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Abstract.

Lateral nitrogen transfer (LNT) along the land-river continuum plays a critical role in
regulating global nitrogen (N) cycling and its feedbacks to climate, yet it remains poorly
represented in land surface models. Here, we incorporate LNT into a global land surface model
within an Earth System Model framework, enabling a process-based quantification of N
transport, transformation, and associated riverine N2O emissions at the global scale. The
upgraded model, ORCHIDEE3-Niat, captures the magnitude and broad spatial patterns of
riverine N fluxes and N2O emissions across major global river basins. Simulations for 1901—
2020 indicate a strong anthropogenic intensification of LNT, with global dissolved inorganic
nitrogen (DIN) delivery to rivers and export to the ocean increasing by ~245% and ~151%,
respectively, while dissolved organic nitrogen (DON) shows more moderate increases (~32—
38%), indicating a shift toward inorganic N dominance in aquatic systems. Riverine N2O
emissions increased substantially, accelerating after the 1960s and forming hotspots in
intensively managed subtropical regions. Attribution analyses reveal different controls on N
forms: global DIN increases were initially driven by sewage and atmospheric deposition, with
fertilizer inputs becoming dominant after the 1960s, whereas DON dynamics were primarily
governed by manure inputs and hydroclimatic variability. Attribution patterns vary markedly
among continents, with Europe being the only region showing declines in lateral N fluxes and
riverine N2O emissions after the 1980s. Overall, anthropogenic perturbations more than
doubled terrestrial N inputs, boosting riverine export and tripling riverine N2O emissions—far
outpacing changes over land, where terrestrial N2O emissions increased by only ~25%. Despite
a dramatic increase in global N export, the fraction of terrestrial N inputs reaching the ocean
has decreased from 27% to 18% over the historical period, indicating reduced land-ocean

connectivity and an intensified filtering role of the global river network.
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1. Introduction

Reactive nitrogen (Nr), encompassing all biologically, chemically and radiatively
active nitrogen (N) species except atmospheric N2, is transformed through a complex network
of processes that sustain a highly dynamic N cycle (Gruber & Galloway, 2008). This cycle
strongly interacts with the Earth’s climate system. For example, nitrous oxide (N20), a potent

greenhouse gas (GHG), has a global warming potential about 300 times that of CO2 on a per-



molecule basis and also contributes to stratospheric ozone depletion (Ravishankara et al., 2009).
Moreover, the N cycle influences the carbon (C) cycle by regulating primary production and
microbial activity in terrestrial, freshwater, and marine ecosystems, thereby indirectly affecting
CO2 and CH4 fluxes and climate change (Morée et al., 2013; Seiler et al., 2024; Thornton et al.,
2007; Zachle et al., 2014).

Over the past century, human activities have dramatically accelerated the global N cycle
(Fowler et al., 2013; Gruber & Galloway, 2008; Zhu et al., 2025), primarily through synthetic
fertilizer production, fossil fuel combustion, and intensive animal husbandry (Erisman et al.,
2008). In terrestrial ecosystems, increased inputs of Nr generally enhance soil N availability
and plant productivity in N-limited systems. However, they also simulate soil microbial activity,
accelerate nitrification and denitrification, increase emissions of nitrogenous gases such as NH3,
NO, and N20, and reduce ecosystem N retention efficiency under high or chronic Nr loading
(Seiler et al., 2024; Thornton et al., 2007; Zaehle et al., 2014). As anthropogenic Nr is leached
into rivers, aquatic primary production, organic matter decomposition, nitrification, and
denitrification are stimulated, thereby strengthening coupled C—N cycling and increasing N2O
outgassing from aquatic systems (Beaulieu et al., 2011; Seiler et al., 2024; Maavara et al., 2019).
Concurrently, the chemical composition of riverine dissolved Nr has been profoundly altered,
shifting from diverse forms prior to human perturbation to a clear dominance of inorganic
species under persistent anthropogenic nutrient enrichment (Wymore et al., 2021). These
alterations result in widespread environmental impacts, including water quality degradation,
eutrophication, hypoxia, biodiversity loss, and harmful algal blooms (Baron et al., 2013;

Compton et al., 2011; Diaz & Rosenberg, 2008; Galloway, 2003).

The seminal work by Gruber and Galloway (2008) provides an Earth-system
perspective on anthropogenic perturbations to the global Nr cycle, but does not explicitly
resolve temporal trends, large-scale spatial variability, or process-level feedbacks, particularly
along global river networks. As a critical linkage between terrestrial and marine Nr cycles,
lateral Nr transfers along rivers remain insufficiently constrained, introducing substantial
uncertainties in global N and C budgets (Battin et al., 2023; Billen et al., 2013; Galloway, 2003;
Maranger et al., 2018). Explicit representation of riverine Nr processes is therefore essential
for dynamically coupling land and ocean biogeochemical models, the land to ocean route being
a preferential pathway through which anthropogenic perturbations on land propagate into the
marine environment (Boyer et al., 2006; Tivig et al., 2021). Diagnosing ecosystem responses

to anthropogenic perturbations therefore requires an Earth-system perspective (Gruber &



Galloway, 2008; Regnier et al., 2022). Such an Earth-system perspective is also required to
assess greenhouse gas budgets, particularly N2O emissions, a significant fraction of which is
driven by the leaching of anthropogenic Nr from land (Suntharalingam et al., 2012, 2019; Yao
et al., 2020).

Global riverine N20O emissions have been simulated using a range of models that differ
in process representation, spatial resolution and span, and temporal dynamics. Empirical
approaches relate DIN loads to N2O fluxes using statistical relationships or emission factors,
providing early global estimates but lacking mechanistic detail (Hu et al., 2016; Kroeze et al.,
2005). Process-based river-network models explicitly simulate nitrification—denitrification
processes and their hydrological and geomorphic controls, enabling mechanistic interpretation
of N20 production in rivers (Beaulieu et al., 2011; Maavara et al., 2019; Marzadri et al., 2021,
2022). These models have improved previous estimates by assimilating observations through
machine-learning techniques (Marzadri et al., 2021) or by applying stochastic approaches to
assess uncertainties (Maavara et al., 2019; Lauerwald et al., 2019), but remain uncoupled from
terrestrial ecosystem dynamics. Dynamic Land Ecosystem Model (DLEM) has integrated
terrestrial and aquatic biogeochemical processes and simulated multi-decadal response of
riverine N2O emissions to anthropogenic N inputs and climatic forcing (Yao et al., 2020).
However, the effects of land-use change and urban ecosystems on historical riverine N2O

emissions remain insufficiently represented.

