
Abstract Despite growing research on greenhouse gas (GHG) emissions from inland waters, few 
systematic efforts have been made to assess the regional-scale GHG emissions from Asian rivers under 
increasing anthropogenic stress. We examined factors controlling longitudinal and seasonal variations in 
the partial pressure of CO2 (pCO2), and CH4 and N2O concentrations in the Ganges, Mekong, and Yellow 
River by simultaneously measuring gas concentrations and stable C isotopes, and optical properties 
of dissolved organic matter (DOM) from 2016 to 2019. The levels of pCO2 and CH4 were distinctively 
higher in polluted tributaries and affected reaches of the Ganges and Mekong than in the Yellow River. 
The highest levels of N2O were found in the Ganges, followed by the Yellow River and Mekong. Across 
these basins, dry-season mean concentrations of CO2, CH4, and N2O were 1.6, 2, and 7 times higher than 
those measured in the monsoon season, respectively. This seasonality was consistent with that of δ13C-
CO2, while δ13C-CH4 showed an opposite pattern. GHG concentrations exhibited significant positive 
relationships with DOM concentrations and optical properties including fluorescence index and protein-
like fluorescence, implying the contribution of anthropogenic, labile DOM to production of GHGs in 
the polluted reaches. Graphical mixing models of δ13C-CO2 and δ13C-CH4 support the stronger impact 
of wastewater on the Ganges and Mekong than on the Yellow River. The overall results suggest that 
neglecting localized pollution impacts on GHG emissions from increasingly urbanized river basins can 
result in a substantial underestimation of global riverine GHG emissions.

Plain Language Summary Rapid urbanization and poor wastewater infrastructure are 
turning many large rivers in Asia into significant sources of greenhouse gases (GHGs). We examined 
controlling factors for the concentrations of CO2, CH4, and N2O in the Ganges, Mekong, and Yellow River 
by simultaneously measuring gas concentrations and stable carbon isotopes, and optical properties of 
dissolved organic matter (DOM). The concentrations of CO2 and CH4 were distinctively higher in polluted 
tributaries and affected sections of the Ganges and Mekong than in the Yellow River. N2O concentration 
was highest in the Ganges, followed by the Yellow River and Mekong. Across these basins, the 
concentrations of the three gases were generally higher during dry periods than in the monsoon season. 
GHG concentrations were positively related to DOM optical properties indicating the contribution of 
easily degradable DOM from pollution sources. The stable carbon isotope ratios of CO2 and CH4 support 
the stronger impact of wastewater on the Ganges and Mekong than on the Yellow River. The overall 
results suggest that neglecting local pollution impacts on GHG emissions from increasingly urbanized 
river basins can result in a substantial underestimation of global riverine GHG emissions.
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1. Introduction
Inland waters including rivers, streams, lakes, and reservoirs have increasingly been recognized as “active 
pipes” transforming and exchanging organic matter (OM) with floodplains, sediments, and the atmosphere 
during transport to the oceans (Aufdenkampe et al., 2011; Cole et al., 2007). Inland waters are also signifi-
cant sources of greenhouse gases (GHGs) (Bastviken et al., 2011; Borges et al., 2015; Richey et al., 1988). The 
global inland water emissions of CO2, CH4, and N2O are estimated at 7.7 (Raymond et al., 2013), 0.75 (Stanley 
et al., 2016), and 0.52 Pg CO2-equivalent (CO2eq) yr−1 (Kroeze et al., 2010), respectively, which are of similar 
magnitude as the oceanic (9.2 Pg CO2eq yr−1) and terrestrial (11.7 Pg CO2eq yr−1) sinks of anthropogenic 
CO2 (Friedlingstein et al., 2019). GHG emissions associated with active transformations of OM in inland 
waters are vulnerable to anthropogenic activities such as water pollution and impoundments (Marescaux 
et al., 2018; Regnier et al., 2013). For instance, polluted rivers in Europe have been reported as significant 
sources of CO2 and other GHGs with substantial proportions of gas emissions attributable to labile OM 
released from anthropogenic sources (Borges, Darchambeau, et al., 2018; Frankignoulle et al., 1998). How-
ever, the effect of altered riverine metabolic processes on GHG emissions from anthropogenically modified 
rivers is poorly understood, particularly in the developing countries that are underrepresented in global 
riverine GHG budgets. Furthermore, field measurements of riverine GHGs have focused on CO2 (Abril 
et al., 2014; Butman & Raymond, 2011; Ran et al., 2017), while concurrent measurements of the multi-
ple GHGs have been related to a single anthropogenic stress, such as agriculture (Borges, Darchambeau, 
et al., 2018), urbanization (Li et al., 2020; Wang et al., 2017), and river impoundment (Deemer et al., 2016).

The traditional concept of the river continuum (Vannote et al., 1980) has been criticized for its inability to 
account for discontinuities in riverine biogeochemical processes along the reaches affected by dams, waste-
water, and other perturbations (Park et al., 2018). The emissions of GHGs from impounded waters vary with 
time; for instance, high emissions of GHGs within years of dam construction have been associated with 
the degradation of flooded terrestrial OM (Deemer et al., 2016; Teodoru et al., 2012). Eutrophic reservoirs 
facilitate primary production in the epilimnion, reducing CO2 emissions (Ran et al., 2017). Consequently, 
phytoplankton-derived OM and nutrients accumulated in benthic sediments create anoxic conditions that 
can either facilitate CH4 and N2O production (Deemer et al., 2016) or N2O consumption. Concomitantly, 
large amounts of wastewater (>500 × 106 m3) return to rivers carrying nutrients and particulate and dis-
solved OM (POM and DOM, respectively) (Park et al., 2018; Ulliman et al., 2020). Discharge from waste-
water treatment plants (WWTPs) can significantly contribute to GHG emissions from downstream rivers 
(Begum et al., 2019; Garnier et al., 2013; Jin et al., 2018; Wang et al., 2017; Yoon et al., 2017). A laboratory 
incubation experiment showed that untreated wastewater can generate significantly higher amounts of CO2 
than treated wastewater (Kim et al., 2019).

While accounting for only 29% of global river-surface area, Asian rivers contribute ∼35% of global fresh-
water discharge and 50% and 39% of total organic C (TOC) and dissolved inorganic C (DIC) exports to the 
oceans, respectively (Degens et al., 1991; Hu et al., 2016). Consequently, Asian rivers are significant con-
tributors to global riverine GHG emissions; for instance, N2O emissions from Asian rivers account for 33% 
(32.2 Gg N2O-N yr−1) of the global riverine emission (Hu et al., 2016). Despite large uncertainties in estimat-
ing CO2 and CH4 emissions from Asian rivers due to scarcity of field measurements (Park et al., 2018), CO2 
emissions from SE Asian rivers were estimated to exceed 10 g C m−2 yr−1, similar to rates observed in large 
tropical rivers, that is, the Amazon and Congo (Lauerwald et al., 2015). Large dams in Asia (1,906 dams 
with surface areas >0.1 km2) were estimated to have a total storage capacity 1,625 km3 (Lehner et al., 2011), 
representing an important anthropogenic perturbation to riverine biogeochemical fluxes. Rivers across Asia 
are highly polluted with domestic and industrial wastewater and agricultural runoff that may amount to 
144 × 109 m3 yr−1 (Evans et al., 2012). Accordingly, GHG emissions from Asian rivers are expected to be 
comparatively high, demanding more field measurements of GHG concentrations and associated environ-
mental factors to better constrain these fluxes on a continental scale.

To examine longitudinal and seasonal variations in the three major GHGs (CO2, CH4, and N2O) in Asian 
rivers, the Ganges, Mekong, and Yellow River (Huang He) were selected for an exploratory field study 
based on their length, basin size, annual discharge, and anthropogenic disturbances. They represent large 
Asian rivers under increasing anthropogenic stresses such as hydroelectric dams, reservoirs for irrigation, 
wastewater from increasing urbanization, and agricultural runoff (He et al., 2017; Whitehead et al., 2015). 
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The primary objective was to assess human impacts on the riverine dynamics of the three GHGs and DOM 
in these basins. Specifically, we explored the spatial and seasonal variations in surface water concentrations 
of the three GHGs and their associations with anthropogenic alterations of the river continuum caused by 
wastewater and dams. We hypothesized that (a) localized effects of pollution can create longitudinal dis-
continuities in riverine fluxes of GHGs and OM, (b) production of GHGs is enhanced during the dry season 
when a greater proportion of river flow is derived from wastewater, and (c) stable C isotopes in CO2 and CH4 
can reveal predominant sources of GHGs. In order to elucidate the mechanisms controlling riverine dy-
namics of the three GHGs across the anthropogenically modified reaches of the three rivers, we focused on 
GHG concentrations, complemented with ancillary water quality data. By combining simultaneous meas-
urements of three GHGs and DOM properties in three understudied large Asian rivers, the basin-scale field 
measurements were expected to provide baseline data for assessing anthropogenic perturbations to riverine 
organic C fluxes and GHG emissions as a consequence of increasing river pollution and impoundments 
across Asia.

