensuring tight soil-cylinder contact. Before sampling, the piston was withdrawn,
and the PVC cylinder was filled with distilled water, gently stirred with a glass rod
along the innerwall to homogenize the solution and remove air bubbles.The valve
was opened, the piston was reinserted vertically to the 500 mL mark, and the valve
was immediately closed to prevent air entry at the piston-water interface. To fur-
ther prevent bubble formation at high temperature, the piston head and attached
polyethylene bottle were filled with the same field water used inside the cylinder.

Water samples were collected 2, 14, 16, and 18 h after sealing to capture
diel rice growth dynamics and ensure sufficient ">N-N, enrichment for source
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partitioning. Sampling times were validated by consistent N, enrichment slopes
between 2 to 14 hand 2 to 18 h (S/ Appendix, Fig. S2). At each time point, three
replicates (12 mL) were collected. To inhibit microbial activity, 20 uL of 5% ZnCl,
was added to each vial in advance. During sampling, the water volume (V) in the
PVC cylinder was recorded, the valve opened, and the piston pressed manually
until the outflow exceeded 1.5 x the vial volume (12 mL), allowing overflow from
the silicone tubing. The vial cap was then sealed immediately to avoid atmos-
pheric contamination. Samples were stored at 4 °C until analysis.

Dissolved N, and Ar concentrations were determined by MIMS following Kana
etal.(14)and Lietal.(15). Measured N,/Ar ratios were converted to N, concentra-
tions using the Ar solubility equation of Weiss (57). The detection limit for N,/Ar
changes was 0.03%. Isotopic composition was determined from signal intensi-
ties of 2N, N,, and N, The signal intensity of "*N,, was calculated as **N, +
%N, and N, as *°N, + 15%N,, based on the isotopic distribution pattern of
N, molecules (S/ Appendix, Fig. S1B). N, fluxes (umol L' h™") were estimated
from four-point linear regression and volume-corrected. Because denitrification
accounts for 77 to 92% of nitrate reduction (58), net N, production was attrib-
uted primarily to denitrification. Fluxes were measured 18 times during the rice
season: weekly under baseline conditions and 2 to 3 times per week after ferti-
lization. Daily N, emissions were calculated using the linear difference method,
and seasonal cumulative emissions were obtained by summing daily fluxes as
described in Xia etal.(17). The "N-MIMS technique provides improved accuracy
for direct in situ quantification of N, emissions compared to the first-generation
MIMS-soil core incubations (15), which excludes rice plants.

The contribution of fertilizer-derived N to total N, emissions was calculated as

EN, + Fy X (1 = ATe) X EFtepiiner
EN, + EN,

PfertilizerNZ = ' [1]
where £"N, and N, are the cumulative emissions of "N, and "N, fluxes
(kg N ha™"), respectively; EFy,,e; is the N, emission factor of fertilizer N; F, is
the N application rate (240 kg N ha™"); and AT, is the "°N abundance (%) of the
applied fertilizer.

The N, emission factor of fertilizer N was calculated as

EY N2
Ry X AT, 2]

Ammonia volatilization was measured using a modified continuous air-flow
enclosure method (11). Chambers were 7 ¢cm in diameter and 24.5 ¢cm in
height, with effective volume adjusted according to insertion depth in soil or
water. Air was pumped through at 15 to 20 chamber volumes per minute, and
volatilized NH; was trapped in 100 mL of 0.05 mol L™ H,S0, solution. Gas
was sampled for 2 h twice daily, from 08:00 to 10:00 and 15:00 to 17:00.The
mean hourly NH, fluxes across both samplings were used as the daily average.
Measurements were conducted continuously for 1 to 2 wk after fertilization,
depending on sorbent color change (26). Ammonium concentration in the
adsorbent solution was determined using a flow injection analyzer (Skalar
Analytical, NL) coupled with salicylic acid spectrophotometry. Daily NH, vola-
tilization rates were used to calculate cumulative fluxes over the growing sea-
son. To partition fertilizer-derived NH; emissions, a subsample of the sorbent
solution was analyzed for the abundance of °NH, volatilized from each urea
application (11). Briefly, the solution was treated with CuSO, concentrated to a
solid at 70 °C, oxidized to "°NO by alkaline sodium hypochlorite, and analyzed
for "N abundance by isotope mass spectrometry (MAT-251, United States) with
an analytical precision of = 0.02 atom%.