Global nutrient models have also been developed to quantify N exports from land to
rivers and the ocean. The Global Nutrient Export from Watersheds (GlobaNEWS) framework
estimates riverine N export to the ocean as a function of catchment N inputs using highly
simplified empirical representations of transport and in-stream processes (Mayorga et al., 2010;
Seitzinger et al., 2005, 2010). The Integrated Model to Assess the Global Environment—Global
Nutrient Model (IMAGE-GNM) couples hydrology with N delivery, transport, and retention
across inland waters using a process-based representation, but lack a fully coupled terrestrial—
aquatic N cycle. Similarly, Ma et al. (2025) developed a global lateral N transfer model
(LSM_Nlateral off) that resolves the hydrology as well as Nr transport and transformations
along the global river network, enabling reconstruction and projection of lateral Nr fluxes under
diverse anthropogenic drivers while capturing seasonal variability. However, the model
operates offline, relying on prescribed terrestrial Nr inputs rather than a configuration in which
terrestrial and aquatic Nr and C cycles and their feedbacks evolve synchronously. Coupled

land—inland water models such as DLEM and LM3-based frameworks provide advanced



representations of Nr cycling within an integrated land-inland water framework (Lee et al.,
2019, 2024a, 2024b; Tian et al., 2018; Yang et al., 2015). However, published estimates of
lateral Nr transport from DLEM are currently limited to North America. Recent developments
in the LM3 framework enable global-scale estimates and future projections (Lee et al., 2024b).
Nevertheless, a systematic attribution of lateral Nr fluxes and their feedbacks to climate change

and anthropogenic perturbations across the coupled land-river continuum remains unresolved.

Diverse modelling approaches and uneven observational constraints have led to
diverging global estimates in both riverine N2O emissions and Nr lateral fluxes. As recently
synthesized by the Global Carbon Project through its Global Nitrous Oxide Budget, global
riverine N2O emissions fall within the 0.31-0.44 Tg N yr'! range for present-day conditions
(Tian et al., 2024). Model simulations over the past century suggest decadal growth rates on
the order of 10%—-20% (Wang et al., 2023; Yao et al., 2020). As already pointed out in the last
assessment report by the IPCC (Canadell et al.,, 2021), this recently reported range is
significantly lower than the values (1.05 Tg N yr!) reported in the pioneering studies by e.g.,
Seitzinger and Kroeze (1999). For Nr lateral transfers, values are mostly reported for the
exports to the oceans and span the 35-49 Tg N yr'! range for the contemporary period (Boyer
et al., 2006; Green et al., 2004; Lee et al., 2024a; Mayorga et al., 2010; Vilmin et al., 2018).
Ma et al (2025) also highlighted that discrepancies are larger at continental and watershed
scales, sometimes exceeding 150 % for large river basins such as the Amazon, and the Ganges
basin. This comparison among previous estimates thus highlights that land-to-ocean Nr exports
and riverine N2O emissions still face substantial uncertainties, which likely increase with
spatial disaggregation. Model ensemble assessments regarding trends in lateral Nr fluxes and
N20 emissions are also critically missing. Furthermore, attribution of temporal changes to the
wide diversity of direct (fertilizer, manure, etc...) and indirect (climate change, atmospheric
composition) anthropogenic perturbations requires a holistic representation of the Nr cycle

(Gruber and Galloway, 2008).

To achieve this aim, we develop ORCHIDEE3-Niat, a land surface scheme within the
IPSL Earth System Model (Boucher et al., 2020), which is enabled for lateral Nr transfer and
N20 emissions along the global river network. This integration provides a prognostic, process-
based simulation framework for the co-evolution of land-river Nr dynamics. We first evaluate
ORCHIDEE3-N1a using observation-derived fluxes and concentrations of riverine NH4", NO3
and DON, as well as N2O emission rates. We then reconstruct the spatiotemporal dynamics of

lateral Nr transfers and riverine N2O emissions over the historical period (1901-2020), and



perform factorial simulations to attribute changes to natural and anthropogenic drivers
operating on both terrestrial and aquatic systems. Finally, we propose a new global budget for
the land-river Nr cycle that decomposes Nr fluxes into natural and anthropogenic components.
Within this framework, we also aim to characterise the interannual and spatial variability of
lateral Nr fluxes and riverine N2O emissions, and identify the mechanisms governing their

long-term changes over 1901-2020.
2. Methodology

2.1. Model description

ORCHIDEE3 is a global scale model coupling energy, water, C and N cycles in
terrestrial ecosystems (Krinner et al., 2005; Vuichard et al., 2019). The representation of C and
N cycles across the soil-plant-atmosphere system are based on the OCN model (Zaehle, 2013;
Zaehle & Friend, 2010). With respect to soil N processes, nitrification and denitrification are
simulated according to the DNDC (DeN:itrification-DeComposition) model (Li et al., 1992,
2000; Zhang et al., 2002), tracking fluxes among soil ammonia/ammonium (NH3/NH4"), NOs",
nitrogen oxides (NOx), N20 pools, and the atmosphere. In addition to vertical gaseous losses
(NHs3, NOx, N2O and N2), N is also delivered laterally via runoff and drainage into rivers. The
representation of these lateral N fluxes and their fate within the global river network have been
implemented in LSM_Nilateral off (Ma et al., 2025) using outputs from ORCHIDEE-CNP
(Goll et al., 2017, 2018; Sun et al., 2021) and ORCHIDEE-Clateral (Lauerwald et al., 2017,
Zhang et al., 2022). Here we embed LSM_Nlateral Off into ORCHIDEE3 to simulate the
dissolved N (NH4", NOs~ and DON) cycles in terrestrial ecosystems and river networks,
yielding ORCHIDEE3-Niat.

ORCHIDEE3 simulates runoff, drainage, and associated inorganic N losses, which
provide direct inputs to the lateral N transfer module. However, soil dissolved organic C (DOC)
and dissolved organic N (DON) processes are not implemented in ORCHIDEE3. Therefore, in
ORCHIDEE3-Niat DOC leaching is simulated using an empirical formulation (Eq. S1) based
on soil C content, runoff, drainage and soil temperature. DON leaching is then derived by
applying observed C:N ratios of dissolved organic matter (ranging from 8 to 25, with a mean
value of ~12) (Lutz et al., 2011; Maranger et al., 2018; Rodriguez-Cardona et al., 2022; Tipping
et al., 2016). Consequently, factors that directly or indirectly influence soil organic C (SOC),
runoff, drainage and soil temperature, for example climate change and inorganic N addition
(synthetic fertilizer and atmospheric N deposition), can affect DON leaching and thereby alter

the DON fluxes into rivers and their export to the ocean.



