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Supplementary Methods 

1. Dissolved N2 concentrations. Triplicate samples for dissolved N2 were collected from surface 

water by completely filling 12 mL glass vials (Labco Exetainer®) at wrist depth below water surface 

at each site, then preserved by adding 100 µL saturated ZnCl2 and stored at ambient temperature in 

the dark. Dissolved N2 concentrations were analyzed with a membrane inlet mass spectrometer 

(MIMS; PrismaPlus®, Pfeiffer Vacuum)1,2. In brief, we measured ratios of N2/Ar concentration using 

MIMS, then calculated Ar concentrations at in situ water temperature, pressure, and salinity3. Finally, 

dissolved N2 concentrations were obtained by multiplying N2/Ar with calculated Ar concentrations. 

The excess N2 concentration (ΔN2) was then calculated as: ΔN2 = [N2]measured - [N2]eq. 

2. Determination of benthic N2O production rates. In September 2018, nine sediment samples 

were collected in the Yellow River for sedimentary N2O production rate determination. Briefly, 

approximately 10 g homogenized sediment samples were placed into 60 mL glass vials, and the 

remaining volume was filled with overlying water from the collection location. Before being 

transferred into glass vials, overlying water samples were adjusted to allow DO concentration in the 

laboratory to match field concentrations as closely as possible4. Vials were subsequently capped with 

silicone rubber septa and crimp-sealed with an aluminum closure then incubated at in situ 

temperature in the dark. The incubation vials were sacrificially sampled by injecting 300 µL of a 

saturated ZnCl2 solution at 0, 4, 6, 10, and 18 h. At least four incubations were conducted for each 

specific sampling point, one of which was used to quantify changes in DO concentration, and the 

remaining replicates were used for N2O analysis. N2O concentrations in the glass vials were 

determined using the headspace equilibrium technique5 on a GC-µECD. N2O production rates were 

determined based on the linear increase of N2O concentrations in the glass vials. Within the sampling 

period used for the N2O production rate calculation, DO variation did not exceed 30% of its original 

concentration and final DO concentrations were consistently higher than 3.5 mg L-1. 
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3. Sample collection, DNA extraction, and real-time quantitative PCR. A total of 26 riverbed 

sediment samples collected across the four rivers from 2016 to 2018 were prepared in triplicate. 

These samples were transported to the laboratory at -20 ℃ in a vehicle freezer prior to being stored 

at -80 ℃ in the laboratory. Genomic DNA was extracted from approximatively 0.5 g fresh 

homogenized sediment using the FastDNA® SPIN Kit for Soil (MP Biomedicals, USA) following 

the manufacturer’s instructions; DNA extraction for each sample was performed in triplicate. 

Real-time quantitative PCR (qPCR) was employed to estimate the abundances of dissimilatory 

nitrite reductase (nirS and nirK)6 and clade I and II nitrous oxide reductase (nosZ) genes7 in riverbed 

sediments. The nirS and nirK genes were amplified using currently available primer pair sets of 

cd3aF/R3cd and F1aCu/R3Cu, respectively8. Primer sets of nosZ2F/nosZ2R9 and nosZII-F/nosZII-

R10, which encompass the known diversity of the nosZ gene, were used to quantify the nosZI and 

nosZII gene abundances. The 25 μL qPCR reaction mixtures consisted of 12.5 µL SYBR® Premix 

Ex Taq™ II (TaKaRa, Japan), 0.2 µL Bovine Serum Albumin (TaKaRa), 0.5 µL of each primer (5 

μM), and 2 µL DNA template (~30–50 ng). All amplifications were performed in triplicate on a 

C1000™ Thermal Cycler (BioRad, CA, USA) according to the protocols described in 

Supplementary Table 10. The 10-fold serial dilutions of plasmid DNA containing cloned fragments 

of targeted genes were used to construct standard curves. Negative controls without DNA template 

were added to check potential DNA contamination. PCR amplification efficiencies for nirS, nirK, 

nosZⅠ and nosZⅡ genes all were higher than 85%, 90%, 86%, and 69%, respectively, with R2 greater 

than 0.95 for each gene.  
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Supplementary Discussion 

1. Asynchronous seasonal patterns between concentrations and fluxes. 

The highest N2O concentration occurred in spring, while the highest diffusive N2O flux occurred in 

summer (Supplementary Fig. 2). This phenomenon is likely the result of temperature-driven 

differences in gas solubility. Cooler temperatures in the spring (ice-out season) led higher gas 

solubility and thus greater N2O retention in the water column. In contrast, N2O solubility was lower 

in warmer waters in summer. Once sediments are warmed and become saturated with N2O, any 

additional N2O delivered to and/or produced in channels readily escapes to the atmosphere. Lower 

N2O concentration in summer may also be attributed to dilution due to seasonal maxima in 

precipitation (Supplementary Table 2), increased gas exchange, and reduced sediment-water contact. 

