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ABSTRACT 

The riverine N2 O fluxes are assumed to linearly increase with nitrate loading. However, this linear 
relationship with a uniform EF5r is poorly constrained, which impedes the N2 O estimation and mitigation. 
Our meta-analysis discovered a universal N2 O emission baseline (EF5r = k/[NO3 

−], k = 0.02) for natural 
rivers. Anthropogenic impacts caused an overall increase in baselines and the emergence of hotspots, which 
constitute two typical patterns of anthropogenic sources. The k values of agricultural and urban rivers 
increased to 0.09 and 0.05, respectively, with 11% and 14% of points becoming N2 O hotspots. Priority 
control of organic and NH4 

+ pollution could eliminate hotspots and reduce emissions by 51.6% and 63.7%, 
respectively. Further restoration of baseline emissions on nitrate removal is a long-term challenge 
considering population growth and declining unit benefits ( �N-N2 O/N-NO3 

−). The discovery of EF lines 
emphasized the importance of targeting hotspots and managing baseline emissions sustainably to balance 
social and environmental benefits. 
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EF5r may either overestimate or underestimate the 
riverine N2 O emissions [6 –8 ]. Although riverine 
N2 O emissions tend to increase with N inputs, this 
linear relationship with a uniform EF5r (0.26%) is of- 
ten weak or non-existent [9 ,10 ]. Moreover, the ob- 
served EF5r is poorly constrained due to the high het- 
erogeneity of global rivers, ranging from 0.005% to 
7% [4 ,11 ]. As a result, uncertainties wi l l inevitably 
widen when extrapolating the simplistic factor for 
the global estimation. Additionally, our understand- 
ing of riverine N2 O emissions remains fragmented 
with a bias towards N-rich rivers, yet no clear large- 
scale pattern has been identified for global rivers 
[9 ]. This simplistic and fragmented understanding 
thereby hinders our ability to comprehend the un- 
derlying mechanism of riverine N2 O emissions and 
quantify human impacts. This, in turn, impedes the 
development of effective mitigation strategies. 

Agricultural production, animal husbandry, in- 
dustrial and domestic sewage are the major sources 
of general nitrogen and organic pollution in rivers. 
The continuous urbanization, increasing food de- 
mand and widespread deoxygenation in warming 
rivers wi l l further increase N2 O emissions [12 –15 ]. 

©The Author(s) 2024. Published
Commons Attribution License (h
work is properly cited. 
NTRODUCTION 

n the Anthropocene epoch, agriculture and rapid ur-
anization completely alter the natural nutrient con-
ervation mechanism under the impact of clearing
atural vegetation and introducing excessive nutri-
nts. Increasing N availability in global rivers leads
o unintended environmental consequences, includ-
ng increased nitrous oxide (N2 O) emissions [1 ,2 ].
lobal rivers thereby become a significant anthro-
ogenic source for N2 O emissions. Estimates indi-
ate that global riverine N2 O emissions have expe-
ienced a 4-fold increase since the 1900s [2 ]; this
ate of increase is three times faster than terrestrial
nes [2 ], contributing 10%–30% to the overall an-
hropogenic N2 O budget [3 ,4 ]. 
In the estimation and management of indirect

2 O emissions (The Intergovernmental Panel on
limate Change (IPCC)), riverine N2 O fluxes are
ommonly assumed to linearly increase with nitrate
oading on the basis of the emission factor EF5r 
[N2 O]/[NO3 

−]) [5 ,6 ]. EF5r has been constantly
efined by the IPCC from 0.75% (1998) to 0.25%
2006) and to 0.26% (2019). However, recent stud-

es have continued to argue that the current default 
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he current emission factor EF5r ([N2 O]/[NO3 
−])

mphasizes the importance of reducing nitrate in
2 O emission mitigation. However, the broad range
f EF5r underscores the complexity of microbial pro-
esses and environmental factors regulating river-
ne N2 O emissions. Riverine production of N2 O
reatly depends on microbial activity, particularly
itrification, nitrifier denitrification (NDN) and
enitrification processes [16 ]. Incomplete denitrifi-
ation is commonly assumed to be the dominant
athway regulating N2 O production and consump-
ion in rivers [6 ,17 ]. However, denitrification activity
n aquatic ecosystems is generally limited by the sup-
ly of electron donors (organic matter) rather than
O3 

− [18 ]. Whether the introduction of excess ni-
rate can linearly increase N2 O production, as well
s the role of organic carbon, requires further in-
estigation. Additionally, recent research has empha-
ized nitrification as a non-negligible source of N2 O
missions in rivers and lakes [19 ,20 ]. NH4 