The contribution of fertilizer-derived N to NH, volatilization was calculated as

t
2i=1 (FNH3—ferili\zed,i X AT ATNHLb\ank,r)

NH}—femlized,l - FNH3—bIank,/' X
U

[3]

EFfemIizer =

PfertilizerNH3= toF
Zi=1 NH3_ferititzed, i

where fy, . andFy,, arethe daily NH; volatilization rates from the fer-
tilized and blank soils (kg N'ha™" d™"), respectively; Al and ATy
are the corresponding 15N abundance (%) of the sorbent solutions collected from
the fertilized and blank soils, respectively; and t is the number of sampling time
(days).
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N,0 flux was measured using the static chamber method combined with
gas chromatography (59) (Agilent 8860, United States). For each pot, a trans-
parent cylindrical chamber (20 cm diameter, 100 cm height) was placed over
the plants and sealed with water at the base. Four headspace gas samples were
collected at 10-min intervals between 09:00 and 11:00 using an automated
gas collection device and stored in 20 mLvials. Fluxes were measured twice per
week, with higher frequency following fertilizer application, irrigation events, and
mid-season drainage and reirrigation. All samples were analyzed within 12 h
by gas chromatography. N,0 fluxes were calculated using the linear difference
method, and cumulative seasonal emissions were obtained by summing daily
fluxes across the rice-growing period (60). The relative contributions of soil and
fertilizerto N,0 emissions were estimated using the conventional emission factor
approach (SIAppendix, Fig. S3), whereby N,0 emissions from unfertilized controls
were subtracted from those of fertilized plots and normalized to the amount of
N applied (61).

Soil DNA Extraction and QPCR Analysis. DNA was extracted from 0.5 g
freeze-dried soils sampled using a FastDNA SPIN Kit for soil (MP Biomedicals,
United States) following the manufacturer's instructions. DNA concentration and
purity were assessed with a NanoDrop 2,000 spectrophotometer (Thermo Fisher
Scientific, United States). The qualified DNA samples were then dispensed into the
384-well plate as the sample source-plate, while the primer and gPCR reagents
to another 384-well plate as the assay source-plate. SmartChip Multisample
Nanodispenser (Takara Biomedical Technology) was used to transfer reagents
from both sample source-plate and assay source-plate into the micropores of
SmartChip MyDesign Chip (Takara Biomedical Technology, Japan). gPCR and flu-
orescence signal detection were performed in SmartChip Real-Time PCR System
(WaferGen Biosystems, United States), and amplification and melting curves were
automatically generated.

Soil, Amino Sugar, and Plant N Measurements. Soil NH,"-N and NO,™-N
were extracted with 2 M KCl and then determined using a flow injection ana-
lyzer (Skalar Analytical, NL). Dissolved oxygen and pH in the field water were
determined using a ProQuatro handheld water quality meter (Xylem Company,
Germany).

Three pots per treatment were randomly selected for destructive sampling at
tillering, elongation, and maturity stages. Plants were harvested, separated into
roots, stems, leaves, and grains, dried at 75 °C to constant weight, and weighed.
Plant samples were ground, and total N content and 8'°N values were meas-
ured using an elemental analyzer coupled with isotope ratio mass spectrometry
(EA-IRMS, Germany).

Soil amino sugars were extracted from maturity-stage samples following
the Zhang and Amelung method (62) and quantified by gas chromatography
(Agilent 7890A, United States). Compound-specific *N abundance analysis of
glucosamine (GluN) and muramicacid (MurN) was determined using isotope gas
chromatography-mass spectrometry as described by He et al. (63). The microbial
assimilation/immobilization rates of fertilizer N were estimated based on the
5N-labeled amino sugars synthesis rates reported by Li et al. (64).

Nitrogen use efficiency (NUE, %) was calculated as

NUE = 100 x (U“F UO)xATF, (4]
N
where Uy is the "°N content of plants fertilized with "°N-labeled urea (kg N'ha™"),
Uy is the ™N content of plants in the natural abundance unlabeled treatment.
Fyis the N application rate (240 kg N ha™"), and AT is the *N abundance (%) of
the applied fertilizer.
Microbial N use efficiency (My) was calculated as

v A

NE = A0+ ML, [51

where MA, (kg N ha™") is the amount of fertilizer N assimilated by microbes,
the microbial assimilation N, and ML, (kg N ha™") is the amount of fertilizer N

lost through microbially mediated gaseous emissions (i.e., N, and N,0 losses).
The residual N content of fertilizer in the soil (TNF, mg kg’1)was calculated as,

AT —AT, )

INF =TN x < T [6]
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where TN (mg kg™") is the total soil N content, AT, is the "N abundance (atom%)
inthe labeled soiIsample,andATCisthe”N abundance (atom%)in the unlabeled
soil sample.

Gaseous N loss intensity (GNLI, g N kg™ grain) was calculated as

(7]

GNU = 1000 x <M)

grain yeild

where gaseous N loss (kg N'ha™") represents the sum of N,, NHy, and N,0 losses,
and grain yield (kg grain ha™") refers to the harvested grain yield.

statistical Analyses. Data were checked for normality using the Shapiro-
Wilk test, and for homogeneity of variances using Levene's test. When both
assumptions were met, differences in N, emission, NH; volatilization, N,0 emis-
sion, crop yield, plant N uptake, and NUE among treatments were assessed
by one-way ANOVA followed by Duncan tests for multiple comparisons, or by
an independent t test for pairwise comparisons. Statistical significance was
defined at o = 0.05. All analyses and figure plotting were conducted using
R software (version 4.3.0).

Data, Materials, and Software Availability. Data used in the study are
included in the manuscript and/or S/ Appendix.
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