In addition, a small number of our flux measurements were negative (i.e., N2O entering the 

water from the atmosphere), yet all N2O concentrations were supersaturated (Supplementary Fig. 5). 

The possible explanation may be that measured N2O reflect transient concentrations, but N2O 

consumption through complete denitrification may occur during 60-min floating chamber 

deployments. This hypothesis is consistent with results of low N2O yield, small ratio of nir/nos, and 

laboratory benthic production rates. 

2. Anthropogenic N inputs on the QTP. 

Tibetan nomadic herdsmen have been active on the QTP for thousands of years, so livestock grazing 

is the most important anthropogenic influence on the plateau’s biogeochemical cycles11. But human 

population densities are low at higher altitudes (Supplementary Table 2), because of the harsh 

environmental stressors that are distinct from lowlands12. Likewise, domestic livestock (yaks and 

sheep) are bred in lower altitude basins, whereas wild animals (Tibetan antelopes, Tibetan gazelles, 

kiangs, and wild yaks) are distributed at higher altitudes. There is a strong negative correlation 

between distribution of livestock and wild animals, illustrating that their habitats rarely overlap due 

to the competition for forage resources13. Based on human population density in each catchment 
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(Supplementary Table 2), we deduce that manure N in the Yangtze and Upper Yellow Catchments 

was mainly derived from wild animals (natural sources); manure N in the Nu and Lancang 

Catchments came from both wild animals and domestic livestock (mixed sources); manure N in the 

Lower Yellow Catchment originated from livestock and belonged to anthropogenic sources. 

The DIN pool in EQTP rivers is dominated by NO3
- (represent an average of 86% of DIN), and 

anthropogenic NO3
- inputs to aquatic systems on the QTP are derived from human sewage, livestock 

manure, and synthetic fertilizers. Among these sources, livestock manure N is currently the largest 

input to EQTP waterways. However, manure largely represents internal source of N in the alpine 

grassland systems, as it originates from plant N uptake from soils. Stable isotopes of NO3
- (δ15N, 

Δ17O and δ18O) combined with the above deduction indicate that sites underlain by continuous 

permafrost in the Yangtze Catchment receive substantial natural NO3
- inputs from permafrost soils 

(47.1 ± 1.2%), wild animal manure (33.4 ± 3.3%), and atmospheric precipitation (18.5 ± 1.3%), but 

little anthropogenic NO3
- input from sewage (1.0 ± 0.8%) and none from livestock manure or 

fertilizers14. By comparison, anthropogenic NO3
- inputs from livestock manure (34.9 ± 10.0%), 

sewage (5.6 ± 2.3%), and fertilizers (14.9 ± 5.4%) became dominant in the Lancang (site LTJ) and 

Lower Yellow Rivers in non-continuous permafrost zone, and the contribution of natural NO3
- inputs 

[permafrost soils (37.7 ± 3.9%) and atmospheric precipitation (6.9 ± 1.6%)] were reduced 

accordingly14,15. Above all, both natural and anthropogenic N can be taken up by plants, thus a part 

of terrestrial N can be sequestered before entering rivers. 

3. Patterns of gene abundances of (nirS + nirK) and nosZ. 

The relationship in Supplementary Fig. 6 was driven by a decline in gene abundances of nir genes 

when %O2 > 110%, while nos gene abundances were not apparently responsive to the degree 

of %O2. When %O2 ≥ 100%, nos of some denitrifiers is still functional at the transcriptional and 

metabolic levels, albeit at low rates, and may even have a higher tolerance to oxygen than nir16,17. 
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4. Uncertainties. 