+ -derived
athways were even proven to be the dominant N2 O
ources in low-order agricultural streams around
he world [21 ]. These findings collectively chal-
enge the prevailing management priorities regard-
ng nitrate. Therefore, we hypothesize that organic
ollutants and ammonia may also play an impor-
ant role in the management of riverine N2 O emis-
ions, which have been underestimated in previous
odels. 
It is worth noting that the IPCC method provides

olicymakers with convenient and easy-to-use pa-
ameters for regional and global N2 O emission esti-
ations [22 ]. Consequently, it has been widely ap-
lied with a large-scale dataset [23 –46 ]. Previous
tudies have proposed a variety of non-linear mod-
ls, including efficiency loss models and exponen-
ial models, for refinement of emission factor esti-
ates [7 ]. The extensive range of EF5r presents an
pportunity for the extraction of valuable insights
hrough data mining. To do so, we conducted a
omprehensive global meta-analysis including 3047
n situ measurements across different river types (nat-
ral, agricultural and urban rivers) to explore the
ntrinsic nature of EF5r . Seasonal measurements of
2 O fluxes and isotopic signatures were also per-
ormed in rivers impacted by anthropogenic activi-
ies (agriculture and urbanization) to determine the
revailing microbial processes and predominant en-
ironmental drivers. Finally, in this study, a global
istribution map of N2 O hotspots with effective
anagement strategies was generated. This study
an enhance our understanding of how human ac-
ivities impact global riverine N2 O emissions and
ddress the questions of how much of these emis-
ions can be mitigated and how to do so most
ffectively. 
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RESULTS 

Universal EF lines for global rivers 
The determination of N2 O emissions for highly het- 
erogeneous rivers has long remained a contentious 
issue. The IPCC adopted a value of 0.26% (n = 91)
as a representation of the global riverine emission 
factor [47 ]. Through the analysis of a comprehen- 
sive dataset comprising 3047 observations, it was re- 
vealed that EF5r varies by five orders of magnitude 
(Fig. 1 a), with an average value of 0.50% (Fig. 1 b),
which is greater than that adopted by the IPCC. Im- 
portantly, our results indicated that the EF5r value 
adopted by the IPCC cannot be universally ap- 
plied across all rivers, because EF5r exhibits signifi- 
cant variations across different river types. The EF5r 
of natural rivers without human influence (0.79%) 
was notably greater than that of agricultural rivers 
(0.06%) and urban rivers (0.18%), leading to both 
overestimation and underestimation of EF5r in spe- 
cific river categories. These findings emphasize the 
importance of considering the distinct characteris- 
tics of different river types when estimating N2 O 

emissions. 
Furthermore, it was revealed that EF5r decreased 

with increasing NO3 
− concentration (Fig. 1 c), pre- 

cisely conforming to the inversely proportional func- 
tion EF5r = k/[NO3 

−] (R2 = 0.90) for natural 
rivers, hereafter referred to as the EF baseline. A k 
value of 0.02 represents situations without human 
disturbance. At the baseline, N2 O concentrations are 
insensitive to further increases in nitrate levels, but 
are determined by the k value (EF5r = k/[NO3 

−] = 

[N2 O]/[NO3 
−], that is [N2 O] = k). Iterative analy- 

ses were further conducted on individual watersheds 
( Fig. S1a–j), a nd the k values we re positively corre-
lated with the average nitrate concentration in rivers 
( Fig. S1k, R2 = 0.78, P < 0.001). Therefore, the k 
value could serve as a reference for the overall nutri- 
ent level and basic N2 O emissions in rivers. In other 
words, the average nitrate concentration determines 
the basic N2 O emissions in rivers. 

Regarding agricultural and urban rivers, anthro- 
pogenic impacts caused an overall increase in their 
baselines and the emergence of hotspots (Fig. 1 d and 
e, Figs S2–S3). To obtain baselines, outliers were ex- 
cluded according to the 3 σ rule in each fitting itera- 
tion ( Tables S1–S2). The k values of agricultural and 
urban rivers increased to 0.09 and 0.05, respectively, 
which is consistent with the increase in nutrient lev- 
els. The plot of measured EF5r versus predicted EF5r 
values i l lustrates the reliability of EF lines (Fig. 2 a–
c). Notably, most outliers that deviated from the 
baseline became N2 O hotspots in agricultural (11%) 
and urban rivers (14%). Several outliers occurred be- 
low the fitting line, especially in agricultural rivers, 
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Figure 1. Location and characteristics of EF5r used in the meta-analysis. (a) Geographical distribution of EF5r from the global riverine sample sites. 
(b) EF5r of global rivers and variations across different river types (natural, agricultural and urban rivers). The boxes are bounded by the 25th and 75th 
percentiles. The whiskers represent 1.5 × the interquartile range, and the solid line denotes the median. The black dots denote arithmetic means, and 
the gray dots denote outliers. (c-e) EF lines with k values indicating nutrient levels and basic N2 O emissions in the different rivers. The model function 
y = k/x was employed for fitting. In each iteration, a residual analysis was performed to exclude any points deviating from the baseline (3 σ rule) until 
there were no outliers in the fitted curve. n indicates the points without outliers/total sampling points. 
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hich are probably caused by natural factors (e.g.
aterfalls or rainstorms) or human activities (e.g. ir-
igation). When anthropogenic impacts exist, EF5r 
ignificantly deviates from the baselines and can-
ot be accurately predicted with nitrate as the only
ariable (Fig. 2 d and e). Overall, the baseline emis-
ions and hotspots constitute two typical patterns
f anthropogenic sources in global rivers. To reveal
he underlying mechanism of the two typical N2 O
mission patterns, regional investigations based on
sotopes and meta-analyses of the physicochemical
arameters of global rivers were performed. 