In the routing scheme of ORCHIDEE3-Niat (Fig. 1), surface runoff (Fro) feeds into the
“fast” water reservoir (Stast H20), While belowground drainage (Fpr) feeds into the “slow” water
reservoir (Sslow H20). The outflows from these two reservoirs then feed into the “stream” water
reservoir (Ssiream H20). Water in the stream reservoir of a given grid cell is routed downstream
(Fdownzriv) into the stream reservoir of the adjacent downstream grid cell. The outflow rates from
the fast (Ffastout H20), Slow (Fstowout H20) and stream reservoirs (Fstreamout H20, Fup2riv, and Fdown2riv)
are calculated based on a reservoir-specific water residence time t and a grid-cell-specific
topographic index (fiopo; unitless; Table 1; Vorosmarty et al., 2000), which modulates t to
derive a water residence time for each reservoir attached to each river segment. Detailed
formulations are provided in Ma et al. (2025).

Following the routing scheme of water, dissolved N contained in surface runoff and
belowground drainage flows into the fast and slow reservoirs, respectively. Within these
reservoirs, DON is decomposed into DIN, which undergoes transformations and losses via
nitrification and denitrification (see below). The remaining fractions are transferred to the
stream reservoir, which also receives point inputs from urban ecosystems via sewage (Fig. 1).
In the stream reservoir, N continues to be transformed by the same biogeochemical reactions

and is advected downstream from one grid cell to another along the river network.

A detailed description of N transfers and transformations within the river network can
be found in Ma et al. (2025). Two main differences exist between LSM_Nlateral off and the
N routing module of ORCHIDEE3-Niat. First, ORCHIDEE3-Niat does not represent erosion of
particulate (PON) and subsequent lateral transfer processes, as the sediment-erosion
submodule that drives PON export is not currently integrated. Second, LSM_Nlateral off
treated DIN as a single pool and simulated only denitrification, whereas ORCHIDEE3-Niat
explicitly distinguishes NHs" and NOs", thereby including nitrification and denitrification along
the routing pathway, as well as riverine N2O emissions. Here, we mainly describe the newly
added processes in ORCHIDEE3-Niat, such as nitrification and N2O emissions, as well as the
dynamics of the related N species (i.e., NHa", NO3", N20). Specifically, the dynamics of NH4"

and NOs™ in rivers are computed as follows:

dSfast_NH4

Q- Fro NHa — Frastout nHa + Rrast pon — Rfast niT (D
dSslow_NH4 _

T Fpr nua — Fsiowout nHa + Rsiow pon — Rsiow niT (2)

dSstream NHa __
dt - Ffastout_NH4 + Fslowout_NH4 + Fupstream_NH4 + Fsewage_NH4 -

Fdownstream_NH4 + Rstream_DON - Rstream_NIT (3)



deast_NO3 _

dt - FRO_N03 - Ffastout_NO3 + (1 - fNIT) X Rfast_NIT - Rfast_DENIT (4)
Lstow Nos — —F +(1- X R ~R 5
dt — YDR_NO3 slowout_NO3 ( fNIT) slow_NIT slow_DENIT ( )
dsstream_N03 _ F + F + F + F _
dt — Y fastout_NO3 slowout_NO3 upstream_NO3 sewage_NO3
Fdownstream_NO3 + (1 - fNIT) X Rstream_NIT - Rstream_DENIT (6)

where S (g N) represents the N stock in the different reservoirs; F (g N d!) represents N flow
rates between reservoirs following the LSM_Nilateral off algorithm (Ma et al., 2025) ; R (g N
d!) represents N transformation rates; Sfust N, Ssiow ~, and Ssiream ~ (g N) represent N (i.e., NHa"
or NOs3") stocks in the fast, slow, and stream reservoirs, respectively; Fro nand Fpr nvrepresent
N leaching rates via runoff and drainage as simulated by ORCHIDEE3; Flustour v and Fisiowour N
represent N flow rates from the fast reservoir and slow reservoir to the stream reservoir,
respectively; Fupsweam n represents N inflow rates from upstream grids; Fdownstream N rE€presents
N outflow rates to downstream grid; Fsewage N represents N inflow rates from sewage; and Rpow,
Rwir, and Rpenir (g N d!) represent DON decomposition (Ma et al., 2025), nitrification, and

denitrification rates (Ma et al., 2025) in each reservoir 7 (fast, slow and stream), respectively.

Aquatic nitrification is mechanistically controlled by both NH4" availability and oxygen
supply; however, field experiments have generally not identified oxygen limitation as a
dominant control on nitrification in river systems (Bernhardt, 2002; Kemp & Dodds, 2002).
Consequently, nitrification in rivers is typically more strongly regulated by NH4" availability
than by oxygen limitation (Koenig et al., 2017; Pauer & Auer, 2009). At regional to global
scales, most river reaches are therefore assumed to remain predominantly oxic, with oxygen
availability closely coupled to hydrological transport and organic matter dynamics that are
implicitly represented in river network models (Seitzinger et al., 2006; Wollheim et al., 2008).
Explicit representation of O2 dynamics would require spatially continuous, high-resolution
dissolved oxygen data that are not available at the global scale and would likely introduce
additional uncertainty without commensurate improvements in predictive skill. In addition,
nitrification rates in rivers are also strongly controlled by temperature (Shammas, 1986; Zheng
et al., 2017; Zhu et al., 2023). Therefore, in ORCHIDEE3-N1., the nitrification rate in each
reservoir r (fast, slow and stream) is simulated using first-order kinetics with respect to NH4"
and a temperature dependence, following previous research (Kannel et al., 2007; Pelletier &

Chapra, 2006):

Ry nit = Sy nHa X Kr nir X Fronir (7



(TW-Tyref NiT)?
N ——
(Tref NIT) (8)

Fr oy = e
where R nir(g N d!) represents the nitrification rate in the fast (Rfast NiT), slow (Rslow NIT) OF
stream (Rstream NIT) TESEIVOIrs; Sy nus represents the NHa" stocks in the fast (Stst NH4), slow
(Sstow NH4) or stream (Sstream NH4) reservoirs; k- nir (0.4 d!) represents the nitrification rate in
water at 20°C in the fast, slow and stream reservoirs (Delaware River Basin Commission, 2022;
McCutcheon, 1987; Raimonet et al., 2017); Fr wnir (unitless) represents the dependence of
nitrification on temperature (Ma et al., 2022); Tyer nir (= 20°C) is the reference temperature
(Zheng et al., 2017), while TW is the water temperature, derived from soil temperature using
an empirical formulation (Ma et al., 2025; Zhang et al., 2022). DON decomposition rates, as
well as flow rates of water, DON and DIN (NH4" and NO3") follow the implementation of
LSM Nilateral Off (see Ma et al., 2025 for further details). The denitrification rate is
represented using a formulation analogous to that of Ma et al. (2025), with the key distinction
that the rate is expressed as a function of the NO3™ stock rather than the total DIN stock.
Following previously published approaches, ORCHIDEE3-Nit represents N20
emissions from rivers using a constant emission-factor scheme applied to nitrification and
denitrification rates:
Enzo = fuir X Ryir + foenir X Rpenir )
where Enzo (gN d!) represents N2O emissions from rivers to the atmosphere; fvir (0.9%) and
foenit (0.9%) represent the emission factors of the nitrification and denitrification pathways
(Beaulieu et al., 2011; Maavara et al., 2019; Yao et al., 2020). Note that these emission factors
are applied to N transformation processes rather than to N inputs from catchments as in earlier
studies (Hu et al., 2016; Kroeze et al., 2005), a key development for accurately representing