Upscaling N2O emissions from headwater streams is a challenging task because the contribution of 

1st- and 2nd- order streams to total efflux incorporates uncertainties in both gas fluxes and surface 

area. To reduce the uncertainty associated with the estimate of the total surface area of 1st- and 2nd- 

order streams, we surveyed river width in the headwater fluvial networks from 3rd- to 7th- order 

across the EQTP in combination with extracting 50 width measurement from each order (1–7) from 

Google Earth Map. We assumed that stream lengths derived from GIS were constant and that error 

from this step was not propagated through to the upscaling. Our approach yielded a mean 1st stream 

channel width of 1.78 m, which is similar with the stream width reported by Downing and 

colleagues18, but wider than those reported more recently by Allen and colleagues19. A possible 

explanation for this difference may be that channel width to depth ratios at most of our sites are 

extremely high (> 60; see Supplementary Table 1), indicating that channels on the EQTP tend to 

adjust to increases in discharge by becoming wider rather than deeper. 

Although our sampled streams and rivers were constrained to 3rd–7th order sites on the EQTP, 

N2O fluxes were measured in four catchments with distinct alpine landscape and different amounts of 

permafrost areas, capturing at least part of the spatiotemporal heterogeneity of the fluvial networks. In 

addition, a Monte Carlo simulation based on our data was used to provide upper and lower limits on 

the total flux estimate of 1st–7th order streams and rivers to bound the uncertainty. Despite current 

uncertainties, our range of the total value given for the region seems reasonable.  
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Supplementary Figures 

 

 

Supplementary Figure 1 | Map of the four headwater basins on the East Qinghai-Tibet Plateau 

(EQTP), China. Names and locations of sampling stations (upper), and total vegetation cover 

(lower) in the four headwater basins of the EQTP.  
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Supplementary Figure 2 | Box plots of seasonal and regional patterns of N2O concentrations (a) 

and fluxes (b) from EQTP rivers. Boxes represent the 25th and 75th percentiles, and error bars show 

the 95th percentiles; black circles and horizontal lines indicate the arithmetic means and medians, 

respectively. Grey circles are outliers. (one-way ANOVA with Tukey post hoc test, *P < 0.05; **P < 

0.01; ***P < 0.001).  



11 

 

Supplementary Figure 3 | Photographs of intermediate runoff above the permafrost active 

layer in the Yangtze River Catchment. The photos were taken in late October 2020.  



12 

 

Supplementary Figure 4 | DIN in relation to stream order across EQTP rivers. Data points are 

the means and error bars represent ± 1 SE.  
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Supplementary Figure 5 | Relationship between N2O saturation and fluxes. The red line 

represents the fit of a linear regression through the observed data.  
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Supplementary Figure 6 | Relationships between dissolved oxygen saturation (%O2) and gene 

abundances of (nirS + nirK) and nosZ. The red lines represent the fit of linear regressions through 

the observed data. 
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Supplementary Tables 

Supplementary Table 1. Summary information on sampling sites (see Supplementary Fig. 1 for site locations). 
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Supplementary Table 2. Characteristics of the headwater catchments on the EQTP. 

 Yangtze 
Upper 

Yellow 
Nu Lancang 

Lower 

Yellow 

Catchment area (km2) 216,108 193,016 143,255 106,996 76,995 

Mean catchment altitude (m) 3,935 3,842 3,385 3,312 2,425 

Permafrost coverage (km2) 205,735 140,130 87,959 56,264 16,400 

Permafrost fraction 95.2% 72.6% 61.4% 52.6% 21.3% 

Vegetation coverage (km2)* 184,988 154,220 87,099 60,667 18,941 

Vegetation fraction 85.6% 79.9% 60.8% 56.7% 24.6% 

Barren land (km2)* 9,295 4,878 11,904 3,072 966 

Barren land fraction 4.3% 2.5% 8.3% 2.9% 1.3% 

Human population (× 104)† 28.8 20.1 36.2 39.3 65.0 

Population density (km-2) 1.3 1.3 2.5 3.7 8.4 

Annual temperature (°C)§ 1.4 1.2 7.1 6.4 5.1 

Annual precipitation (mm)§ 1,855.8 2,768.3 2,102.3 1,619.3 1,541.7 

Spring 609.3 858.9 745.5 491.7 436.4 

Summer 718.3 1,086.0 845.2 709.4 792.7 

Fall 528.2 823.4 511.6 418.2 312.6 

Means (± standard deviation) of physicochemical property measured in streams and rivers 