2 O baseline emissions 
uring the initial phase of the baselines, even minor
mounts of NO3 

− were accompanied by a certain
2 Oequilibrium 

level, resulting in extremely high
Page 3 of 13
emission factors near the zero point, especially 
for natural rivers (Fig. 1 c). Subsequently, EF5r 
decreased with increasing NO3 

− concentration. 
Therefore, an increase in nitrate does not necessarily 
lead to increased N2 O emissions. Similar phenom- 
ena have been observed in rivers and estuaries and 
have been attributed to biological saturation [7 ,13 ]. 
To reveal the underlying mechanism, the microbial 
sources of N2 O production in anthropogenically 
impacted rivers were quantified by isotopic ap- 
proaches ( Figs S4–S6), which can provide an insight 
into N2 O production and reduction mechanisms 
[48 –50 ]. In Haihe River basin, the EF baseline was
established with the function y = 0.045/x ( Fig. S6a, 
R2 = 0.91). Isotopic signatures of N2 O, δ15 NBulk , 
δ18 O and δ15 NSP were combined to separate N2 O 

microbial sources in 3D isotope space ( Fig. S6b). 
For the sampling points around the baseline, 
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itrification significantly contributed to N2 O
missions (51.7%), thereby a decrease in the
H4 

+ /NO3 
− ratio led to a decrease in EF5r 

[N2 O]/[NO3 
−]) ( Fig. S6c and d). Similarly, den-

trification accounted for an average contribution
f 39.2% to N2 O emissions for baseline points
 Fig. S6c). As NO3 

− reduction typically occurs
nly when there are sufficient electron donors
18 ,51 ], excessive nitrate is rendered inert nitro-
en. Therefore, the decreasing dissolved organic
arbon (DOC)/NO3 

− ratio with nitrate limits the
roduction of N2 O, further resulting in a decrease
n EF5r ( Fig. S6e). From the regional to global
cales, the NH4 

+ /NO3 
− and DOC/NO3 

− ratios
ointly determine the EF5r according to significant
inear relationships, and the inversely proportional
ecreases in the NH4 

+ /NO3 
− and DOC/NO3 

−

atios with increasing NO3 
− finally determine the

istribution of the EF baselines ( Fig. S7). 
The baseline N2 O emissions were characterized

y specific k values in the different types of rivers
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(Fig. 3 and Fig. S8). Innatural rivers, the surrounding 
terrestrial vegetation and internal carbon/nitrogen 
cycle are the major sources of nitrogen (NH4 

+ and 
NO3 

−) and organic matter [52 ]. They are generally 
subject to the overall nutrient level in the system, 
with the total nitrogen (TN; comprising mainly ni- 
trate) as one of the main limiting factors. Therefore, 
natural rivers effectively sequester and recycle N at 
relatively low nutrient levels (k = 0.02) due to the 
extremely limited N availability (median NO3 

− = 

0.3 mg/L). The difference in the N2 O partial pres- 
sure ( �N2 O = N2 Owater –N2 Oequilibrium 

) was used to 
indicate the N2 O emission capacity of global rivers. 
The natural source of riverine N2 O emissions was 
negligible, with a median �N2 O concentration of 
0.02 nM. Geographically, most high-order natural 
rivers, such as the Napo River, Yellow River, Yangtze 
River and Ganges River, generally exhibit low lev- 
els of baseline N2 O emissions, even functioning as 
sinks of atmospheric N2 O (Fig. 4 e). By contrast, 
agriculture and urbanization introduce excessive 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
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Figure 3. Natural and anthropogenic N2 O emissions. Anthropogenic sources constitute the primary component of N2 O emissions in global rivers and 
are mainly manifested as two patterns: baseline emissions and localized hotspots. The k values of the EF lines for natural, agricultural and urban rivers 
were determined at 0.02, 0.09 and 0.05, respectively, indicating increasing nutrient levels and basic N2 O emissions in the different types of rivers. The 
corresponding median �N2 O concentrations were 0.02, 23.9 and 21.7 nM, respectively. The median NH4 

+ , NO3 
− and DOC concentrations for the basic 

emissions (blue) and localized hotspots (red) are shown for the different rivers. Additionally, the median �N2 O concentration at localized hotspots 
reached 204.0 nM (11%) and 231.4 nM (14%) in agricultural and urban rivers, respectively. 
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utrients into rivers. The median NO3 
− concen-

ration for the agricultural baseline points was
.0 mg/L, which is significantly greater than that
f the other rivers (Fig. 3 ). Although it is diffi-
ult for inert nitrates to be directly reduced in aer-
bic rivers with insufficient electron donors, ele-
ated nutrient levels could determine the primary
roductivity of phytoplankton and surrounding ter-
estrial vegetation, thereby promoting basic N2 O
missions with an increased k value of 0.09. Sim-
larly, the moderate TN level (median NO3 