the kinetics of N2O production in aquatic systems (Maavara et al., 2019).
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Figure 1. Simulated lateral transfer processes of water and N (DON, NH4" and NO3") and
riverine N20 emissions in ORCHIDEE3-Niat. Fro and Fpr are the surface runoff and
belowground drainage, respectively. Fupstream and Fdownstream are the upstream inputs and

downstream outputs, respectively. Adapted from Fig. 2 in Zhang et al. (2022).

2.2. Data sources

2.2.1. Model forcing data

A historical simulation of ORCHIDEE3-Ni.t was performed at a spatial resolution of
0.5°, using a set of forcing datasets representing the temporal evolution of meteorological and
anthropogenic (land-use and land-management) drivers of the land-river N cycle, as well as
databases related to soil properties, and water and N lateral transfers.

Meteorological forcing data (Table 1), including near-surface air temperature, specific
humidity, incoming shortwave and longwave radiation, precipitation, snowfall, wind speed,
and surface pressure at a 6-hourly time step, were derived from the Climatic Research Unit
(CRU) and Japanese Reanalysis (JRA) (CRU-JRA 2.1; Harris et al., 2014). The global annual
mean atmospheric CO2 concentration was obtained from the TRENDY project (Le Quéré et
al., 2018). Land-cover distributions were derived by merging LUH2 v2 (Hurtt et al., 2020) with
ESA CCI land cover (2022), following Lurton et al. (2020). Soil texture and type followed
Reynolds (1999), while soil bulk density and pH were obtained from HWSD v1.2
(FAO/ITASA/ISRIC/ISSCAS/IRC, 2012).

Atmospheric N deposition (NHx and NOy) was derived from the IGAC/SPARC
Chemistry-Climate Model Initiative (CCMI; Eyring et al., 2013), at a spatial resolution of 0.5°

and a monthly temporal resolution. In our simulations, monthly deposition totals were



temporally downscaled to daily values by assuming a uniform deposition rate within each
month.

Mineral fertilizer inputs and manure N application to cropland and pasture were
obtained from HaNi (Tian et al., 2022). These inputs are provided at an annual temporal
resolution and were evenly distributed across each day of the plant growing season
(approximately half of the year) in the model simulations. Sewage N inputs (Beusen et al.,
2016), available at a 0.5° global resolution with a 5-year time step, was linearly interpolated to
an annual time step and subsequently evenly distributed across each day of the year (Table 1).
N from sewage was partitioned into different N species following the approach used in Naden
et al. (2016), assumimg 10% DON, and 31.5% NH4", 58.5% NOs".

The routing file obtained from Guimberteau et al. (2012) defines the directions of water
and N flows directions in each grid cell. The grid-cell-specific topographic index, used to

modify water residence time in each reservoir, was derived from Vorosmarty et al. (2000).

Note that, all datasets mentioned above were resampled from native spatial resolutions

(see Table 1) to 0.5° for driving ORCHIDEE3-Niat.
2.2.2. Observational data

Water discharge and riverine total N (TN) fluxes simulated by LSM_Nlateral off have
been thoroughly evaluated by Ma et al. (2025). However, compared with LSM_Nlateral off,
ORCHIDEE3-Niat represents N2O emissions and distinguishes NH4" and NO3™ by incorporating

nitrification into the reaction network, and separating the DIN pool into NH4" and NO3 pools.

We thus perform a complementary model evaluation using observed river discharge
data from the Global Runoff Data Ccentre (GRDC) (Federal Institute of Hydrology, 2018) and
riverine NH4", NO3", DIN and DON concentrations from the Global River water Quality
Archive (GRQA) (Virro et al., 2021) to evaluate the model performance in reproducing N
lateral transfer processes (Fig. 2). GRDC discharge data were extracted for 346 gauging
stations with catchment areas larger than 50,000 km?. Stations were required to include at least
one continuous 12-month period with a minimum 25 observations in per month (Ma et al.,
2025). Regarding NH4", NO3", DIN and DON concentrations derived from GRQA, only time
series with more than two observations per month in a given year were retained. Where multiple
GRQA sites fell within the same 0.5° % 0.5° grid and month, values were averaged to obtain a
grid-specific monthly concentration. Applying these criteria, we obtained observed NH4", NO3",

DIN and DON data for 98, 103, 28, and 25 grids, respectively. Annual mean concentrations



and fluxes were computed as the arithmetic average of all qualifying observations within each

calendar year for each grid:

Z:ilz= C S im
Cops y = Lim=ifobs i im (10)
Fops n = Zilri=1 Cobs v im X Fobs w im (11)

where Coss v (g N m™) and Foss v (g N yr'!) represent the annual mean concentrations and
fluxes of N (NH4", NOs,, DIN or DON here), respectively; Coss v im is the observed N
concentration (g N m~) from GRQA for month im, and Foss w imis the corresponding monthly
water discharge (m?® month™) from the gauging station nearest to the GRQA site.

We additionally compiled riverine N20O emission observations from 98 sites reported in
the peer-reviewed literature (Table S1) and applied the same screening and aggregation
procedures as described above, yielding data for 57 grids. Data sources are listed in Table S1.

Table 1. Forcing data used to drive ORCHIDEE3-Niat and datasets used for model evaluation.
Sres and Tres are the spatial and temporal resolution of the forcing data, respectively.