DOC (mgC/L) 7.18 ± 3.26 5.34 ± 2.08 4.42 ± 2.61 4.52 ± 1.94 5.24 ± 2.35 

DIN (mgN/L) 0.62 ± 0.22 0.44 ± 0.23 0.47 ± 0.23 0.59 ± 0.19 0.71 ± 0.51 

TP (mg/L) 0.25 ± 0.36 0.12 ± 0.14 0.23 ± 0.23 0.14 ± 0.12 0.25 ± 0.43 

pH 8.22 ± 0.16 8.34 ± 0.20 8.37 ± 0.17 8.22 ± 0.12 8.40 ± 0.16 

DO (mg/L) 6.87 ± 0.89 6.87 ± 0.68 7.13 ± 0.89 6.97 ± 0.67 7.59 ± 0.61 

Conductivity (μS/cm) 1003.8 ± 784.5 277.2 ± 202.5 486.5 ± 194.2 227.2 ± 194.7 398.8 ± 98.2 

ORP (mV) 150.8 ± 26.0 151.7 ± 56.2 139.1 ± 31.6 140.4 ± 21.2 154.0 ± 98.8 

Water temperature (°C) 12.3 ± 3.5 12.1 ± 3.4 14.6 ± 2.6 13.6 ± 3.1 13.4 ± 3.1 

Sampling Time 

 
2016 2017 2018 

Spring Summer Fall Spring Summer Spring Fall 

Yangtze    √ √ √ √ 

Yellow √ √ √ √ √ √ √ 

Lancang     √ √ √ 

Nu     √ √ √ 

Note that the Yellow River was divided into Upper and Lower Yellow Catchments at JG site based 

on the permafrost fraction (Supplementary Fig. 1 and Table 1). 

*Vegetation coverage and barren land was calculated from ref 20. 

†Human population was obtained from National Bureau of Statistics (www.stats.gov.cn/). 
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§Average annual temperature and precipitation was obtained from National Meteorological 

Information Center (http://data.cma.cn/).  

http://data.cma.cn/
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Supplementary Table 3. N2O data for EQTP rivers and other lotic systems worldwide. 

Latitude Regions Lotic Systems 

N2O 

EF5-r = 
N2O-N

NO3
-
-N

 

(mass ratio) 
Ref. 

Concentrations 

(nM) 

Fluxes [µmol/(m2·d)] 

Diffusion Ebullition 

< 24° 

Sub-Saharan 

Africa 

Sub-Saharan African rivers 9.2 13.0 / / 21 

Congo River 7.9 22.0 / 0.28% 22 

Kenya Mara River 18.2 13.7 / 0.05% 23 

Malaysia Malaysian rivers 11.7 21.3 / 0.10% 24,25 

Ecuador Cuenca River / 30.0  / 26 

24-54° 

South Asia 

Adyar River 26.5 21.0 / 0.26% 27 

Ganges River 31.2 13.7  0.03% 28 

Sênggê Tsangpo-Indus River 0.21 μatm 4.6 / / 29 

Southeast 

Asia 
Mekong River 30.7 13.6 / 0.14% 28 

China 

Jiulong River 59.1 13.5 / 0.03% 30 

Wu River 33.3 15.3 / 0.16% 31 

Yongan River 16.9 20.1 / 0.04% 32 

Chongqing river network 113.8 261.6 / 0.47% 33 

Shanghai river network / 68.2 / / 34 

Beijing river network 42.5 83.4 / 0.10% 35 

Yarlung Tsangpo 13.4 5.7–13.2 / 0.17% 36 

EQTP rivers 
12.4 

(0.34 μatm) 
9.4 0.74 0.17% This study 

Yangtze River (lowland) 15.9 12.1 / 0.04% 37 

Yellow River (lowland) 22.4 42.6 / 0.03% 38 

Xilin River / 24.3 / / 39 

UK 
Upper Thurne River 82.3 129.8 / 0.27% 40 

Wensum, Eden & Avon River 51.7 50.0 / 0.024% 41 

France Seine River 36.8 69.9 / 0.02% 42,43 

Belgium Meuse River 42.9 / / 0.37% 44 

Canada 
Grand River / -35–4,200 / / 45 

Ontario streams / -3.2–776 < 0.004 / 46,47 

USA 

San Joaquin River 32.5 8.1–318.9 / 0.28% 48 

Agricultural streams in Illinois 71.4 102.9 / / 49 

Hudson River 0.58 μatm 5.5 / / 50 

Kalamazoo River 28.9 30.2 / 0.20% 51 

Connecticut River 15.4 28.9 / 0.22% 52 

Lamprey River 0.8 μatm 46.8 / / 53 
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Upper Mississippi River / 0.72 / / 54 