− =
.0 mg/L) in urban rivers caused an increase in
he k value to 0.05. The corresponding median
N2 O concentrations in agricultural and urban
ivers were 23.9 and 21.7 nM, respectively, which
re significantly greater than those in natural rivers.
t is worth noting that the baseline N2 O emissions
n agricultural rivers are significantly higher than
hose in urban rivers, largely due to the substan-
ial leaching of fertilizer from agricultural non-point

ources. 
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Localized hotspots 
The hotspots are generally derived from sudden in- 
creases in organic and NH4 

+ loads. In the case of 
the identified hotspots ( Fig. S6a, Spring-CB1 and 
Autumn-CB5), organic pollution activates nitrate, 
leading to a significant increase in denitrification 
activity ( Fig. S6c). Because NH4 

+ pollution often 
occurs simultaneously with organic pollution ( Fig.
S9), the introduction of NH4 

+ also significantly 
contributes to N2 O production through nitrifica- 
tion and nitrifier denitrification. Therefore, sampling 
points where the NH4 

+ /NO3 
− and DOC/NO3 

−

ratios deviated from the fitting lines potentially be- 
came hotspots of N2 O emissions ( Fig. S6d and e). 
Globally, the NH4 

+ and DOC concentrations in 
hotspots were significantly greater than those at the 
baseline points, especially for the NH4 

+ /NO3 
− and 

DOC/NO3 
− ratios ( Fig. S8b–e). 

Although only a few of the sampling points 
became hotspots in agricultural (11%) and urban 
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management of riverine N2 O emissions. (g, h) Nitrate-based �N2 O reduction model. The green, yellow and blue points denote the sampling points in 
natural, agricultural and urban rivers, respectively. The points with red borders indicate N2 O hotspots, and the slope ( �N-N2 O/N-NO3 

−) represents the 
unit benefit of N2 O emission reduction caused by treating a unit of nitrate. 
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14%) rivers, the median �N2 O concentrations
eached 204.0 and 231.4 nM, respectively (Fig. 3
nd Fig. S8), almost 10 times the basic emission lev-
ls. The hotspot emissions in urban rivers are more
evere than those in agricultural rivers due to the
reater impact of point source pollution in urban ar-
as. Statistically, a log-normal probability distribu-
ion for the �N-N2 O concentration was observed
n agricultural and urban rivers (Fig. 4 a–d), indicat-
ng the disproportionate contributions of hotspots at
he tail of these frequency distributions. Therefore,
argeting pollution control towards the high ends of
hese distributions would probably result in greater
nvironmental gains per unit of management effort.
n contrast to natural rivers, low-order streams con-
ributed disproportionate amounts to N2 O emis-
ions due to the massive amounts of terrestrially
Page 6 of 13
derived carbon/nitrogen inputs (Fig. 4 e). Agricul- 
tural N2 O hotspots were mainly distributed in Asia 
and Europe, which exhibit intensively cultivated 
croplands and dense populations. Moreover, urban 
hotspots were significant in megacities, such as Bei- 
jing, Shanghai, Tokyo and New Delhi, while no sig- 
nificant urban hotspots were observed in developed 
countries, such as the USA, Canada and in Europe. 
Because the point source pollution in urban areas 
is comparatively more manageable than non-point 
source pollution in agricultural rivers, developed 
countries have basically eliminated hotspot emis- 
sions in urban rivers, but sti l l experience hotspot 
emissions caused by agricultural non-point source 
pollution. Additionally, due to the lack of monitoring 
sites, potential hotspots in certain developing coun- 
tries are not shown on the map. 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
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ISCUSSION 

nthropogenic perturbations in nitrogen flow have
xceeded the proposed planetary boundary [53 ],
eading to concomitant threats to agricultural pro-
uctivit y, food securit y, global climate and economic
rosperity [54 ]. We are trying to explain how N2 O
s emitted from global rivers and how to reduce it us-
ng the simplest mathematical curve. The discovery
f EF lines helps us better understand how human
ctivities affect global riverine N2 O emissions and
ids in the development of effective management
trategies. 

iverine N2 O emission patterns 
he discovery of EF lines reveals the two typical
atterns of anthropogenic N2 O sources in global
ivers: an overall increase in baselines and the emer-
ence of hotspots. At the baseline, accurate predic-
ions of EF5r are feasible for rivers with the function
F5r = k/[NO3 

−] (Fig. 2 a–c). The riverine N2 O
oncentration was insensitive to further increases in
itrate levels but was determined by the k value. The
 value is generally determined by the overall nu-
rient level in rivers, mainly by the nitrate concen-
ration. Therefore, nitrate removal is the key point
or mitigating baseline N2 O emissions. However, the
xistence of hotspots caused the measured EF5r to
ignificantly deviate from the baseline trend, and
F5r cannot be accurately predicted with nitrate as
he only variable (Fig. 2 d and e). As we hypothe-
ized, organic pollution and NH4 

+ play an impor-
ant role in the riverine N2 O emissions. Organic mat-
er rapidly activates nitrate, accompanied by simul-
aneous NH4 