2. Materials and Methods
2.1. Study Sites

The Ganges, Mekong, and Yellow River, which originate in the Himalayan mountains and/or Tibetan 
Plateau, drain some of the largest watersheds in the world with a total area exceeding 2,500 × 103 km2 
(Milliman & Farnsworth, 2011). These river systems share common hydrologic and demographic features, 
including intense monsoon-driven seasonality in discharge and high population densities in the river ba-
sin (Park et  al.,  2018). More detailed information on each of these river basins is provided in Support-
ing Information. Monsoon rains support a population of 400 million (8% of the global population) in the 
Ganges (Park et al., 2018; Parua, 2010), 70 million in the Mekong (MRC, 2019), and 107 million (∼9% of 
China's total population) in the Yellow River basins (Gao & Wang, 2017). These large populations use river 
water for irrigation, and industrial and domestic consumption; consequently, numerous dams and reser-
voirs have been constructed on many rivers over the last few decades (Lehner et al., 2011). For instance, 
there are 81–142, 241, and 3,150 large dams on the Ganges (Dutta et al., 2020; Lehner et al., 2011), Mekong 
(WLE-Mekong, 2020), and Yellow River basins (Wang et al., 2006), respectively. The three rivers receive 
large loads of poorly treated or untreated wastewater from the increasingly urbanized watersheds (Mekon-
nen & Hoekstra, 2018; Park et al., 2018; Sato et al., 2013). The Ganges receives annually about 1,186 × 106 
tons of sewage from the metropolitan areas, and only 757 × 106 tons are treated before discharging into the 
river (CPCB, 2013; Dutta et al., 2020). The Yellow River receives 45 × 106 tons of wastewater every year, with 
90% being treated (Qi et al., 2020; Zhao et al., 2020). Basin-specific wastewater information is not available 
for the Mekong, but the pollution loads have been found to exceed the natural assimilation capacity of the 
basin (Mekonnen & Hoekstra, 2018).

Field investigations were conducted in multiple mainstem sections of the three rivers and local tributaries 
or wastewater drains between August 2016 and July 2019 (Figure 1). The major tributaries of the Ganges 
include the Gomti, Ghaghara, Gandak, Kosi, Yamuna, Son, Punpun, and Damodar in India, while the Brah-
maputra and Meghna rivers flow into the mainstem river in Bangladesh (Parua, 2010). The Yamuna, the 
longest tributary flowing parallel to the upper mainstem called Ganga, was considered the mainstem in 
this study. Therefore, the main branches of the Ganges (termed “mainstem”) include two parallel branches 
traversing northern India, that is, the Ganga and Yamuna, as well as two bifurcated distributaries, that is, 
the Hooghly in India, and the Padma flowing from the Farakka Barrage across Bangladesh to the Bay of 
Bengal. The mainstem of the Mekong River consists of the Lancang (the upper Mekong) flowing through 
the Yunnan province of China and the lower Mekong River flowing through Myanmar, Laos, Thailand, 
Cambodia, and Vietnam. A single mainstem constitutes the Yellow River, which flows from the Tibetan 
Plateau through the Loess Plateau to the Northern China Plain.

The mainstems of the three rivers were divided into three reaches: “upper,” “middle,” and “lower” (Ta-
ble S1). As local sources of pollution, urban tributaries and wastewater drains (termed “T&W”) were sam-
pled together with the polluted mainstem reaches within or downstream of the major metropolitan areas of 
the Ganges (Delhi, Kanpur, Varanasi, Kolkata, and Dhaka), the lower Mekong (Chiang Rai, Phnom Penh, 
and Cantho), and the middle reach of the Yellow River (Hohhot and the agricultural areas in Loess Plateau) 
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(Figure 1). Water and gas samples were collected from 71 locations, including 36 in the Ganges, 25 in the 
Mekong, and 10 in the Yellow River during the monsoon season. Sampling was repeated at 35 sites during 
the dry season for seasonal comparison (Figure 1; Table S1). To complement the minimal tributary data in 
the Yellow River basin, the published data of the partial pressure of CO2 (pCO2) in the Wuding River drain-
ing Loess Plateau (Ran et al., 2017) was included as part of the middle reach.

2.2. Sample Collection and In Situ Measurements

Water samples were collected at a depth of 10–20 cm below the water surface, using a polycarbonate bot-
tle or portable water sampler (Masterflex E/S, Cole-Parmer, USA). Samples were immediately frozen and 
within a week shipped in an icebox to Korea for laboratory analysis. At each sampling point, in situ water 
quality parameters, including water temperature, pH, dissolved oxygen (DO), and electrical conductivity, 
were measured using a portable multiparameter meter (Orion 5-Star Portable, Thermo Scientific, USA). 
Dissolved gas samples were collected at the same water depth (10–20 cm below the water surface) using 
a manual headspace equilibration method (Yoon et al., 2016). Headspace equilibration was performed for 
2 min using a 60 mL polypropylene syringe filled with a 30 mL water sample and a 30 mL ambient air 
sample. Approximately 20 mL of the equilibrated air was transferred to a pre-evacuated 12 mL Exetainer 
vial. Air temperature and barometric pressure were measured in situ using a portable sensor (Watchdog 
1650 Micro Station, Spectrum Technologies, USA). When direct measurements were not possible for some 
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Figure 1. Sampling locations in three large Asian river basins—the Ganges (n = 36), Mekong (n = 25), and Yellow River (n = 10). Samples collected from the 
mainstem sites (n = 40) are indicated by circles, while tributaries (T; n = 16) and wastewater drains (W; n = 15) are indicated by diamonds.
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samplings in the Ganges (n = 17), Mekong (n = 20), and Yellow River (n = 5), meteorological data were 
collected from the nearest location using an internet source (timeanddate.com).

2.3. GHGs and Stable C Isotope Measurements

The equilibrated headspace air samples and the ambient air samples were analyzed using a gas chromato-
graph (7890A, Agilent, USA) that was equipped with a flame ionization detector coupled with a methanizer 
(for CH4 and CO2 analysis) and a microelectron capture detector (for N2O analysis), as described in detail 
by Jin et al. (2018). The gas chromatography signals were calibrated prior to sample analysis using stand-
ard reference gases, that is, three GHGs in a balance of N2 (RIGAS Corporation, Korea). The barometric 
pressure and water temperature were used to calculate concentrations of the three GHGs from the gas 
concentrations in the equilibrated air and ambient air samples, based on Henry's law (Hudson, 2004). The 
stable C isotope ratios of CO2 and CH4 in another set of headspace-equilibrated samples were analyzed 
using an isotopic analyzer (G2201-i, Picarro, USA) in a laboratory at the University of Washington. Equili-
brated gas samples were injected into the analyzer using the small sample introduction module 2 (SSIM2). 
Standards of CO2 (−31.5‰) and CH4 (−38.3 ‰) were injected prior to sample processing as well as at the 
end of some runs, to confirm that instrument drift did not occur. Isotopic ratios of equilibrated headspace 
gases were then used to determine values for gas in the water, as described by Hamilton and Ostrom (2007). 
Isotopic fractionation between dissolved and gaseous phases at equilibrium was calculated for δ13C-CO2, 
according to the temperature-based equation from Mook et al. (1974), and for δ13C-CH4, according to the 
approach followed by Knox et al. (1992). Gas concentrations in dissolved phase at equilibrium were calcu-
lated using Henry's constant, corrected for temperature at time of sampling (Weiss, 1974), and solubility 
of CH4 (Gevantman, 2010). The stable isotopic composition of C is reported using delta notation, where 
δ13C = (Rsample/Rstandard) − 1. Here, Rsample and Rstandard are ratios of heavy to light isotopes (13C:12C) in the 
sample (Rsample) and standard (Rstandard) of Vienna Pee Dee Belemnite.