Forcing data Sres  Tres Data source

Climatic Research Unit (CRU) and
Japanese reanalysis (JRA) data set

Meteorological data 0.5° 6 hours (CRU-JRA V2.4) (Harris et al.,
2014)

COz concentration / 1 year TRENDY (Le Quéré et al., 2018)

o ESA-CCI LUH2v2 (Lurton et al.,

Land cover 0.5 1 year 2020)

Soil texture class 0.5° / (Reynolds et al., 1999)
HWSD v1.2

Soil bulk density and pH 30"/ (FAO/ITASA/ISRIC/ISSCAS/IRC,
2012)

Fertiliser application 5! 1 year HaNi (Tian et al., 2022)

Manure application 5! 1 year HaNi (Tian et al., 2022)

N deposition 0.5 1 year IGAC/SPARC CCMI

Sewage 0.5 5 years (Beusen et al., 2016)

Flow direction, 0.5° / (Vérdsmarty et al., 2000)

Topographic index (fiopo)

Evaluation data Sres  Thres Data source



Riverine water discharge / 1 day GRDC*

Riverine NH4", NOs", DIN point b

and DON concentration / measurement GRQA

N20 emission / pont Table S1
measurement

2 Global Runoff Data Centre (GRDC) (Federal Institute of Hydrology, 2018); ® Global River
water Quality Archive (GRQA) (Virro et al., 2021).
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Figure 2. Locations of observational sites for riverine N concentrations and N2O emission rates.
Yellow dots represent sites with NHa" concentration data, 98 sites; green dots represent sites
with NOs concentration data, 103 sites; red dots represent sites with DIN concentration data,
28 sites; brown dots represent sites with DON concentration data, 25 sites; purple dots represent
sites with riverine N20O emission data, 57 sites. Insets for data-dense regions in North America

and Europe are also shown.
3. Results and discussion
3.1. Model evaluation

Previous results showed that for major rivers with drainage areas exceeding 50, 000

km? worldwide, ORCHIDEE reliably reproduces the magnitude and seasonal variations of



lateral water and TN fluxes (Ma et al., 2025; Zhang et al., 2022). To further assess
ORCHIDEE3-Nit, we evaluate its performance in simulating riverine concentrations and
fluxes of NH4", NO3", DIN, and DON, as well as riverine N2O emissions. As shown in Fig. 3,
using logarithmic-transformed values, the model explains 53%, 70%, 65% and 78% of the
spatial variations in observed long-term mean NH4", NO3", DIN, and DON concentrations,
respectively, and 60 % of the spatial variations in N2O emissions. When evaluated on a linear
scale, the corresponding values are 51%, 68%, 65%, and 78%, indicating comparable model
performance across scales. For N fluxes, based on logarithmic-scale comparisons, the model
explains 62%, 44%, 45% and 55% of the spatial variations in observed NH4", NOs", DIN, and
DON, respectively. When evaluated on a linear scale, the corresponding values increase to 79%,
63%, 70% and 88% (Fig. S1). Notably, although NH4" exhibits the weakest correlation for the
concentrations, it exhibits the strongest correlation for the fluxes (R? = 0.62). ORCHIDEE3-
Nt does not directly simulate N concentrations, instead, daily N concentrations are calculated
by dividing N stock by water volume in the stream reservoir. Consequently, bias in discharge
or water storage at a given site may propagate into concentration errors. Overall, the joint
evaluation of concentrations and fluxes indicates that the model is robust in simulating lateral

N transport and transformation, as well as riverine N2O emissions at the global scale.
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3.2.  Historical trajectories of global riverine N fluxes and N2O emissions

Global application of our model indicates that riverine N fluxes have increased
substantially from 1901 to 2020, with species-specific trajectories (Fig. 4). Averaged over
2001-2020, averaged DIN inflow into rivers and export to the ocean were 39.9 and 23.8 Tg N
yr'l, representing dramatic increases of 245% and 151% relative to 1901-1920. Over the same
periods, annual DON inflow into rivers and export to the ocean were 18.9 and 10.8 Tg N yr'!,
increasing by 38% and 32%, respectively. Piecewise analysis indicates a pronounced
acceleration in DIN fluxes after 1965, with growth rates rising from 0.05 to 0.25 Tg N yr (i.e.,
0.25 Tg N yr'! per year) for terrestrial DIN inputs to rivers and from 0.07 to 0.54 Tg N yr for
riverine export to the ocean. In contrast, DON fluxes increased more rapidly prior to 1965.
These divergent trajectories lead to an increasing DIN:DON ratio in river flows, consistent
with observation syntheses showing a shift from heterogeneous mixtures of N species toward
inorganic dominance under intensifying human disturbances (Wymore et al., 2021). Trends
simulated by ORCHIDEE3-Niat closely match those from offline model (LSM_Nlateral off,
Ma et al., 2025), with minor differences attributable to climate forcing datasets and process

representations in the two models.

Riverine N2O emissions likewise increased sharply by about 226%, from 111.7 Gg N
yr! (1901-1920) to 365.0 Gg N yr!' (2001-2020). The trajectory was non-monotonic, with
mean growth rates of 0.78 Gg N yr? during 1901-1965 and 4.80 Gg N yr? after 1965. DLEM
simulations show similar behaviour until the mid-1990s, followed by a decline over 1996-2016
(—1.03 Gg N yr?). To investigate the mechanisms responsible for the differences in riverine
N20 emissions between DLEM and ORCHIDEE3-Nit during the last two decades, we
compared key forcing datasets used by the two models, including air temperature, precipitation,
N fertilizer, N manure application, and atmospheric N deposition (Fig. S2). These datasets
exhibit no obvious differences between the two models over 1995-2016. Direct comparison
of sewage inputs is not possible due to data limitations. However, Yao et al. (2020) reported
that sewage accounts for about 2.9% of terrestrial N inflow to rivers, whereas ORCHIDEE3-
Niat simulated a larger and increasing contribution (5%—16%). This discrepancy suggests that
differences in sewage inputs may partly explain divergences in simulated riverine N2O
emissions. In addition, differences in model structure and parameterization likely contribute to
these discrepancies, underscoring the importance of model intercomparisons, such as the global
N20 Model Intercomparison Project (NMIP) for reducing uncertainties and improving

confidence in riverine N20 simulations.
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3.3.  Spatial patterns of global riverine N,O emission

Riverine N2O emissions exhibit pronounced spatial heterogeneity in both the early 20th
century (1901-1920 mean) and the contemporary period (2001-2020 mean), with elevated
values concentrated in in tropical regions and intensively cultivated croplands, including
eastern North America, South America (excluding arid areas), Western Europe, tropical Africa,

South Asia, Southeast Asia, and southeastern China (Fig. 5a—b). A similar spatial pattern is



found for N2O emission densities (i.e., N2O emissions per river area), identifying these regions
as persistent hotspots. Consistent with this, an observation-based machine-learning (ML)
assessment by Marzadri et al. (2021) reports high N2O emission densities in the same regions,

providing independent support for the spatial patterns simulated by ORCHIDEE3-Niat.