+ input ( Fig. S9), leading to a signifi-
ant increase in N2 O emissions. In contrast to the ba-
ic N2 O emissions with time lags, localized hotspots
an exhibit excessive N2 O emissions within a short
ime, where anthropogenic pollution might exceed
he environmental carrying capacity, accompanied
y irreversible changes and serious degradation in
cosystems (e.g. algal blooms and black-odor wa-
er). Therefore, restoring hotspots might return their
riginal ecological functions and provide additional
cological benefits. 

wo scenarios for mitigating riverine N2 O
missions 
wo scenarios (Fig. 4 f) were established to answer
he following questions: How much can riverine
2 O emissions be mitigated? How can they be miti-
ated more effectively? 
Scenario 1: Restore the agricultural/urban

otspots (204.0/231.4 nM) to their baselines
Page 7 of 13
(23.9/21.7 nM) by controlling organic and NH4 
+ 

pollution. Despite similar nitrate concentrations 
between hotspots and baseline points, the excessive 
presence of DOC and NH4 

+ results in significant 
N2 O emissions (Fig. 3 and Fig. S8). Therefore, 
controlling organic and NH4 

+ pollution can re- 
store agricultural/urban hotspots to their baseline 
levels without further nitrate removal. As a result, 
restoring hotspots in agricultural (11%) and urban 
(14%) rivers could reduce N2 O emissions by 51.6% 

and 63.7%, respectively. Even in agricultural rivers 
dominated by non-point source pollution, critical 
source areas often contribute most to the pollution 
load in the entire watershed. 

Scenario 2: Restore the agricultural/urban 
hotspots and their baselines to the natural baselines 
(0.02 nM). In addition to organic and NH4 

+ pol- 
lution control, further nitrate removal is needed 
to completely eliminate N2 O emissions in rivers 
(Fig. 3 and Fig. S8). In this case, restoring hotspots 
to the natural baselines in agricultural and urban 
rivers could reduce N2 O emissions by 55.6% and 
66.8%, respectively. This is only slightly higher than 
in Scenario 1 (51.6% and 63.7%), but was achieved 
at a greater cost for additional nitrate removal. 
Additionally, the further restoration of remaining 
baselines needs to manage more than 80% sampling 
points, but could only reduce N2 O emissions by 
44.4% and 33.2% in agricultural and urban rivers, 
respectively. 

From the perspective of nitrate removal (Fig. 4 g 
and h), the slope represents the benefit of N2 O emis-
sion reduction achieved by treating a unit of ni- 
trate ( �N-N2 O/N-NO3 

−). Obviously, the hotspots 
identified by the EF lines exclusively occurred in 
the upper left, the elimination of which provided 
the greatest unit benefit of 0.25% and 0.69% in agri-
cultural and urban rivers, respectively ( Table S4). 
Instead of mechanical restoration from the high- 
est �N-N2 O concentration, our model considered 
a more efficient mitigation strategy on the order 
of unit benefits (slope, �N-N2 O/N-NO3 

−). More- 
over, we found that the thresholds for N2 O hotspot 
control (EFControl , �N-N2 O/N-NO3 

−) in agricul- 
tural and urban rivers were 0.05% and 0.16%, respec- 
tively. These values can easily be applied as a refer-
ence for the identification and management of N2 O 

hotspots. However, further restoration of the base- 
line points with decreasing slopes resulted in a steep 
decrease in the unit benefits ( Table S4). Thereby, 
restoring the baseline points could only reduce N2 O 

emissions by 44.4% and 33.2% in agricultural and 
urban rivers, respectively (Fig. 4 f). In contrast to 
hotspots with severe organic pollution, nitrate re- 
moval at the baseline points also requires additional 
electron donors. Therefore, mitigation strategies for 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
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oth agricultural and urban rivers should first fo-
us on eliminating organic and NH4 

+ pollution at
otspots, while nitrate removal provided lower unit
enefits for N2 O mitigation but came at a greater
ost. 

ustainable management strategies 
he sustainable management of N2 O should inte-
rate environmental, social and economic considera-
ions into the decision-making process. According to
he definition of EF5r (IPCC), N2 O emissions were
ssumed to linearly increase with nitrogen loading.
n this case, nitrate removal is crucial for controlling
2 O emissions. However, our results suggested that
argeting hotspot elimination would probably result
n greater environmental value. It is thereby recom-
ended to first restore agricultural/urban hotspots
o their baselines and then restore their baselines to
he natural baselines. In other words, in regions with
ignificant N2 O hotspots, controlling organic and
H4 

+ pollution should be prioritized. Compared
ith nitrate, the treatment of organic and NH4 