2.4. Water Analysis

Thawed water samples were filtered through pre-combusted glass fiber filters (GF/F; Whatman, nominal 
pore size 0.7 µm) to remove suspended materials. The total suspended solid (TSS) was measured gravimet-
rically as the difference in the filter weight before and after filtering and drying at 60 °C for 48 h. The con-
centrations of particulate organic C and N (POC and PON) in the TSS were measured using an elemental 
analyzer (Flash 2000, Thermo Fisher Scientific, Germany). The subsamples for POC measurement were 
acidified/fumigated with HCl before analysis to remove inorganic C fraction, whereas PON measurements 
were performed in untreated samples. The concentration of dissolved organic carbon (DOC) in a filtered 
sample was measured using a total organic carbon analyzer based on high-temperature combustion of OM 
followed by thermal detection of CO2 (TOC-VCPH, Shimadzu, Japan). Filtered samples were also analyzed 
for major inorganic ions including 

3NO , 
4NH , and 

4PO  (883 Basic IC Plus, Metrohm, Switzerland). Dis-
solved inorganic N (DIN) was determined as the sum of the N concentrations in 

3NO  and 
4NH . For quality 

control, standards with known concentrations and ultrapure water were analyzed after every ten-sample 
batch, and triplicate analysis was performed for approximately 10% of all the samples to assess instrumental 
stability and accuracy.

Ultraviolet (UV) absorbance was measured across a wavelength range of 200–1,100  nm using a UV-Vis 
spectrophotometer, and the measurements were used to determine the specific UV absorbance at 254 nm 
(SUVA254) (Helms et al., 2008; Weishaar et al., 2003). Fluorescence excitation-emission matrices (EEMs) 
were collected on a fluorescence spectrophotometer (F7000, Hitachi, Japan) by simultaneously scanning ex-
citation wavelengths from 200 to 400 nm, at 5 nm intervals, and emission wavelengths from 290 to 540 nm, 
at 1 nm intervals (Begum et al., 2019). Fluorescence-based indices were obtained from the corrected EEMs, 
including the humification index (HIX; Zsolnay et al., 1999), fluorescence index (FI; McKnight et al., 2001), 
and biological index (Huguet et al., 2009). To identify the major components of the obtained EEMs, parallel 
factor (PARAFAC) analysis was conducted using the DOM Fluor toolbox (http://www.models.life.ku.dk) 
on MATLAB 7.1 (Mathworks, USA) based on a method developed by Stedmon and Bro (2008). Fluores-
cent DOM (FDOM) components were validated by visual inspection of the residuals and split-half analysis 
(Stedmon & Bro, 2008).
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2.5. Statistical Analysis

All statistical analyses were conducted after applying the Shapiro-Wilk test to examine the normal distribu-
tion of the data using SigmaPlot (Systat, USA) or R (R Development Core Team, 2020). Linear regressions 
were conducted to explore significant relationships between the concentrations of the three GHGs in the 
Ganges, Mekong, and Yellow River. To analyze significant differences in GHG concentrations and their sta-
ble C isotopes among the mainstem reaches and T&W, a one-way analysis of variance (ANOVA) followed by 
Tukey's HSD or a one-way ANOVA on ranks using the Kruskal-Wallis method, followed by Dunn's test were 
conducted depending on the distribution of the data. Seasonal variations in the concentrations and stable 
C isotopes of GHGs were analyzed using the Wilcoxon signed-rank test due to nonnormal distribution of 
data. The relationships between the three GHGs and water quality parameters were analyzed by best-fit 
regressions on SigmaPlot. Principal component analysis (PCA) was conducted with the data of GHGs, OM, 
and other water quality parameters using R. The significance level was set at P < 0.05, unless indicated 
otherwise.

To identify and distinguish different sources of CO2 and CH4, we used two graphical mixing models, that 
is, Keeling plot and Miller-Tans plot. Based on the principle of conservation of mass and mixing of iso-
topically distinct C sources, both models have been successfully applied to identify the primary sources 
of riverine DIC and GHGs (Campeau et al., 2017; O'Dwyer et al., 2020). In the Keeling plot approach, an 
isotopic source is obtained from the y-intercept of a plot consisting of δ13C values and 1/C concentrations 
(Keeling, 1958). The Keeling plot is usually used for simple systems with a known background δ13C and a 
single source, and thus cannot function properly in cross-system studies with multiple sources and sinks 
(O'Dwyer et al., 2020). The Miller-Tans plot approach accounts for inconsistency in the background δ13C 
and works better in cross-system studies (Campeau et al., 2017; O'Dwyer et al., 2020). In the Miller-Tans 
plot approach, an isotopic source is obtained from the slope of the regression between δ13C and the product 
of δ13C and C concentrations (Miller & Tans, 2003). We used the Miller-Tans plot approach in this interba-
sin study to identify and interpret potential difference in δ13C sources in the Ganges, Mekong, and Yellow 
River.

3. Results
3.1. Spatiotemporal Variations in CO2, CH4, and N2O

3.1.1. Overview of Interbasin and Seasonal Variations in GHG Concentrations

Across the three river basins, CO2, CH4, and N2O were supersaturated at most sites with respect to the levels 
at atmospheric equilibrium, which corresponded to 437 µatm, 0.005 µM, and 5.4 nM, respectively (Table 1; 
Begum et al., 2021). The mean concentrations of all three gases in the mainstem were highest in the Ganges, 
reflecting exceptionally high gas concentrations found in the highly polluted tributaries and middle reach. 
While the middle and lower reaches of the Mekong and Yellow River exhibited similar levels of the three 
gases, pCO2 and CH4 concentrations at T&W sites tended to be higher in the Mekong, contrasting with 
the higher concentrations of N2O in the Yellow River. Regression analysis showed a significant positive 
relationship between CO2 and CH4 concentrations for both the Ganges and the Mekong (Figure 2). N2O 
concentrations in the Yellow River were positively related to both CO2 and CH4 concentrations, with much 
steeper slopes than the corresponding regressions for the Ganges (Figure 2). Across the three basins, the 
concentrations of CO2 and CH4 exhibited significant seasonal variation, with higher values during the dry 
season (Figures 3a and 3b). N2O concentrations also tended to be higher during the dry season than during 
the monsoon season, but the seasonal difference was not significant at P < 0.05 (Figure 3c). δ13C-CO2 was 
also significantly higher during the dry season, whereas a reversed seasonal pattern was found for δ13C-CH4 
(Figures 3d and 3e).

3.1.2. The Ganges River

The upper reaches of the Ganges, with low population density and few dams (Table S2), showed very 
low levels of pCO2 and CH4, averaging 340 µatm and 0.02 µM, respectively (Figure 4; Table 1). In the 
middle reaches traversing large metropolitan areas such as Delhi and Kanpur, pCO2, CH4, and N2O av-
eraged 5,695 µatm, 29.5 µM, and 42.7 nM, respectively (Figure 4; Table 1). T&W feeding into the middle 
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and lower reaches revealed the highest values of pCO2 (up to 27,290 µatm), CH4 (234.8 µM), and N2O 
(1,699.9 nM) in the Ganges basin (Figure 4; Table 1). The lower reaches, consisting of the distributaries 
Hooghly and Padma, also flow along megacities (Kolkata and Dhaka), but exhibited lower levels of pCO2 
than the middle reaches. Similar patterns were observed for the concentrations of CH4 and N2O in the 
lower reaches.
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River Reach

pCO2 (µatm) CH4 (µM) N2O (nM)

n Mean Range n Mean Range n Mean Range

Ganges Mainstem 30 2,385 (180–20,580) 31 8.9 (0.002–172.1) 31 18.4 (1.7–245.1)

 Upper 7 340ab (180–521) 8 0.02a (0.002–0.04) 8 9.0ab (7.6–11.0)

 Middle 9 5,695bc (825–20,580) 9 29.5b (0.34–172.1) 9 42.7ab (5.8–245.1)

 Lower 14 1,279b (285–3,165) 14 0.7ab (0.03–3.4) 14 8.1a (1.7–18.1)

T&W 22 8,051c (664–27,290) 22 47.2b (0.06–234.8) 22 125.0b (0.5–1699.9)

