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ABSTRACT: Inland rivers are hotspots of anthropogenic indirect nitrous
oxide (N2O) emissions, but the underlying microbial processes remain poorly
understood. This study measured N2O ﬂuxes from agricultural and urban
rivers in Taihu watershed and investigated the microbial processes driving
N2O production and consumption. The N2O ﬂuxes were signiﬁcantly higher
in agricultural rivers (140.1 ± 89.1 μmol m−2 d−1) than in urban rivers (25.1
± 27.0 μmol m−2 d−1) (p < 0.001). All wind-based models signiﬁcantly
underestimated N2O ﬂux in urban rivers (p < 0.05) when using the
Intergovernmental Panel on Climate Change method because they
underestimated the N2O emission factor (EF5r). Wind speed and nitrate
were the key factors aﬀecting N2O ﬂuxes in agricultural and urban rivers,
respectively. NirK-type denitriﬁers produced N2O in urban river water, while nirS-type denitriﬁers consumed N2O in the sediments
of all rivers. Co-occurrence network analysis indicated organics from Microcystis served as electron donors for denitriﬁers (dominated
by Flavobacterium) in water, while direct interspecies electron transfer between Thiobacillus and methanogens and between
Dechloromonas and sulfate-reducing bacteria enhanced N2O reduction in sediments. This study advances our knowledge on the
distinctive microbial processes that determine N2O emissions in inland rivers and illustrates the need to revise EF5r for N2O
estimation in urban rivers.
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1. INTRODUCTION
As a powerful greenhouse gas, nitrous oxide (N2O) has a
global warming potential 265 times that of carbon dioxide.1
N2O is also the primary cause of stratospheric ozone damage.
Its atmospheric concentration has increased from 270 ppb
before the industrial revolution to 329 ppb in 2019.2−4
Anthropogenic sources contribute an estimated 38.5% (2.7−
11.1 Tg N2O−N a−1) of global N2O emissions, 10−17% of
which come from inland rivers.2,4 However, compared to the
well-documented N2O emissions from terrestrial ecosystems,
N2O emissions from inland rivers have received little
attention.5 Human activities, especially agricultural utilization
of synthetic fertilizers and discharge of domestic sewage, have
the potential to indirectly enhance N2O ﬂuxes from agricultural
and urban rivers.6 Given the increasingly concerning food crisis
and rapidly progressing global urbanization,7 more research is
needed to better quantify the contributions of agricultural and
urban rivers to global riverine N2O emissions. However, one
reason the roles of agricultural and urban rivers in atmospheric
N2O dynamics are poorly understood is the high heterogeneity
of these rivers.
Besides the traditional approach of ﬁeld-measured N2O
ﬂuxes using the ﬂoating chamber method, the diﬀusion method
is widely used to estimate N2O emission based on the gas
© XXXX American Chemical Society

transfer velocity (k) and water−air N2O concentration
gradient.3,5,7,8 The gas transfer velocity can be estimated
using diﬀerent wind-based models, which strongly aﬀect the
estimated N2O ﬂux magnitude.8 Hence, in order to reduce the
systematic errors caused by diﬀerent methodologies, further
studies are still needed to validate speciﬁc wind-based gas
transfer velocities when estimating riverine N2O ﬂuxes across
diﬀerent land use types. Recently, regional and global
estimations of freshwater N2O ﬂuxes have presumed that
N2O emissions increase linearly with increased dissolved
inorganic nitrogen loading.9 Hence, the Intergovernmental
Panel on Climate Change (IPCC) used dissolved nitrate and
the indirect emission factor (EF5r) to estimate the dissolved
N2O concentration in surface water (i.e., N2O−N = NO3−−N
× EF5r) for riverine N2O emission estimation.10,11 This IPCC
method is convenient for regional and global N2O emission
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Figure 1. Sampling sites and land use in lake Taihu watershed. (A) Location map of lake Taihu watershed in China. (B) Location of sampling rivers
(black star) and land use in lake Taihu watershed in 2020. All the sampling sites were divided into two spatial groups delineated by black lines
following the boundaries of the Huxi and Wuchengxiyu sub-watersheds.6 Abbreviations: Agri., Agricultural land; Fore., Forestland; Gras.,
Grassland; Wetl., Wetland; Urba., Urban land.