+ pol-
ution is easier and less costly. The priority control
f organic and NH4 

+ pollution could rapidly elimi-
ate N2 O hotspots and halve its total emissions. This
nding is of great significance to practical engineer-
ng and aids in the development of more effective
anagement strategies. 
The point source pollution in urban areas is com-

aratively more manageable. Based on data from
he United Nations Sustainable Development Goals
SDG 6, clean water and sanitation) [55 ], the sewage
ollection rate is more than 90% in developed coun-
ries, thereby no significant urban hotspots were ob-
erved (Fig. 4 e). By contrast, the collection rate is
ess than 60% in most developing countries, espe-
ially India (21%), which hosts a large population,
hereby leading to the situation of being besieged by
2 O hotspots (Fig. 4 e). In the future, well-managed
rbanization, including land intensification, the im-
rovement of sewage collection and an expansion
f wastewater treatment capabi lities, wi l l be favor-
ble for rapidly eliminating hotspots in developing
ountries. However, managing non-point source pol-
ution in rural areas is challenging. It has been re-
orted that ∼60% of the fertilizer applied in soils
eaches into stream systems [21 ]. Therefore, certain
eveloped countries, such as Japan, New Zealand
nd those in Europe, sti l l experience hotspot emis-
ions caused by agricultural non-point source pollu-
ion. This phenomenon is more serious in develop-
ng countries. For example, China has long been the
argest NH4 

+ fertilizer consumer in the world [21 ];
arge numbers of agricultural hotspots have been ob-
erved in the Beijing-Tianjin region and the Yangtze
Page 8 of 13
River Delta. Currently, most measures are restricted 
and rarely implemented due to socioeconomic barri- 
ers, such as small farm size [56 ]. The continued ur-
banization leads to rural depopulation, both through 
rural-to-urban migration and natural aging, benefit- 
ing the ongoing increase of large-scale farming prac- 
tices. It has been estimated that the proportion of 
large-scale cropland farms could increase from 9% in 
2017 to 90% by 2050 in China, thus improving crop- 
land nitrogen use efficiency from 43% to 54% [57 ]. 
Overall, agricultural centralization and the identifi- 
cation of critical source areas are important for man- 
aging N2 O hotspots in agricultural watersheds [58 ]. 

The priority control of organic and NH4 
+ pol- 

lution could rapidly eliminate global riverine N2 O 

hotspots and reduce emissions by one-half. Af- 
ter eliminating hotspots, the management of base- 
line emissions is notably constrained by social 
and economic development. Considering popula- 
tion growth and the massive demand for fertilizer, ni- 
trate wi l l inevitably be leached from intensive arable 
systems. For instance, the median NO3 

− concentra- 
tion at the agricultural baseline points was 6.0 mg/L, 
20 times the natural level of 0.3 mg/L. Mitigat- 
ing baseline emissions requires long-term invest- 
ment but yields lower unit benefits. Fortunately, our 
EF lines demonstrate that the ecosystem can bal- 
ance and withstand moderate anthropogenic pres- 
sure with increased k values. Moreover, too little N 

could lead to lower crop productivity and poor hu- 
man nutrition. As a result, nitrate concentrations can 
remain at appropriate high levels within the environ- 
mental carrying capacity, where a greater N cycle and 
primary production favor rapid N removal and self- 
restoration. 

MATERIALS AND METHODS 

Data collection and sampling sites 
A literature search was conducted using biblio- 
graphic databases (Web of Science, Google Scholar, 
etc.) for papers containing data on N2 O concentra- 
tions and indirect N2 O emission factors (EF5r ) for 
global rivers (from 20 0 0 to 2023) [23 –46 ]. In to-
tal, our efforts identified ∼30 0 0 river points with 
N2 O, NO3 

−, NH4 
+ and DOC concentrations. In 

addition to literature data, N2 O-related parameters 
from large river networks in China were also mea- 
sured ( https://thesis.lib.pku.edu.cn/). A list of the 
cited and measured data is provided in the Supple- 
mentary Data. To further reveal anthropogenic im- 
pacts on N2 O emission, a seasonal measurement 
of N2 O fluxes and isotope values in the Haihe 
River basin was conducted to reveal the underly- 
ing process and the main environmental regulators 

https://thesis.lib.pku.edu.cn/
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ontrolling EF5r . In situ measurements were con-
ucted in two major rivers within the Haihe River
asin, namely, the YongDing River and ChaoBai
 iver, w hich are significantly impacted by urban-
zation and agriculture ( Fig. S4). This region ex-
ibits a continental monsoon climate characterized
y an annual precipitation of ∼600 mm and an av-
rage annual temperature of 10 −12°C [3 ]. Tripli-
ate water samples were collected from rivers dur-
ng ice-free periods, and seasonal sampling was per-
ormed during the spring (April), summer ( July)
nd autumn (October) seasons of 2022. In total,
08 observations were obtained during the sampling
ampaigns. No abnormal hydrological variations or
xtreme weather events were recorded during the
ampling periods. 

stablishment of the EF-line model 
ccording to the river type, we divided the collected
ata into natural, agricultural and urban river data.
nly field observations with original data were used
or further fitting. The non-linear relationship be-
ween the EF5r value and NO3 

− concentration was
tted using the non-linear curve fit option in Ori-
in 2020 via the Levenberg–Marquardt algorithm.
he model function y = k/x was employed for fit-
ing. A residual analysis was performed to exclude
ny points deviating from the baseline. In each it-
ration, sampling points with residual errors greater
han three times the standard deviation were iden-
ified as outliers (3 σ rule). Outliers were excluded,
nd the remaining points were again fitted at each
ime point until there were no outliers in the fitted
urve ( Tables S1–S2). EF lines of natural, agricul-
ural and urban rivers were finally obtained via iter-
tions ( Figs S1–S3), with the outliers highlighted in
ed in the Supplementary Data. In addition, EF lines
f individual rivers were obtained in the same way. 