Mekong Mainstem 20 2,300 (433–3,729) 20 0.2 (0.01–2.2) 15 9.8 (2.2–17.9)

 Upper 1 1,552 1 0.01 ND

 Middle 5 2,379ab (1,384–2,948) 5 0.1a (0.03–0.3) 5 10.6a (2.2–15.3)

 Lower 14 2,325a (433–3,729) 14 0.3a (0.01–2.2) 10 9.4a (2.9–17.9)

T&W 25 7,536b (1,101–34,151) 24 45.5b (0.3–455.8) 17 30.5a (3.5–197.9)

Yellow Mainstem 9 1,921 (694–4,861) 9 0.4 (0.06–2.0) 7 13.9 (3.7–35.8)

 Upper 2 976 (694–1,258) 2 1.0 (0.08–2.0) ND

 Middle 5 2,475 (1,253–4,861) 5 0.2 (0.06–0.3) 5 14.7 (3.7–35.8)

 Lower 2 1,478 (1,443–1,513) 2 0.1 (0.06–0.1) 2 11.8 (7.9–15.8)

T&W 4 2,257 (928–4,429) 2 2.0 (0.2–3.8) 2 89.8 (35.9–143.8)

Total 110 4,631 (180–34,151) 108 22.4 (0.002–455.8) 94 45.3 (0.5–1699.9)

Atmospheric equilibrium 437 (371–609) 0.005 (0.002–0.05) 5.4 (0.5–13.2)

Notes. “Mainstem” represents means of the three mainstem reaches. Significant differences among the three mainstem reaches and T&W within each basin 
at P < 0.05 are indicated by different letters (ANOVA on rank followed by Dunn's test). Data of the Mekong upper reach (n = 1) and the Yellow River reaches 
(n = 2–5) were excluded from the statistical analysis.
Abbreviations: ANOVA, analysis of variance; ND, no data.

Table 1 
Mean Concentrations and Ranges (Minimum–Maximum) of pCO2, and CH4 and N2O Concentrations in the Upper, Middle, and Lower Reaches, and Tributaries 
and Wastewater Drains (T&W) of the Ganges, Mekong, and Yellow River Basins

Figure 2. Relationships between the concentrations of CO2, CH4, and N2O in the Ganges (n = 52–53), Mekong 
(n = 32–45), and Yellow River (n = 9–13). Significant relationships are indicated by regression lines. Void symbols 
indicate mainstem sites, while filled symbols represent tributaries and wastewater drains (T&W). The CH4-N2O 
regression in the Yellow River is shown in an inset box for a clearer view. An outlier of the Ganges data (N2O: 
1699.9 nM) was excluded from the regression analysis.
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3.1.3. The Mekong River

The upper reach in the Tibetan Plateau with low population density showed lower values of pCO2 
(1,552 µatm) and CH4 concentration (0.01 µM) than those found in the middle and lower reaches of the 
Mekong (Figure S1; Tables 1 and S2). The middle and lower reaches exhibited similar average levels of pCO2 
(2,379 and 2,325 µatm); however, the lower reach with a large discharge exhibited a wider range of pCO2 
(433–3,729 µatm) compared to the middle reach (1,384–2,948 µatm). Large variations in discharge along 
the lower reach (1,410–32,931 m3 s−1; Li et al., 2013) can account for the large seasonal variability in pCO2 
with very low dry-season values approaching atmospheric equilibrium (Figure  S1). N2O concentrations 
were also similar across the middle and lower reaches. However, CH4 concentrations averaged 0.3 µM in 
the lower reach, much higher than the concentrations observed in the middle reach. T&Ws along the middle 
and lower reaches showed the highest mean pCO2 (7,536 µatm) (Figure S1; Table 1). CH4 concentrations in 
T&W averaged 45.5 µM, which is 190 times higher than that of the mainstem average (0.2 µM). N2O concen-
trations in T&W averaged 30.5 nM, which is three times higher than that of the mainstem average (9.8 nM).

3.1.4. The Yellow River

The Yellow River also exhibited supersaturation of CO2 (694–4,861 µatm) and CH4 (0.06–3.8 µM) across the 
basin (Figure S2; Table 1). Although the mean concentrations of CO2 and CH4 were lowest in the Yellow 
River, the mean N2O concentration was 30.8 nM, higher than that of the Mekong (Table S3). The regressions 
between N2O and CO2 or CH4 were significant, with a steeper slope than those of the Ganges and Mekong 
(Figure 2). The higher concentrations of N2O corresponded to higher concentrations of PON and DIN in 
the basin, particularly along the middle reach (Figures 5e and 5f). In the middle reach, which traverses 
the metropolitan Hohhot and the Loess Plateau, the mean pCO2 (2,475  µatm) and N2O concentrations 
(14.7 nM) were highest in the basin, whereas the highest CH4 concentrations were observed in the upper 
reach flowing through large areas of wetlands (Figure S2; Table 1).

3.2. Organic Matter Characteristics and Other Water Quality Parameters

Similar to the trends in the concentrations of the three GHGs, OM and other water quality parameters 
varied greatly between the three reaches and T&W in all three river basins (Figure 5). The concentrations 
of DOC in the mainstems of the three rivers spanned up to two orders of magnitude, with higher values 
found along the middle and lower reaches (Figure 5a). The mean DOC concentration at the T&W sites 
(6.5 mg L−1) was ∼3 times higher than that of the mainstems (2.4 mg L−1). Similarly, the mean concentra-
tions of POC, PON, and DIN in T&W were 4, 3, and 2 times higher than the corresponding concentrations 
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Figure 3. Seasonal comparison of pCO2 (a), CH4 (b), and N2O concentrations (c), and δ13C in CO2 (d) and CH4 (e) 
measured in the Ganges, Mekong, and Yellow River basins. The monsoon and dry season data from all sites (n = 26–35) 
are presented in boxplots, while the blue lines represent average values in tributaries and wastewater drains (T&W; 
n = 12–17). Significant seasonal differences are indicated by P values from Wilcoxon signed-rank test.
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in the mainstems (Figures 5d–5f). POC and PON concentrations were higher in the middle reaches (Fig-
ures 5d and 5e), consistent with the localized peaks of GHG concentrations (Figures 4, S1, and S2; Table 1).

Three identified PARAFAC components, including C1, C2, and C3, corresponded to humic-like, micro-
bial humic-like, and protein-like fluorescence peaks, respectively (Figure S3; Begum et al., 2019; Fellman 
et al., 2010). The intensity of FDOM components, relative to the total fluorescence, displayed distinct spatial 
patterns across the mainstem reaches and T&W. Higher values of C3 were found along the middle and lower 
reaches of the Ganges and Yellow River, whereas C3 levels in the Mekong varied little, reflecting the small 
variation in DOC concentration (Figures 5a and 5c). The values of FI in the middle and lower reaches of the 
Ganges averaged 1.5 and 1.4, respectively, reflecting the contribution from wastewater-derived DOM with a 
mean FI value of 1.4 (Figure 5b).

The results of PCA showed that the two main components accounted for 60% of the total variance (Fig-
ure S4). The data were grouped into clusters of similar patterns and characteristics unique to each river 
basin, season, and four site categories (Figure S4). The samples from the upper and lower reaches were 
clustered in a small area associated with DOM optical indices including HIX, C1, C2, SUVA254 (Figures S4a 
and S4d). On the other hand, overlapping clusters of the middle reaches and T&W were associated with 
the three GHGs, 

4NH , 
4PO , FI, and C3 (Figures S4a and S4d). The Yellow River cluster was distinguished 

from those of the Ganges and Mekong (Figure S4b), while the monsoon and dry-season clusters were also 
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Figure 4. Longitudinal variations in pCO2, and CH4 and N2O concentrations in the Ganges River basin. Main branches 
(“mainstem”) shown in blue bars with different shades include the Ganges and Yamuna along the upper and middle 
reaches and the Hooghly and Padma along the lower reaches. Tributaries and wastewater drains (T&W) are shown in 
red circles with filled symbols for the monsoon and void symbols for the dry season. Upper, middle, and lower reaches 
are demarcated by dashed vertical lines, and samples from impounded sites are indicated by asterisks on site labels. The 
locations of three megacities in the Ganges basin are indicated on top of the figure.
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discernable (Figure S4c). Regression analyses revealed significant positive relationships between GHG con-
centrations and other measurements including DOC, POC, PON, C3, FI, DIN, and 

4PO  (Figures  6, S5–S7). 
In contrast, the concentrations of GHGs exhibited significant negative relationships with C1, C2, DO, and 

pH for both the mainstems and T&W. The coefficients of correlation (R) 
were higher for CO2 and CH4 than N2O.