Streams within the Corn Belt / 0.03–49.7 / / 55 

Agricultural headwater streams / 41.8 / 

0.75% 56 Urban headwater streams / 49.2 / 

Pristine headwater streams / 4.2 / 

Australia New South Waters / 4.0 / / 57 

New 

Zealand 

LII river 46.9 96.7 7.9 µL/L 0.03% 58,59 

Ashburton River 12.3 14.6–27 / 0.06% 60 

> 54° 

Sweden Swedish low-order streams 50.0 141.5 / 0.63% 61,62 

Canada Québec streams & rivers 5.9 9.4 / 0.86% 63 

USA 
Water tracks within the Upper 

Kuparuk River 
/ -10.3 / / 64 

Global streams and rivers 37.5 94.3 / 0.22% 65 

Note that grey shaded are mountain streams and rivers.  
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Supplementary Table 4. Simple linear regression of N2O concentration as functions of 

environmental variables. R2 values are shown for regressions with P values. Direction of 

correlations is indicated as ‘+’ for positive and ‘–’ for negative. Significant relationships are shaded. 

Environmental 

variables 
R2 P value 

Direction of 

the correlation 

Air pressure 0.02 > 0.05 + 

Water temperature 0.02 > 0.05 – 

pH 0.004 > 0.05 + 

DO 0.004 > 0.05 – 

%O2 0.2 < 0.001 – 

DOC 0.03 0.049 – 

NH4
+ 0.1 < 0.001 + 

NO3
- 0.23 < 0.001 + 

Log TP 0.07 0.004 + 
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Supplementary Table 5. N2O yields in EQTP rivers and existing reports for other lotic settings. 

Lotic settings 
N2O yields (%) 

Ref. 
Mean Range 

Lower Yangtze River 0.82 0.51–1.12 37 

Yellow River (lowland) 1.13 0.06–6.24 38 

Beijing river networks 1.6 0.01–23.1 35 

US headwater streams 0.9 0.04–5.6 56 

Choptank & Nanticoke River 2.60 0.48–6.11 66 

Tippecanoe River 0.94 0.78–1.1 67 

Kalamazoo River 12.0 0.9–53.8 68 

Seine River 1.5 ≤ 7.0 69 

UK estuaries 0.7 0.52–0.77 70 

EQTP rivers 0.23 0.003–0.87 This study 
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Supplementary Table 6. Laboratory-measurement of benthic N2O production rates by the 

Yellow River sediments compared to measured field (in situ) fluxes and the estimated 

contribution of benthic fluxes to total N2O emissions. 

 Sites 
Lab benthic FN2O 

(µmol m-2 d-1) 

in situ FN2O 

(µmol m-2 d-1) 

Contribution 

(%) 
P

er
m

af
ro

st
-r

ic
h

 s
it

es
 

MD -1.45 13.44 -10.8 

RQ -0.62 14.06 -4.4 

DR -0.76 8.77 -8.7 

MT* 22.14 10.83 204.4 

JZ -1.37 9.14 -15.0 

MQ* 17.06 18.56 91.9 

TK 0.04 7.08 0.6 

Permafrost-

poor sites 

JG -0.69 8.85 -7.8 

TNH -1.24 9.90 -12.5 

*The ratios of (nirS + nirK)/nosZ for MT and MQ were 2.6 times higher than those for other sites, 

suggesting the N2O yields were higher at the two sites.  
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Supplementary Table 7. Summary of nir and nosZ gene abundances for EQTP riverbed 

sediments and other lotic systems worldwide. 

Lotic systems 
Functional gene abundances (copies/g dw) Ratios 

Ref. 
nirS nirK nosZⅠ nosZⅡ (nirS + nirK)/nosZⅠ (nirS + nirK)/nosZ 

Pearl River 166 × 108 7.12 × 108 8.05 × 108 / 21.5 21.5 71 

Nanfei River 3.6 × 108 0.8 × 108 1.3 × 108 / 3.38 3.38 72 

Tama River* 3.31 × 105 3.80 × 105 3.10 × 105 0.19 × 105 2.29 2.16 73 

Olentangy River 14.3 × 108 2.1 × 108 0.3 × 108 / 54.7 54.7 74 

Deba River 9.17 × 1011 6.95 × 109 2.93 × 105 / 3.24 × 106 3.24 × 106 75 

Rhône River 2.4 × 107 0.2 × 107 0.1 × 107 0.7 × 107 26.0 3.25 76 

Garonne River 5.2 × 109 6.3 × 109 0.72 × 109 / 16.0 16.0 77 

EQTP rivers 6.32 × 107 2.60 × 107 4.44 × 107 0.11 × 107 2.01 1.96 This study 

Note that some studies failed to quantify nosZⅡ, so we also compared our ratio of (nirS + nirK)/ 

nosZⅠ with this subset of references. Our ratio is still the smallest, even lower than those for Tama 

River. 