hysicochemical parameters and 

issolved N2 O 

 precalibrated portable multiparameter device
DZB-718, Leici, China) was used to record the
ater temperature, pH, dissolved oxygen (DO),
xidation-reduction potential and electrical con-
uctivity (EC) simultaneously. Subsequently, all
ater samples were stored at 4°C during transport
o the laboratory. Subsequently, the water samples
ere filtered through 0.22- μm polyethersulfone
yringe filters. An ultraviolet spectrophotometer
UV5100, Shanghai, China) was employed for
he determination of NH4 

+ (Nessler’s reagent
pectrophotometry method), NO2 

− (diazamine
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coincidence spectrophotometry) and NO3 
− (ul- 

traviolet spectrophotometric method). The DOC 

concentration was determined using a total or- 
ganic carbon (TOC) analyzer (TOC-L, Shimadzu, 
Japan). The dissolved concentrations of N2 O in the 
freshwater samples were measured by an Agilent 
7890B gas chromatograph (Agilent 7890B, μECD) 
using the headspace equilibrium method [59 ]. 
The temperatures of the oven, chromatographic 
column and the detector were kept constant at 70, 
280 and 330°C, respectively. The dissolved N2 O 

concentration in the water samples (N2 Owater ) was 
calculated based on the partial pressure of N2 O in 
the headspace and Henry’s law constant for N2 O 

(Eq. 1 ) [60 ]: 

N2 Owater = Cg ×
(
Vg 
Vl 

+ Kh RT 

)
, (1) 

where Cg is the measured N2 O concentration in 
the headspace (nmol/L); N2 Owater is the calculated 
dissolved N2 O concentration (nmol/L); Vg and Vl 
are the gas and liquid volumes, respectively (mL); 
Kh is Henry’s law constant, which is calculated as 
Kh = Kh0 × exp (2700 × ( 1 T − 1 

298 . 15 )) (mol 
m−3 pa−1 ); Kh0 is Henry’s law constant at the stan- 
dard temperature (T = 298.15), which is equal to 
2.4 × 10−4 (mol m−3 pa−1 ); R is the ideal gas con- 
stant, which is equal to 8.314472 m3 Pa/(K mol); 
and T is the water temperature (K). 

Measurements and processing of N2 O 

isotopic signatures 
In recent years, stable isotopes have been widely 
used to reveal the underlying mechanism of river- 
ine N2 O emissions [19 ,20 ,61 ,62 ], which offer quan-
titative information on N transformation and N2 O 

sources. To obtain the δ15 NBulk , δ18 O and δ15 NSP val- 
ues of N2 O, the gas samples were introduced into an
isotope ratio-monitoring mass spectrometer (GC- 
IRMS; Delta V Plus, Thermo Fisher Scientific, Bre- 
men, Germany). Calibration was conducted by mea- 
suring the N2 O standards (330 ppb; δ15 Nα , −0.4 ‰ ;
δ15 Nβ , −0.15 ‰ ; δ15 NBulk , −0.28 ‰ ; δ18 O, 41.95 ‰ ;
Air Liquide America, Specialty Gases LLC). The iso- 
tope ratios of N2 O in delta ( δ) notation were used for
analysis and are presented in units of per mil ( ‰ ), as
expressed in Eqs. 2 –5 : 

δ15 NBulk = 

[ (15 N/14 N 

)
sample /

(15 N/14 N 

)
reference − 1 

] 

×1000 (2) 

δ15 Nβ = 2 × δ15 NBulk − δ15 Nα (3) 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
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δ15 NSP = δ15 Nα − δ15 Nβ (4)

δ18 O = 

[ (18 O/16 O 

)
sample /

(18 O/16 O 

)
reference − 1 

] 

×1000 . (5)

owever, the exchange of N2 O between atmosphere
nd water alters the microbial isotopic signatures of
2 O in the water samples ( δi, water ). A Keeling plot,
ased on the conservation of mass, can be applied to
btain the microbial isotopic signatures of N2 O and
void bias derived from atmosphere-water exchange
63 –65 ]. It assumes that the measured isotopic sig-
ature is a mixture of background atmosphere values
nd the microbial additions. The concentrations and
sotopic signatures of dissolved N2 O were plotted
ith the atmospheric ones ( δ15 NBulk = 6.55 ± 0.47,
18 O = 44.4 ± 0.34 and δ15 NSP = 19.4 ± 1.92)
49 ]. The isotopic signatures of microbially pro-
uced N2 O are represented as the y-intercept value.
n addition, it is worth noting that N2 O may undergo
eduction processes, which can significantly alter
heir original isotopic signatures ( δi, original ). During
2 O reduction, the ratio between the isotope effects
or δ15 NSP and δ18 O remained relatively stable. Thus,
he δ15 NSP / δ18 O map could be used to quantify the
egree of N2 O reduction and calculate the original
sotope source signatures ( Fig. S5) [66 ,67 ]. 