3.3. Stable C Isotope Ratios of CO2 and CH4

The values of δ13C-CO2 in the upper reaches tended to be higher than 
those measured across the middle and lower reaches of the Ganges and 
Mekong (Table 2). Longitudinal variation was more pronounced in the 
Ganges and Mekong than in the Yellow River. The upper reaches of 
the Ganges showed 13C-enriched CO2 with an average δ13C of −13.3‰, 
whereas δ13C-CO2 averaged −17.1 and −18.2‰ in the middle and low-
er reaches, respectively, which were close to the mean (−18.6‰) for the 
T&W sites (Table 2). In the Mekong River basin, δ13C-CO2 values gradu-
ally decreased from the upper reach in the Tibetan Plateau (−14.6‰) to 
the impounded middle reach (−17.0‰) and the more urbanized lower 
reach (−21.1‰) (Table 2). T&W sites in the basin also showed more de-
pleted values, averaging −20.1‰ (Table 2). However, δ13C-CO2 values in 
the lowest reach along Cantho exhibited downstream increases during 
the dry season, reflecting the seasonal increases at the local T&W sites 
(Figure 7). Compared to the patterns found in the Ganges and Mekong, 
the δ13C-CO2 values in the Yellow River showed less variation across the 
reaches (Table 2).

Complex patterns were observed for δ13C-CH4, with contrasting trends of 
enrichment (Ganges) and depletion (Yellow River) in 13C from the upper 
to middle and lower reaches (Table 2). While the upper Ganges displayed 
the lowest value of δ13C-CH4 (−53.6‰), those of the middle reaches av-
eraged −46.2‰, comparable to the average value of the T&W (−46.9‰); 
this result is consistent with the spatial patterns of the gas concentrations 
(Tables 1 and 2). In contrast, δ13C-CH4 in the middle and lower reaches of 
the Yellow River showed more negative values (−48.8 and −50.6‰) than 
the upper reach (−44.5‰), consistent with the high CH4 concentrations 
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Figure 5. Inter-reach variations in dissolved organic carbon (DOC) (a), fluorescence index (FI) (b), C3 (c), particulate 
organic C (POC) (d), particulate organic N (PON) (e), and dissolved inorganic N (DIN) (f) in the Ganges (n = 29–53), 
Mekong (n = 19–45), and Yellow River (n = 9–12). “U,” “M,” “L,” and “T” denote upper, middle, and lower reaches, and 
tributaries and wastewater drains, respectively.

Figure 6. Significant relationships (R) between greenhouse gas 
concentrations (CO2, CH4, and N2O) and the concentrations and optical 
properties of dissolved organic matter or other water quality parameters 
measured in the Ganges, Mekong, and Yellow River. Only significant 
relationships are shown with significance levels indicated by asterisks: * 
(P < 0.05), ** (P < 0.01), and *** (P < 0.001). DO, dissolved oxygen; DOC, 
dissolved organic carbon; DIN, Dissolved inorganic N; EC, electrical 
conductivity; FI, fluorescence index; POC, particulate organic C; PON, 
particulate organic N.
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along the upper reach (Tables 1 and 2). Given the lack of data for the middle reach of the Mekong, it is 
difficult to assess the basin-scale pattern for δ13C-CH4. The δ13C-CH4 values averaged −43.9‰ in the lower 
reach, similar to the measurement in the upper reach (−42.3‰). However, the wide range of δ13C-CH4 in 
the lower reach was similar to the range observed for the T&W sites in the Mekong River basin (Figure 7; 
Table 2). In contrast to the dry-season increases in δ13C-CO2 in the lowest reach, δ13C-CH4 was significantly 
lower at both the mainstem and T&W sites during the dry season (Figure 7).

Although no significant relationship was found in the Keeling plot, the regressions in Miller-Tans plots were 
significant for both CO2 and CH4 when data were plotted for each river basin (Figure 8; Table S4). The slopes 
of the regressions for δ13C-CO2 in the Ganges and Mekong were less steep (−16.7‰) than that for δ13C-CO2 
in the Yellow River (−18.5‰). In the regression models for δ13C-CH4, the Ganges and Mekong showed more 
negative slopes (−48.3 and −44.8‰, respectively) than the Yellow River (−33.5‰). Significantly higher val-
ues of δ13C-CO2 during the dry season were consistent with the seasonality found for the gas concentrations, 
whereas the opposite pattern was observed for the significantly lower values of δ13C-CH4 during the dry sea-
son (Figure 3; Table S4). T&W sites exhibited higher values of δ13C-CO2 (−16.1‰) and δ13C-CH4 (−45.4‰) 
than the mainstems (−17.2 and −49.1‰). As indicated by the slopes of the Miller-Tans plots for CO2, there 
was no clear difference in the origin of CO2 between the rivers (Figure 8b); however, there was a noticeable 
difference in the slope for CH4 between the Yellow River and the other basins (Figure 8d).

4. Discussion
4.1. Reach-Specific Patterns and Controls of CO2, CH4, and N2O

The mean pCO2 measured in the three river basins (4,631 µatm; Table 1) was much higher than the pub-
lished global average riverine pCO2 (2,400–3,100 µatm; Lauerwald et al., 2015; Raymond et al., 2013). The 
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River Reach

δ13C-CO2 (‰) δ13C-CH4 (‰)

n Mean Range n Mean Range

Ganges Upper 8 −13.3a (−20.8 to −6.0) 8 −53.6a (−60.4 to −50.9)

Middle 9 −17.1b (−20.7 to −15.4) 9 −46.2b (−50.3 to −41.2)

Lower 14 −18.2b (−22.9 to −12.6) 10 −49.6ab (−59.1 to −34.7)

T&W 22 −18.6b (−24.3 to −13.7) 20 −46.9b (−54.2 to −37.4)

Basin 53 −17.5 (−24.3 to −6.0) 47 −48.5 (−60.4 to −34.7)

Mekong Upper 1 −14.6 1 −42.3

Middle 5 −17.0a (−20.2 to −14.4) ND

Lower 14 −21.1b (−24.3 to −16.0) 14 −44.0a (−59.7 to −24.1)

T&W 25 −20.1ab (−24.5 to −13.3) 24 −41.4a (−55.2 −23.7)

Basin 45 −19.9 (−24.5 to −13.3) 39 −42.4 (−59.7 −23.7)

Yellow Upper 2 −18.3 (−20.4 to −16.2) 2 −44.5 (−45.3 −43.7)

Middle 5 −18.4 (−21.5 to −15.0) 3 −48.8 (−55.6 −40.2)

Lower 2 −16.6 (−17.3 to −15.8) 2 −50.6 (−52.4 to −48.9)

T&W 2 −18.9 (−20.1 to −17.8) 2 −40.4 (−48.7 to −32.1)

Basin 11 −18.2 (−21.5 to −15.0) 9 −46.4 (−55.6 to −32.1)

Total 109 −18.5 (−24.5 to −6.0) 95 −45.8 (−60.4 to −23.7)

Notes. Significant differences among the three mainstem reaches and T&W within each basin at P < 0.05 are indicated 
by different letters (ANOVA on rank followed by Dunn’s test). A few data of the Mekong upper reach (n = 1) and the 
Yellow River (n = 2–5) were excluded from the statistical analysis.
Abbreviations: ANOVA, analysis of variance; ND, no data.