However, N2O emission densities simulated by ORCHIDEE3-Niat differ from those
reported by Marzadri et al. (2021) in several regions, including Argentina, parts of southern
Africa (e.g., Namibia, Botswana, and the country South Africa), and parts of Russia (Fig. S4).
These discrepancies likely arise from two main factors. First, the two products differ
substantially in spatial resolution, ORCHIDEE3-Niat simulations are produced at a resolution
of 0.5°, whereas the Marzadri product is resolved at 30 arc-seconds. The finer resolution allows
for a more explicit representation of localized N2O emission hotspots, which may be smoothed
or masked at coarser scales. Second, the ML-based DIN product used to drive the N2O model
in Marzadri et al. (2021) was trained primarily on North American observations (Shen et al.,
2020). Its global application therefore introduces additional uncertainty, particularly in regions
with hydroclimatic and biogeochemical conditions that are underrepresented in the training
data (Liu et al., 2023). Hydrological and biogeochemical processes in Argentina, Russia, and
southern Africa (including Namibia, Botswana, and the country South Africa) differ
fundamentally from those in the North America (Dargie et al., 2017; McClelland et al., 2012;
Regnier et al., 2013).

Compared with the early 20th century, present-day riverine N2O emissions have
increased across most regions, with the largest increases (> 500%) in the western United States,
the eastern coastal area of South America, the northern Mediterranean littoral, South and
Southeast Asia, and southeastern China (Fig. 5c), whereas slight decreases are evident in the
Amazon basin and parts of tropical Africa. Measurements from hotspot regions indicate that
elevated riverine N2O emissions are primarily driven by anthropogenic inputs, including
fertilizer application, wastewater discharge, and eutrophication (Beaulieu et al., 2011; Laini et
al., 2011; Li et al., 2022; Upadhyay et al., 2026). These N enrichments, often amplified by
hydrological regulation and low-oxygen conditions, provide a mechanistic explanation for the
simulated increases in these regions. In contrast, declining riverine N2O emissions in parts of
the Amazon Basin and tropical Africa are associated with limited anthropogenic N inputs and
rising atmospheric COz. Previous studies show that N inputs in these regions have remained
relatively low (Lamarque et al., 2013; Lu & Tian, 2017; Tian et al., 2022). In addition, in these
generally N-limited rainforest ecosystems (LeBauer & Treseder, 2008; Wright et al., 2018),



elevated CO2 enhances plant C sequestration and N uptake (Ainsworth & Long, 2021; Drake
et al., 2013), thereby slightly reducing N leaching (Ma et al., 2025) and associated riverine N2O

emissions.

The latitudinal pattern of riverine N2O emissions indicates that, during the historical
period, subtropical regions have replaced the tropics and high latitudes as the zones of highest
emission intensity (Fig. 5d). By contrast, DLEM outputs show a peak in temperate latitudes
(Yao et al., 2020). This difference largely stems from our substantially higher subtropical
emissions, particularly across South Asia, where intensive human activities and large N inputs
(including N inputs from urban sewage, S3) drive exceptionally high N inflows into rivers (Ma
et al., 2025; Tian et al., 2022), and consequently elevated N2O emissions. Moreover, the
observation-based ML assessment (Marzadri et al., 2021) reports high N2O emission densities
in South Asia, providing further support for our simulations and for a peak in emissions in the

northern subtropics (Fig. S4).
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3.4.  Drivers of the historical increase in global riverine N fluxes and N,O emissions

Since the early 20th century, anthropogenic drivers have substantially increased lateral
N fluxes and riverine N2O emissions. We implemented a series of factorial experiments to

attribute these changes to the respective drivers (Table. S2). As shown in Fig. 6a—b, during



1901-1969, atmospheric N deposition and sewage were the primary factors of increased DIN
inflows to rivers and exports to the ocean. Manure application contributes more to DIN exports
than to inflows, as a substantial fraction of manure-derived organic N is transformed into DIN
during lateral transfer. From the 1970s onward, widespread land-use change and rising
fertilizer use (Tian et al., 2022) became the main drivers of enhanced DIN lateral transfer to
rivers and export to the ocean. In the 2010s, fertilization contributed 19.5 Tg N yr'! to DIN
inflow and 8.6 Tg N yr'! to ocean export, comparable to the combined contributions of N
deposition and sewage. Conversely, CO: fertilization has reduced DIN transfer since the 1970s
by enhancing plant N uptake and biomass sequestration (Johnson et al., 2004; Niklaus et al.,
2001; Terrer et al., 2019), and hence to a decrease in DIN lateral transfer. By the 2010s, its
contribution reached -7.6 Tg N yr! for DIN inflow and -3.8 Tg N yr! for DIN export.
Regarding DON, lateral transfer increased over 1901-2020, with manure application
explaining over 75% of the increase (Fig. 6 c—d). This prominent role of manure is consistent
with evidence that manure substantially enhances soil organic N accumulation, enlarging the
pool susceptible to lateral mobilization (Denoncourt et al., 2025). Event-scale and field studies
further show that storm-driven transport efficiently mobilizes manure-derived DON and that
manure application alters dissolved organic matter composition and mobility, increasing
potential DON export during hydrologically active periods (Begum et al., 2022; Luek et al.,
2020). In contrast, atmospheric NH4" and NO3™ deposition, and mineral fertilizer application
contribute negatively DON lateral transfer trends. In the 2010s, the fertilizer contribution to
DON inflow and export were -1.2 Tg N yr'! and -0.6 Tg N yr'!, respectively. In ORCHIDEE3-
N, inorganic N inputs alleviate N limitation, enhancing vegetation growth and evapo-
transpiration, thereby reducing runoff, drainage, and DON leaching. However, field evidence
remains mixed: some studies report reduced DON fluxes due to increased evapotranspiration
(Farley et al., 2005), whereas others show enhanced DON leaching under long-term N addition
(Feng et al., 2023; McDowell et al., 2004). Global-scale assessments of this process remain
lacking. Elevated CO2 exerts a positive effect on DON transfer (Fig. 6¢). In ORCHIDEE3-Niat,
CO:2 fertilization increases organic matter inputs (via productivity, litterfall, and root exudation)
and reduces stomatal conductance, thereby enhancing runoff and drainage. Together, increased
DON supply and water fluxes promote DON lateral transfer fluxes. A 5-year field experiment
at the alpine treeline reported that CO2 enrichment stimulated microbial activity and soil
respiration, and increased soil DOC and DON concentrations, thereby enhancing the potential
for DOC and DON leaching (Hagedorn et al., 2008). While large-scale reconstructions such as
those by Nakhavali et al. (2024) focus on DOC rather than DON, they provide complementary



evidence for enhanced DOM mobilization under rising CO2, which is consistent with the
process-level mechanisms driving DON leaching in ORCHIDEE3-Niat.