*Functional gene abundances for the Tama River (copies/L) were measured in the overlying water 

instead of sediments, so both functional genes abundances and ratios of (nirS + nirK)/nosZ were 

much lower than those of other studies. Despite this sampling difference, the ratios still exceed that 

observed in EQTP rivers.  
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Supplementary Table 8. The results of stepwise selection of predictive variables in multiple 

linear regression with N2O flux. 

Environmental 

variables 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

Beta Std. Error Beta 

%O2 -0.150 0.028 -0.259 -5.352 < 0.001 

pH 3.078 0.721 0.202 4.270 < 0.001 

Water temperature 0.235 0.072 0.155 3.271 0.001 

TP -1.491 0.560 -0.132 -2.665 0.008 

NO3
- 2.569 1.113 0.112 2.308 0.022 

Constant -6.369 6.938  -0.918 0.359 
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Supplementary Table 9. N2O emissions in per unit stream/river surface area and basin area 

from EQTP waterways and other lotic settings worldwide. 

Streams & rivers 

Stream/river 

surface area 

(km2) 

Basin Area 

(× 104 km2) 

N2O 

emissions 

(GgN2O-N/yr) 

Per unit river 

surface area 

[tN2O-N/(km2·yr)] 

Per unit basin area 

[kgN2O-N/(km2·yr)] 

Percentage of 

N2O in GHG 

emissions 

Ref. 

Congo River* 23,209 370.5 5.16 0.22 1.39 0.2% 22 

Malaysian rivers 790 6.06 0.35 0.44 5.78 4.6% 25,78 

Adyar River 6.9 0.05 1.53 × 10-3 0.22 2.89 7.2% 27,79 

Yongan River / 0.25 6.56 × 10-3 / 2.65 / 32 

Shanghai river network 570 / 0.29 0.51 / 2.8% 34,80 

Beijing river network 216 / 0.14 0.65 / 13.9% 35,81 

Seine River 283 7.17 0.24 0.85 3.35 4.9% 42,43 

Rabbit River 3.6 0.07 1.09 × 10-3 0.30 1.56 / 51 

Grand River / 0.68 0.01 / 1.37 / 45 

Swedish low-order streams 697 / 1.78 2.55 / 7.5% 62,82 

Boreal rivers in Québec* 1,445 20.4 0.11 0.08 0.55 1.2% 63,83 

EQTP 3rd–7th rivers* 2,603 
73.6 

0.21 0.08 0.28 1.0% 

This study 

and ref.84 
EQTP 1st–7th waterways* 3,049 0.28 0.09 0.37 0.4% 

QTP 1st–7th waterways* 5,141 116.7 0.43–0.46 0.09 0.37 / 

*The Congo River, Québec rivers and QTP rivers are pristine (limited anthropogenic influence) 

rivers; the remaining rivers are human-impacted systems.  
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Supplementary Table 10. Primer pairs used in this study and corresponding amplification 

protocols. 

Specificity Primer Sequence (5’–3’) Thermal conditions Ref. 

nirS 
cd3af GTSAACGTSAAGGARACSGG (95 ℃, 3 min) × 1 

(95 ℃, 30 s; 58 ℃, 40 s; 72 ℃, 40 s) × 40 
8 

R3cd GASTTCGGRTGSGTCTTGA 

nirK 
F1aCu ATCATGGTSCTGCCGCG (95 ℃, 3 min) × 1 

(95 ℃, 30 s; 60 ℃, 30 s; 72 ℃, 40 s) × 40 R3Cu GCCTCGATCAGRTTGTGGTT 

nosZI 
nosZ2F CGCRACGGCAASAAGGTSMSSGT (95 ℃, 3 min) × 1 

(95 ℃, 30 s; 60 ℃, 30 s; 72 ℃, 30 s) × 40 
9 

nosZ2R CAKRTGCAKSGCRTGGCAGAA 

nosZII 
nosZII-F CTIGGICCIYTKCAYAC (95 ℃, 3 min) × 1 

(95 ℃, 30 s; 54 ℃, 45 s; 72 ℃, 45 s) × 40 
10 

nosZII-R GCIGARCARAAITCBGTRC 
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