Table 2 
Means and Ranges (Minimum–Maximum) of δ13C in CO2 and CH4 Along the Upper, Middle, and Lower Reaches and 
Tributary and Wastewater Drains (T&W) in the Ganges, Mekong, and Yellow River
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mean pCO2 in the Ganges (4,782 µatm) and Mekong (5,209 µatm) were 
4–5 times higher than the earlier measurements summarized in Table S3 
(Li et al., 2013; Lin et al., 2019; Park et al., 2018). These large differences 
might be ascribed to inaccuracy in previous pCO2 measurements or esti-
mates based on water quality parameters, that is, pH, temperature, and 
total alkalinity (Table S3; Li et al., 2013; Manaka et al., 2015). While some 
estimation-based studies were conducted on the basin scale, direct meas-
urements were usually conducted for relatively short stretches of the riv-
ers (Table S3; Alin et al., 2011; Cheng et al., 2019; Qu et al., 2017; Tian 
et al., 2019). In contrast, our field measurements in both the monsoon 
and dry seasons cover the entire basin including highly polluted tribu-
taries and affected mainstem reaches. The levels of pCO2, CH4, and N2O 
observed in the Ganges and Mekong exceed a few previously reported val-
ues (Li et al., 2013; Rao & Sarma, 2017; Rao et al., 2013; Park et al., 2018). 
The magnitude of the observed range of pCO2 in the Yellow River basin 
(694–4,861 µatm; Table 1) is comparable to the reported values of pCO2 
measured along the upper reach (181–2,441 µatm; Qu et al., 2017; Tian 
et  al.,  2019) and across the basin (147–36,790  µatm; Ran et  al.,  2015). 
However, CH4 concentrations observed in the upper reach (1.0 µM) of 
the Yellow River were much higher than the reported value (0.02  µM; 
Qu et al., 2017). While there have been some reports on pCO2 (Samanta 
et al., 2015; Sarma et al., 2012), CH4 concentrations (Rao & Sarma, 2017), 
and N2O concentrations (Rao et al., 2013) in the Ganges estuaries and 
coastal areas (Table  S3), only a few studies reported pCO2 calculated 
from water quality measurements in headwater streams (Chakrapani 
& Veizer,  2005; Park et  al.,  2018) or the lower Ganges in Bangladesh 
(Manaka et  al.,  2015). Our basin-wide measurements of pCO2 across 
the Ganges (180–27,290 µatm) far exceeded the range of reported values 
(65–2,620  µatm; Table  S3). The ranges of CH4 (0.03–3.4  µM) and N2O 
concentrations (1.7–18.1 nM) in the lower reaches (Table 1) also exceed 
the previous measurements in the estuary and coastal area (Table S3; Rao 
& Sarma, 2017; Rao et al., 2013).

The highest value of pCO2 in the middle reach of the Ganges, downstream 
of Delhi (20,580 μatm; Figure 4), has never been reported for the Ganges 
basin. The large metropolitan populations discharging loads of untreated 
wastewater, up to 1,104 × 106 tons yr−1 in the case of Delhi (Table S2), 

BEGUM ET AL.

10.1029/2020JG006124

12 of 20

Figure 7. δ13C in CO2 and CH4 in the lower reach of the Mekong, and 
urban tributaries and wastewater drains from Phnom Penh, Cambodia 
(334 km) and Can Tho, Vietnam (97 km from the river mouth). Dry and 
monsoon seasons are indicated by void and filled symbols, respectively.

Figure 8. Keeling and Miller-Tans plots for δ13C-CO2 (a and b) and δ13C-CH4 (c and d) and the correlation between 
δ13C-CO2 and δ13C-CH4 (e). Significant regressions are indicated by dashed (each river) and solid lines (all data 
combined). Void and filled symbols represent mainstem, and tributaries and wastewater drains (T&W), respectively.
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may represent the primary anthropogenic perturbation to the production and consumption of GHGs in the 
Ganges. Untreated and poorly treated wastewater generated from the ever-expanding population centers 
in India and Bangladesh can greatly impact downstream water quality by inducing surges in biochem-
ical oxygen demand (BOD) and nutrients (CPCB 2013, Park et al., 2018; Sharma et al., 2017). Although 
reach-specific data on wastewater is not available, the longitudinal patterns of GHGs in the Mekong and 
Yellow River can also be explained by increasing volumes of wastewater generated along the middle and 
lower reaches (Tables 1 and S2). Riparian countries along the lower Mekong River generate large volumes 
of wastewater ranging from 17 (Myanmar) to 5,293 × 106 tons yr−1 (Thailand) (Table S2), and a large fraction 
of the wastewater enters the river untreated (Park et al., 2018; Sato et al., 2013). The Chinese provinces in 
the Yellow River basin produce wastewater ranging from 271 to 4,999 × 106 tons yr−1 (Table S2); however, 
∼90% of the total wastewater in China is treated before discharging into the rivers (Table S2; China Statis-
tical Yearbook, 2018; Qi et al., 2020). The relatively high rate of wastewater treatment in the Yellow River is 
partially responsible for the comparatively low concentrations of CO2 and other GHGs, because untreated 
wastewater can produce significantly higher amounts of CO2 than treated wastewater (Kim et al., 2019).

Increased loads of BOD and nutrients from wastewater can enhance the riverine production of CO2 and 
other GHGs via photo- and biodegradation of OM in the water column and anaerobic metabolic processes 
at the benthic sediment (Begum et al., 2019; Kim et al., 2019; Yoon et al., 2017). Significant positive rela-
tionships between the concentrations of the three GHGs and C3, FI, DIN, and 

4PO , respectively, suggest 
that the degradation of wastewater-derived OM in eutrophic rivers may represent a major source of riverine 
GHGs (Figure 6). Strong correlations between GHG concentrations and C3 (protein-like fluorescence) or 
FI also indicate the production of labile OM (Ulliman et al., 2020) and GHGs from wastewater effluents 
(Jin et al., 2018). Similar to the positive priming effect of labile OM on recalcitrant DOM in rivers (Bianchi 
et al., 2015), a synergistic increase in CO2 and other GHG concentrations was observed when wastewater 
was mixed with reservoir or impounded river water (Begum et al., 2019; Wang et al., 2017).

Polluted sites along the urbanized mainstems and T&W exhibited high concentrations of CH4 and N2O, 
proportional to the concentrations of CO2, which was consistent with positive correlations between GHGs 
(Figure 2). Large emissions of CH4 and N2O from treated wastewater effluents in downstream reaches have 
also been measured in other urbanized river systems of Asia (Jin et al., 2018; Li et al., 2020) and Europe (Al-
shboul et al., 2016). Wastewater effluents are rich in OM but depleted in DO, providing favorable conditions 
for the production of CH4 through anaerobic biodegradation (Alshboul et al., 2016; Li et al., 2020). Low con-
centrations of DO in T&W also allow for high concentrations of CH4 by limiting oxidation of the produced 
CH4 (Li et al., 2020). The oxidation of CH4 in water column has been suggested as the major pathway for 
CH4 removal in the Amazon (Sawakuchi et al., 2016) and Han River (Jin et al., 2018). Higher concentrations 
of 

3NO  in wastewater can increase N2O concentrations in the T&W and polluted middle and lower reaches 
of the studied rivers (Figure 5; Table 1) through denitrification under anoxic or hypoxic conditions (Beau-
lieu et al., 2010; Jin et al., 2018). Although denitrification is considered the predominant pathway for N2O 
production in the river, oxic and hypoxic conditions with higher concentrations of NH4

+ can facilitate N2O 
production via nitrification and nitrifier-denitrification, respectively (Beaulieu et al., 2010; Li et al., 2020).

Higher mean concentrations of CO2, CH4, and N2O during the dry season (Figure 3) are consistent with 
the seasonal patterns found in other polluted rivers (Jin et al., 2018; Li et al., 2020; Wang et al., 2017; Yoon 
et al., 2017). Higher dry-season GHG concentrations can be explained by the fact that wastewater influence 
on downstream water quality is stronger during the dry season, whereas increased flows induce a greater 
dilution effect during the monsoon season. Dry-season increases in GHG concentrations were observed in 
polluted reaches of the Han River in Korea, where wastewater accounted for ∼5% and 12% of the mainstem 
river flow in the monsoon and dry season, respectively (Jin et al., 2018; Yoon et al., 2017). Lower GHG 
concentrations during the monsoon period (Figure 3) might have resulted from wastewater dilution by a 
monsoonal increase in discharge. However, higher concentrations of GHGs observed in several sites along 
the middle and lower reaches of the studied rivers (Figures 4, S1, and S2) are consistent with the patterns of 
pCO2 observed in some sites of the lower Mekong (Borges, Abril, & Bouillon, 2018; Li et al., 2013) and the 
lower Yellow River (Ran et al., 2015). Monsoonal increases in CO2 have been explained by the flushing of 
CO2 and OM from the soil, floodplains, and other allochthonous sources and subsequent degradation of the 
allochthonous OM during riverine transport (Borges, Abril, & Bouillon, 2018; Li et al., 2013).
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Very low dry-season pCO2 found in some mainstem sites of the three rivers (Figures 4, S1, and S2) may in-
dicate an enhanced primary production consuming dissolved CO2. Deviating from the mean DO values of 
5.6 (dry) and 6.1 mg L−1 (monsoon), these sites exhibited higher concentrations of DO during the dry season 
when additional O2 was produced via primary production (Figure S5). Since primary production through 
photosynthesis and microbial respiration are concurrent processes in the aquatic system, a small change in 
an environmental variable, for example, nutrients, DO, and DOC concentration, can transform the system 
from a heterotrophic source of CO2 to an autotrophic sink (Wang et al., 2017).