Attribution results for riverine N2O emissions broadly follow those for DIN. During
1901-1969, atmospheric N deposition, manure application and sewage N were the primary
drivers of the increasing emissions. Over the 1970-2020 period, climate change, land-use
change and especially fertilizer use exerted progressively stronger influences. By the 2010s,
fertilization contributed 166.1 Gg N yr! to riverine N2O emissions, approximately equal to the
combined contributions of all other factors. Elevated atmospheric CO2 reduced the intensity of
DIN lateral transfer, and thus riverine N2O emissions, with a contribution of -27.7 Gg N yr'! in
the 2010s, partly offsetting increases driven by climate change and land-use change. These
attribution results are broadly consistent with DLEM (Yao et al., 2020), with both models
showing a negative effect of CO2. DLEM excluded land-use change and sewage inputs as
potential drivers in their attribution analysis. While previous studies suggest that sewage
contributes only ~2.9% of terrestrial N inputs to rivers (Beaulieu et al., 2011; Yao et al., 2020),
our results indicate a larger and increasing contribution (5.4-14.6%; Ma et al., 2025).
Correspondingly, sewage-driven N2O emissions rose from 12.0 Gg N yr'! in the 1900s to 77.2
Gg N yr'! in the 2010s. Our findings highlight the importance of accounting for urban sources,
particularly wastewater discharge in future attribution analyses of riverine N2O emissions.

Overall, anthropogenic N inputs are the dominant driver of lateral N fluxes and riverine
N20 emissions worldwide, although their relative importance varies markedly among
continents (Fig. 7 & S5). Asia exhibits the most pronounced increase in riverine N2O emissions
(Fig. 7c), with fertilizer and manure application becoming dominant drivers after the 1960s,
reflecting rapid intensification of agricultural activities. North America (Fig. 7a) also showes
substantial increases, driven primarily by fertilizer in the contemporary period. Europe is the
only continent that exhibiting decreasing riverine N2O emissions after the 1980s, with N inputs
(fertilizer, manure application and sewage) remaining the dominant contributors. In South
America, increases arise from relatively balanced contributions of fertilizer use, manure
application, sewage and land-use change. In Africa and Oceania, atmospheric N deposition
dominates trends of riverine N20O emissions (Fig. 7e & 7f). Drivers of lateral N fluxes also vary
across continents (Fig. S5). Patterns of DIN export to the ocean broadly mirror those of riverine
N20 emissions. For DON export to the ocean, manure application explains most of the
temporal evolution in Asia, North America, and Europe (Fig. S5), whereas in Africa, South

America, and Oceania, manure and land-use change are the primary drivers (Fig. S5).



Fig. S6 reveals clear temporal and regional differences in the drivers of changing lateral
N fluxes. During the early 20th century (1901-1920), agricultural activities (including mineral
fertilizer use, manure application, and land-use change) exerted noticeable influences on DON
inflow into rivers in many regions (Fig. S6 al), whereas anthropogenic contributions to DIN
inflow and riverine N>.O emissions were comparatively weak (Fig. S6 bl & cl). By the early
21* century (2001-2020), agriculture became the dominant drivers of DIN and DON inflows
into rivers, as well as riverine N2O emissions, especially in Europe, North America, and East
and South Asia (Fig. S6 a2—c2). Sewage inputs also exerted notable influences in densely
populated regions (Fig. S6 a2—c2). Similar spatial patterns are observed for DIN and DON
export to the ocean (Fig. S6 d2—e2), with agricultural sources increasingly dominating N export

across many river basins.
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3.5. Global Land-river N cycling and budget

Based on ORCHIDEE3-Nijat simulations for 1900-1920 and 2000-2020, we
constructed a new global land-river N budget using the scheme proposed by Gruber &
Galloway (2008, Fig 8). In the early 20th century (blue arrows), terrestrial Nr was close to
steady state, with inputs of 97 Tg N yr'! and output of 95 Tg N yr!, including 69 Tg N yr!
emitted to the atmosphere and 25 Tg N yr'! were exported laterally to rivers (Fig. 8). In the
early 21% century, anthropogenic perturbations more than doubled terrestrial Nr inputs to 254
Tg N yr'!, with fertilizer accounting for ~80% of the increase. Gaseous N emissions from land
to atmosphere did not rise proportionally: N2 outgassing increased by 53%, NOx by 33%, N.O
by 25%, and NH3 by 38%. The relatively modest increase in N2O suggests a declining emission
factor under higher N loading, consistent with nonlinear responses observed in some field
studies (Gu et al., 2019; Wu et al., 2023), although contrasting evidence exists (Shcherbak et
al., 2014; Takeda et al., 2024). In contrast, dissolved N (DON and DIN) inputs to rivers more
than doubled, from 25 Tg N yr! in the early twentieth century to 59 Tg N yr! in the
contemporary period (Fig. 8). PON lateral transfer is not included in the current ORCHIDEE3-

Niat, however, our offline simulation (LSM_Nlateral off) indicates an average annual PON



input of 12 Tg N yr! with no discernible trend over 1901-2014. On this basis, we estimate that
total N delivered to rivers increased from 37 Tg N yr'! in the early 20th century to 71 Tg N yr-
!in the contemporary period (Fig. 8). Consistent with this estimate, Vilmin et al. (2018), using
IMAGE-GNM, reported an increase in global land-to-river TN from 35 Tg N yr™!' in 1900 to
68 Tg N yr! in 2000. Within the river network, our simulations show that N2 emissions rose
by ~200%, while N2O emissions rose by about 300% from ~0.10 Tg N yr'! (1901-1920) to
~0.40 Tg N yr'! (2001-2020) (Fig. 8). The decadal mean N2>O emission during 2001-2010 was
0.33 Tg N yr'!'. Over 1901-2010, DLEM simulated a riverine N2O emissions increase from 0.09
to 0.29 Tg N yr!, while IMAGE-DGNM simulated vales from 0.35 to 0.70 Tg N yr! (Wang
et al., 2023). Our estimates fall within the range delineated by these two models. TN (DIN,
DON, PON) export to the ocean increased by 61% over the past century, from 28 to 45 Tg N
yr'! (Fig. 8), consistent with previous model simulations, see Ma et al. (2025) for further details.
The contemporary estimate (45 Tg N yr'!) falls within the range reported by previous model
simulations (35-49 Tg N yr'!) (Boyer et al., 2006; Green et al., 2004; Lee et al., 2024a;
Mayorga et al., 2010; Vilmin et al., 2018).