ayesian isotope mixing model 
2 O microbial sources can be quantified by dis-
ributing in situ isotopic signatures to each microbial
rocess [48 –50 ], which was realized by the Stable
sotope Mixing Models in R (SIMMR) [68 ]. The
table Isotope Mixing Models were formulated as
qs. 6 –9 : 

Xi j =
∑ K 

k=1 pk q jk (s jk + c jk ) ∑ K 
k=1 pk q jk 

+ εi j (6)

s jk ∼ N(μ jk , ω
2 
jk ) (7)

c jk ∼ N(λ jk , τ
2 
jk ) (8)

εi j ∼ N(0 , σ 2 
j ) , (9)

here Xi j = observed isotope value j of the mix-
ure i (i.e. δi, original ); s jk = source value k on iso-
ope j, normally distributed with mean μ jk and
ariance ω2 

jk (i.e. corrected values of denitrification,
DN and nitrification in Table S3); c jk = fraction-
tion factors for isotope j on source k, normally dis-
ributed with mean λ jk and variance τ 2 

jk . As the orig-
nal isotope source signatures of N2 O before reduc-
Page 10 of 13
tion were input in this study, the isotope fraction- 
ation factors c jk = 0; pk = proportion of source k, 
estimated by the model; q jk = concentration of iso- 
tope j in source k; εi j = residual error, describing ad- 
ditional inter-observation variance not described by 
the model, while σ 2 

j was estimated by the model. 
Because δ15 NBulk and δ18 O are dependent on the 

substrates, the exchange of O between H2 O and pre- 
cursors of N2 O also perturbs δ18 O of N2 O, there- 
fore we adopted corrected isotopic values to avoid 
bias from precursor substances [66 ,69 ]. The Kjel- 
dahl disti l lation procedure was employed to mea- 
sure the stable isotope ratios of δ15 N-NH4 

+ [70 ]. 
NO3 

− was transformed into N2 O for determina- 
tion of the δ15 N-NO3 

− and δ18 O-NO3 
− isotopes us- 

ing denitrifying bacteria ( Pseudomonas aureofaciens ; 
ACTT 13985, USA). The isotopic signatures for 
each microbial process and precursors are listed in 
Table S3. 

Management strategies 
The difference in the N2 O partial pressure 
( �N2 O = N2 Owater – N2 Oequilibrium 

) for global 
rivers was used to indicate the N2 O emission capac- 
ity. The air-water N2 O equilibrium concentration 
(N2 Oequilibrium 

) can be calculated via Eq. 10 [71 ]: 

N2 Oequilibrium 

= Kh × pA = Kh × CA RT , 

(10) 
where N2 Oequilibrium 

is the air-water equilibrium 

concentration of N2 O (nmol/L) and CA is the 
atmospheric N2 O concentration. In the absence of 
local water temperature data, the existing saturation 
data of N2 O (S = N2 Owater /N2 Oequilibrium 

× 100%) 
were employed to calculate the �N2 O, 
�N2 O = N2 Owater × (S-100%)/S. 

Two scenarios were established for managing 
riverine N2 O emissions. Under Scenario 1, the re- 
duction proportion for restoring hotspots to their 
baselines was calculated via Eq. 11 : ∑ 

(�N2 Oi ,hotspots − �N2 OA/ Ubaseline ) / ∑ 

�N2 Oi , (11) 

where �N2 Oi, hotspots is the �N2 O concentration at 
each hotspot; �N2 OA/U baseline is the median �N2 O 

concentration in agricultural (23.9 nM) and urban 
(21.7 nM) rivers; and �N2 Oi is the �N2 O concen- 
tration at each sampling point in agricultural and ur- 
ban rivers. 

Under Scenario 2, a nitrate-based �N2 O reduc- 
tion model was established, and restoration was 
performed from the highest unit benefits (slope, 
�N-N2 O/N-NO3 

−). The EFControl , median con- 
centration, unit benefits and reduction proportion 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae458#supplementary-data
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ere calculated for the hotspots and baseline points
t 10% intervals ( TableS4). For each group of sample
oints (e.g. 10%–20%), EFControl is the lowest slope
 �N-N2 O/N-NO3 

−) at the final order. Moreover,
he unit benefit is the average �N-N2 O/N-NO3 

−

alue in this group. The reduction proportion for
estoring the agricultural/urban hotspots and base-
ines to natural baselines was calculated via Eqs. 12
nd 13 , respectively: 

 

(�N2 Oi ,hotspots − �N2 ONatural baseline ) /
∑ 

�N2 Oi

(12)

∑ 

(�N2 Oi , 10% − �N2 ONatural baseline ) /
∑ 

�N2 Oi , 

(13)

here �N2 Oi, hotspots is the �N2 O concentration
t each hotspot; �N2 Oi, 10% is the �N2 O concen-
ration at the sampling points in agricultural and
rban rivers at 10% intervals; �N2 ONatural baseline is
he median �N2 O concentration in natural rivers
0.02 nM); and �N2 Oi is the �N2 O concentra-
ion at each sampling point in agricultural and urban
ivers. 
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