4.2. Impacts of Local Pollution on GHGs and C Isotope Ratios

While δ13C has widely been measured to track downstream alterations of various DIC components in inland 
water systems, including CO2, 


3HCO , and 2

3CO  (Borges, Abril, & Bouillon, 2018; Campeau et al., 2017; Jin 
et al., 2018), our approach is unique in linking the optical characterization of wastewater-derived DOM to 
the isotopic signatures of CO2 and CH4 in the urbanized middle and lower reaches of the studied rivers. The 
measured values of δ13C-CO2 ranging from −6.0 to −24.5‰ (Table 2) span nearly the full range of reported 
values of δ13C-CO2 in streams, rivers, and estuaries (Campeau et al., 2017; Jin et al., 2018; Maher et al., 2013; 
McCallister & del Giorgio, 2008). The relatively high δ13C-CO2 values, up to −6.0‰, in the upper reaches of 
the Ganges (Table 2) were similar to the level of 13C enrichment in DIC (−16.8 and −5.2‰) observed in the 
headwater streams of the Ganges (Chakrapani & Veizer, 2005), indicating the geogenic origins of the gas. 
Significant decreases in δ13C-CO2 from the upper to the middle and lower reaches of the Ganges imply in-
creasing contributions from biogenic (i.e., plant-derived soil OM) and anthropogenic (wastewater) sources 
along the polluted reaches (Campeau et al., 2017; Jin et al., 2018). Reported values of 13C-DIC range from 
−27 to −18‰ for biogenic sources (Campeau et al., 2017; Jin et al., 2018) and from −13.7 to −10.1‰ for 
wastewater effluents (Yang et al., 2018).

Similarly, longitudinal decreases in δ13C-CO2 along the Mekong indicate an increasing contribution of 
13C-depleted CO2 from soils and wastewater OM along the lower reaches (Campeau et al., 2017). In con-
trast, the more negative values of δ13C-CO2 in the upper reaches of the Mekong and Yellow River (Table 2) 
than those of the Ganges suggest a contribution from natural wetlands (Avery et al., 1999; Qin et al., 2020). 
Large expanses of natural wetlands are scattered across the source regions of the rivers deriving from the 
Qinghai-Tibetan Plateau (Tong et al., 2014). Despite the differences in the background levels observed in 
the upper reaches, δ13C-CO2 values lower than −12.6‰ in the middle and lower reaches of the three riv-
ers reveal anthropogenic impacts on the downstream deviations from the headwater isotopic signatures 
reflecting geogenic origins (Table 2). The shifting values of δ13C-CO2 along the middle and lower reaches 
may reflect the combined effects of allochthonous contributions from soils (Campeau et al., 2017; Doctor 
et al., 2008) and wastewater (Jin et al., 2018; Li et al., 2020) as well as concurrent instream processes such 
as DOM mineralization (McCallister & del Giorgio, 2008), primary production (Alling et al., 2012), and 
anaerobic metabolic processes in the benthic sediments (Barth et al., 2003).

The values of δ13C-CO2 observed at the T&W sites of the three rivers (−24.5 to −13.3‰) were similar to 
the values observed in other urbanized Asian rivers (−18.3 to −14.7‰; Jin et al., 2018), but lower than 
the values of δ13C-DIC measured in rivers (−12.9 to −11.0‰; Li et al., 2020) and WWTP effluents (−13.7 
to −10.1‰; Yang et al., 2018). These values of δ13C in CO2 and DIC found in wastewater and downstream 
rivers indicate 13C depletion or enrichment in CO2 compared with the isotopic signatures of geogenic or 
biogenic sources, respectively. The magnitude of 13C enrichment relative to the biogenic source is greater 
in the Ganges and Mekong than in the Yellow River (Figure 8b; Tables 2 and S4), which can be explained 
by the fact that the latter is less loaded with untreated wastewater (Park et al., 2018; Qi et al., 2020). These 
variations in δ13C-CO2, along with the differences in regression slopes of the Miller-Tans plots (Figure 8b; 
Table S4), reflect the impact of the larger amounts of CO2 derived from the untreated wastewater and highly 
polluted tributaries of the Ganges and Mekong, compared to those derived from treated wastewater efflu-
ents in the Yellow River (CPCB, 2013; Qi et al., 2020).

Significantly higher concentrations of CO2 in the dry season (Figure 3a) were reflected in the less negative 
values of δ13C-CO2 (−18.5‰), compared to those found in the monsoon season (−20.1‰) (Figure 3d). These 
enriched values of δ13C-CO2 in streams and rivers have often been attributed to natural processes such as 
atmospheric evasion and instream primary production, both of which can preferentially remove the lighter 
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isotope from the river DIC pool (Alling et al., 2012; Campeau et al., 2017; Doctor et al., 2008). Therefore, CO2 
outgassing can result in significant 13C-enrichment of stream CO2 and DIC; for instance, Doctor et al. (2008) 
reported a 3–5‰ increase in δ13C-DIC in a forested headwater stream owing to atmospheric evasion. Pho-
tosynthesis can also increase δ13C-CO2; for example, Jin et  al.  (2018) reported concomitant increases in 
Chlorophyll a and δ13C-CO2 along the polluted tributaries and eutrophic lower reach of the Han River, 
Korea. The enrichment of 13C in CO2 can also reflect contributions of CO2 from microbial OM degradation 
in wastewater drains and polluted tributaries during the dry season (Jin et al., 2018; Li et al., 2020). The less 
negative slope of δ13C-CO2 in the Miller-Tans plot in T&W (−16.1‰), compared to the more negative slope 
in the mainstems (−17.2‰) may suggest that wastewaters are a major source of such enrichment (Table S4).

The enrichment of 13C in CO2 and depletion of 13C in CH4 in the dry season (Figures 3d and 3e) also reflect 
the reduction of CO2 in the benthic sediment under anoxic conditions (Barth et al., 2003; Jin et al., 2018; 
Qin et al., 2020). Similarly, CH4 produced in the sediment through hydrogenotrophic methanogenesis (CO2 
reduction) might explain the more negative δ13C-CH4 observed during the dry season (−46.8‰) than during 
the monsoon season (−41.7‰) (Figure 3e; Qin et al., 2020). However, active CH4 oxidation in oxic waters 
has been proposed as the prevailing mechanism of 13C-CH4 enrichment during the high-flow periods, re-
sulting in the production of 13C-depleted CO2 (Jin et al., 2018; Maher et al., 2013; Sawakuchi et al., 2016). 
This seasonal shift from enriched 13C-CO2 during the dry season to enriched 13C-CH4 during the monsoon 
season was observed along the short stretch of the river in the Mekong delta (Figure 7). The drastic mon-
soonal decline in δ13C-CH4 downstream of an urban tributary along the lower reach of the Mekong (−36.0 
to −58.9‰; Figure 7) was similar to the patterns observed in the reaches of the Han River (Jin et al., 2018) 
and Seine River (Garnier et al., 2013) that receive loads of WWTP effluents. The lower dry-season values 
of δ13C-CH4 increased gradually along the lower reach of the Mekong River (Figure 7), contrasting with 
decreases in CH4 concentration (Figure S1). This suggests efficient removal of CH4 through oxidation and/
or atmospheric evasion (Jin et al., 2018; Maher et al., 2013; Sawakuchi et al., 2016).