The global N cycle synthesized by Gruber and Galloway (2008) provides a conceptual,
observation-constrained framework of the N cycle by integrating major N sources, sinks, and
transfers across the atmosphere, terrestrial ecosystems, and the ocean. ORCHIDEE3-Njat now
provides results from a fully coupled, internally consistent process-based model that explicitly
represents lateral N transfer, in-stream N transformations, and associated N2O emissions along
the land-river water continuum. Under natural conditions in Gruber and Galloway (2008),
corresponding to ORCHIDEE3-Niat simulations for 1901-1920, the land-ocean N connectivity
is similar. This can be illustrated by the fraction of N exported to the ocean relative to that
entering terrestrial ecosystems, which is approximately 23% in Gruber and Galloway (2008)
and 27% for ORCHIDEE3-Nit. However, in the contemporary period, ORCHIDEE3-Niat
simulates weaker land-ocean N connectivity (~18%), reflecting lower land-ocean connectivity
and an intensification of the filtering role of the global river network. By contrast, Gruber and
Galloway (2008) report a higher value (~25%) for the anthropogenically influenced period,
likely due to their larger assumed riverine N export (~70 Tg N yr'') compared with more recent
estimates. These discrepancies highlight the need for improved observational constraints on
riverine N export to the ocean to reduce uncertainties in model simulations, similarly to what

has recently been achieved for the C fluxes (Liu et al., 2024).
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3.6. Model limitations

In ORCHIDEE3-Niat, soil DON leaching is estimated using an empirical formulation
based on soil C content and the soil C:N ratios. This is a limitation, as numerous studies have
reported a decoupling of soil C and N cycles, particularly under N addition, with DON often
responding more rapidly than DOC (Gao et al., 2015; McDowell et al., 2004). Consequently,
the model simulates a negative response of DON leaching to inorganic N addition, as
fertilization-induced reductions in runoff and drainage outweigh increases in DON
concentration. This feedback remains uncertain and calls for additional observations of DON
concentrations in soils and rivers, together with targeted manipulation experiments to improve
the mechanistic representation of soil DON dynamics and leaching processes in models. PON
erosion is omitted, and the model focuses on DIN and DON, which exhibit obvious temporal
trends compared to the particulate phase (Ma et al., 2025). In principle, PON erosion could be
estimated analogously to POC by applying sediment delivery rates to topsoil organic N (Zhang
etal., 2020; 2022); ORCHIDEE3-Niat also currently omits the role of river floodplain dynamics

and channel erosion due to limited understanding and lack of robust parameterizations at the



global scale. Floodplains regulate N lateral transfer through exchange, retention, and
transformation processes. Site-scale studies show that by expanding the water—soil-vegetation
contact and increasing residence time, floodplains promote redox conditions that enhance
denitrification and thereby reduce downstream NO3™ loads (Gordon et al., 2020; Mayer et al.,
2007; Roley et al., 2012; Tschikof et al., 2022); they also trap and store particulate N in over-
bank deposits and modulate DON dynamics during inundation and drawdown (Noe & Hupp,
2005; Zuijdgeest et al., 2015). However, integrating these processes into global models is
strongly constrained by limited observations across diverse hydroclimatic and geomorphic
settings, highlighting the need for coordinated, large-scale observational efforts. In addition, N
retention and recycling in lakes and artificial reservoirs are not currently represented in the
model; these systems provide favourable conditions for N burial in sediments and permanent
loss via denitrification (Saunders and Kalff, 2001; Harrison et al., 2009; Akbarzadeh et al.,
2019). The absence of these processes may result in an underestimation of N removal in inland
waters and N leaching from land, and an overestimation of N exports to oceans.

Model evaluation of ORCHIDEE3-Niat against 57 observation sites indicates that the
model reproduces the first-order magnitude and broad spatial patterns of riverine N2O
emissions, providing a practical baseline for global simulations. However, ORCHIDEE3-Niat
does not explicitly represent N cycling and N20O processes in the hyporheic zone. Strong redox
gradients and active water—sediment exchange in this zone can enhance coupled nitrification—
denitrification and N2O production (Li et al., 2023; Wang et al., 2024), and their omission may
lead to an underestimation of riverine N2O emissions. Addressing this limitation will be an
important focus of future model development. In addition, observational network remains
sparse and unevenly distributed. Globally, fewer than 30 stations provide DIN and DON data;
DIN observations are concentrated in Western Europe, whereas DON records are primarily
from North America. N2O measurements are likewise limited to 57 sites. This paucity of
observations hampers parameter identification in global-scale lateral N transfer models and
inflates predictive uncertainty (Wellen et al., 2015), underscoring the need for expanded,

spatially representative monitoring of N fluxes and riverine N2O emissions, particularly DON.
4. Conclusion

In this study, we developed ORCHIDEE3-Nut, a global land-river modelling
framework that explicitly represents lateral N transfer, in-stream N transformations, and
riverine N2O emissions, and applied it to reconstruct their historical evolution over 1901-2020

at 0.5° resolution globally. By coupling terrestrial N cycling with riverine transport and in-



stream processes, the model enables a consistent assessment of how anthropogenic
perturbations propagate through river networks and affect N export to the ocean and riverine
N20 emissions. Simulations reveal a pronounced century-scale shift toward inorganic N
dominance in riverine fluxes. DIN inflow to rivers and exports to the ocean increased strongly,
particularly after the 1960s, whereas DON increased more modestly, indicating divergent
responses of inorganic and organic N to anthropogenic forcing. Consistent with the enhanced
lateral N transfer, riverine N2O emissions increased by more than 200% over the twentieth
century, with contemporary hotspots concentrated in intensively managed subtropical regions.
Attribution analyses reveal contrasting controls on dissolved N forms: DIN is dominated by
atmospheric deposition, sewage, and fertilizer inputs, whereas DON primarily regulated by
manure inputs and hydroclimatic variability. Riverine N2O emissions broadly track DIN but
with an enhanced contribution from manure application. Anthropogenic impacts on N fluxes
and riverine N20 emissions vary across continents, with Europe being the only region showing
a decline both in N fluxes and riverine N2O emissions after the 1980s. Globally, anthropogenic
perturbations since 1900 have more than doubled terrestrial N inputs, whereas N export to the
ocean increased by only 61%, reflecting reduced land-ocean connectivity, and enhanced N
removal within land and river systems. ORCHIDEE3-Niat has several limitations that point to
priorities for future development, including the explicit representation of soil DON dynamics
and PON erosion, as well as inclusion of N cycling and N2O emission in other inland water
bodies. These advances should be accompanied by expanded observational datasets for model
further calibration and evaluation. Ultimately, ORCHIDEE3-Nit provides a foundation for
coupling with ocean biogeochemistry models such as PISCES (Bopp et al., 2013; Martinez-
Rey et al., 2015) within the IPSL-ESM, enabling integrated simulations of N cycling and N2O
emissions across the land-river-ocean continuum and their feedbacks to climate change and

anthropogenic disturbance.
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