The unusually high CH4 concentration in the upper reach of the Yellow River (Figure S2) may be associat-
ed with 13C enrichment in CH4 (Table 2), consistent with reported values in peatlands (Avery et al., 1999; 
Qin et al., 2020). Avery et al. (1999) reported that ∼84% of CH4 in the Michigan peatland was produced 
by acetoclastic methanogenesis with δ13C-CH4 values averaging −48.7‰ in the summer. Impounded sites 
also showed depleted values of δ13C-CH4 ranging from −51.4 to −60.5‰ in the Ganges during the dry 
season, which were similar to the value (−57.8‰) observed in the Qinghai Lake located 102  km away 
from site Y2 (data obtained from the field trip to the upper Yellow River). Previous studies in Tuojia River 
(Qin et al., 2020), Arctic tundra watersheds (Throckmorton et al., 2015), and the Michigan peatland (Avery 
et al., 1999) have reported seasonal shifts in production pathways of CH4 from hydrogenotrophic methano-
genesis prevailing in the winter to acetoclastic methanogenesis in summer. O'Dwyer et al. (2020) linked 
CH4 production in Alaskan lakes during the winter season to ecosystem productivity. Lower values of δ13C-
CH4 from hydrogenotrophic methanogenesis were observed in productive lakes rich in biodegradable OM, 
compared to the values associated with acetolactic methanogenesis occurring in anoxic systems rich in 
recalcitrant, aromatic OM (O'Dwyer et al., 2020). Thus, enhanced CH4 oxidation and atmospheric evasion 
in the monsoon and reduction of CO2 in anoxic water during dry season may result in seasonal shifts in δ13C 
enrichment in CH4.

4.3. Implications for Regional and Global Riverine GHG Budgets

Interbasin differences in riverine DOM properties and GHG concentrations suggest the strong influence 
of watershed management and wastewater treatments on riverine GHG emissions. Although this study fo-
cused on controlling mechanisms for the spatiotemporal variations in GHG concentrations, estimates based 
on published values of gas transfer velocity (k) (Lauerwald et al., 2015; Raymond et al., 2012) are briefly 
discussed here. Based on k values for large global rivers (Lauerwald et al., 2015), emissions of CO2, CH4, and 
N2O from the studied rivers were estimated at 11.4–14.8, 2.0–2.7, and 8.0–10.4 mg N m−2 d−1, respectively 
(Table S5). The estimated emission rates were higher than the reported riverine CO2 emissions from the 
global (3.4–5.4 g C m−2 d−1), tropical (3.0–9.7 g C m−2 d−1), or temperate (1.4–4.7 g C m−2 d−1) streams and 
rivers (Alin et al., 2011; Aufdenkampe et al., 2011; Lauerwald et al., 2015). The estimated CH4 emission 
rates exceed the reported averages for the diffusive (0.10 g C m−2 d−1) and ebullitive fluxes (0.02 g C m−2 d−1) 
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from the global rivers (Stanley et al., 2016). The N2O emission estimates also surpass the wide range of 
global riverine N2O emissions (−0.03–7.4 mg N m−2 d−1) estimated by Hu et al. (2016). The observed high 
concentrations and fluxes of GHGs along the middle and lower reaches reflect the contributions of T&W, 
as illustrated by the high GHG emissions from T&W (Table S5). These localized increases in GHGs along 
the urbanized middle and lower reaches underscore the importance of incorporating anthropogenically 
impacted river reaches in the riverine GHG budgets. Extremely high concentrations of GHGs measured 
across the T&W sites can not only directly enter the receiving river but also emit to the atmosphere at 8–20 
times higher emission rate (Table S5).

Individual anthropogenic perturbations have been shown to enhance riverine GHG fluxes on a regional and 
global scale (Deemer et al., 2016; Garnier et al., 2013; He et al., 2017; Li et al., 2020; Yoon et al., 2017). How-
ever, much less is known about the synergistic effect of impoundments and WWTP effluents on riverine 
GHG emissions. A few studies have reported an enhanced production of GHGs from the mixing of OM, nu-
trients, and microbial communities in eutrophic, impounded rivers (Begum et al., 2019; Wang et al., 2017). 
The potential enhancement of production of GHGs in impounded reaches was indicated by the increases 
in CH4 and N2O concentrations from M2 (dam) to M3 (downstream of Jinghong), while pCO2 remained 
similar during the dry season (Figure S1). The significant relationships between GHG concentrations and 
DOC, POC, DIN, and the optical properties of DOM (Figures 6, S5–S7), respectively, suggest that the DOM 
pool fueling riverine heterotrophy may be continuously replenished by allochthonous DOM of natural or 
anthropogenic origin and autochthonous DOM produced in the eutrophic, impounded reaches.

Although long-term data are required to assess anthropogenic perturbations, we focused on providing field 
measurements as baseline data required to explore how longitudinally varying distributions of pollution 
sources affect both the spatial and seasonal variations in GHG concentrations along the three rivers. An-
thropogenic alterations in the concentrations of GHGs and other biogeochemical constituents over a long 
period have often been assessed using modeling due to lack of field measurements (Regnier et al., 2013). 
Our approach includes finding anthropogenic footprints in DOM optical properties (Figure 5) and stable C 
isotopes of GHGs (Table 2; Figure 7) and then link them to GHG concentrations in the mainstem reaches 
and T&W (Figures 6 and 8). Despite the short span of this study, data from two contrasting hydrological 
conditions allowed for comparing variable effects of wastewater on the mainstem reaches. These results 
illustrated the importance and advantage of comparing seasonal data across the three years to investigate 
anthropogenic perturbations to the riverine dynamics of GHGs and DOM. Therefore, our multi-parameter 
comparison across the pre-defined spatiotemporal scales could form a framework for long-term future stud-
ies that can track the temporal evolution of anthropogenic impacts on GHG emissions from understudied 
large Asian rivers.

5. Conclusions
Spatiotemporal variations in CO2, CH4, and N2O concentrations illustrate the strong localized influences 
of wastewater on the dynamics of the three GHGs in the urbanized reaches of the Ganges, Mekong, and 
Yellow River. The extremely high levels of GHGs found in the middle reaches of the Ganges far exceed the 
reported levels estimated from water quality data, which underscores the necessity of high-resolution field 
measurements in many understudied rivers across Asia. Seasonal variability in discharge plays a crucial 
role in controlling riverine GHG dynamics across the three basins; in the dry season, higher GHG emissions 
can occur along the reaches receiving high loads of wastewater. Both inter-reach and interbasin variations 
in GHGs and OM concentrations suggest that GHGs derived from anthropogenic sources can be emitted 
to the atmosphere within a short stretch, fueled by the degradation of anthropogenic DOM during down-
stream transport.

This study provides a rare field data set that encompasses the large spatiotemporal variations in three GHGs 
across the various reaches and tributaries of the three large rivers of Asia. These field-based data will be very 
useful for establishing regional budgets and policy responses to the rapidly increasing levels of water pol-
lution and riverine GHG emissions. Very high GHG concentrations observed within short stretches down-
stream of metropolitan areas emphasize the importance of including such anthropogenically impacted 
reaches in riverine GHG budgets to provide emission estimates that reflect the rapid changes occurring in 
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increasingly urbanized river basins across Asia and worldwide. This requires a careful evaluation of anthro-
pogenic alterations to riverine metabolic processes and associated increases in GHG emissions. Differences 
in natural watershed characteristics, population, wastewater discharge, urbanization, and impoundment 
need to be examined in more river systems in Asia and other understudied regions to better assess anthro-
pogenic perturbations to global riverine emissions of GHGs. Our unique approach combining optical prop-
erties of DOM with stable C isotopes in CO2 and CH4 can be applied to explore the source and production 
mechanisms of GHGs in these river systems under increasing anthropogenic stresses. Despite the limit-
ed temporal coverage, the longitudinal variations in DOM properties and GHG concentrations suggested 
strong contributions of wastewater and polluted tributaries to the riverine C fluxes across the three river 
basins. These results can thus provide a baseline for scoping future studies that can further assess human 
impacts on GHG emissions from the three studied and other Asian rivers underrepresented in the global 
riverine C budgets.

Data Availability Statement
Additional details of Materials and Methods (Text S1), supplementary figures (Figures S1–S7), and sup-
plementary tables (Tables S1–S5) are included in the Supporting Information. Data set for this research is 
available on PANGAEA (https://doi.org/10.1594/PANGAEA.926582), as detailed in the in-text data citation: 
Begum et al. (2021) (with CC-BY-4.0 license).
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