estimation as dissolved NO3−−N concentration data are more
commonly available than N2O data. However, the default EF5r
value (0.0026) given by IPCC in 2019 may skew the
estimations of riverine N2O ﬂuxes with diﬀerent land use
types.10,11 In fact, the EF5r of freshwater ecosystems remains
unspeciﬁed, especially for agricultural and urban rivers.4,7,12
The IPCC have reﬁned EF5r from 0.0075 (1998) to 0.0025
(2006) and to 0.0026 (2019).2 Hence, many studies have
estimated the EF5r (EF5r‑e) with diﬀerent landscapes using
ﬁeld-measured dissolved N2O and NO3−−N concentrations
and provide EF5r‑e for the reﬁnement of the default EF5r value
or the establishment of a regionally-speciﬁc EF5r.2,10,13
Previous studies that investigated the IPCC’s predictions
concluded that they only accounted for about 76% of the
measured N2O emissions in urban rivers.3 This underestimation of N2O emission was primarily because EF5r‑e
values for diﬀerent land use types are scarce,10 and our
knowledge regarding mechanisms controlling N2O emissions
in freshwater rivers with diﬀerent land uses is incomplete.
Microbial processes are major drivers of N2O in freshwater
ecosystems.14 Nitriﬁcation, nitriﬁer denitriﬁcation, incomplete
denitriﬁcation, and dissimilatory nitrate reduction to ammonium are the main processes resulting in N2O production.15
Among them, incomplete denitriﬁcation is commonly assumed
to be the dominant N2O generating pathway in lotic
environments and is governed by a variety of physicochemical
factors.11,15 Nitrate concentration and organic carbon-tonitrate ratio are the two main factors that aﬀect N2O
production and consumption, respectively. Nitrate is the
substrate and organic carbon serves as an electron donor for
denitriﬁcation. Hence, high organic carbon-to-nitrate ratios can
ensure complete denitriﬁcation and consequently reduce N2O
production.4 In addition, trophic state, suspended solids, algae
accumulation and decomposition, temperature, dissolved
oxygen (DO) concentration, pH, and many other environmental factors have been reported to signiﬁcantly aﬀect N2O
emissions in inland rivers.4,5,11,16 Together, the inﬂuences of
these environmental factors on N2O production are very
complex and interconnected. The lack of understanding how
N2O is produced and consumed by microbial processes in
diﬀerent inland rivers makes it diﬃcult to correctly evaluate the
N2O emissions and assess the importance of inland rivers in
the global N2O budget.

This study aimed to distinguish the key microbial processes
and controlling factors related to N2O emission in agricultural
and urban rivers. The Taihu basin was studied as it is intensely
cultivated and urbanized in its northwestern and northern
areas, respectively. In the present study, N2O ﬂux was
estimated using the ﬂoating chamber method and compared
between agricultural and urban rivers. The applicability of the
diﬀusion method with seven widely accepted wind-based
models (calculating gas transfer velocities) and the IPCC
method (calculating dissolved N2O using a default EF5r value)
was also assessed in agricultural and urban rivers. Furthermore,
the functional gene abundance and environmental factors in
both water and sediment were investigated to acquire a
mechanistic understanding of the underlying biotic and abiotic
factors aﬀecting N2O emissions in agricultural and urban rivers.
The microbial community structures of the water and sediment
were also investigated, and both co-occurrence networks and
functional forecasts were conducted to explore the diﬀerent
N2O producing and consuming microbes in water and
sediment.

2. MATERIALS AND METHODS
2.1. Study Area and Sampled River Types. Measurements were conducted in the Taihu watershed (Figure 1).
Lake Taihu is the third largest (2400 km2) freshwater lake in
China. Riverine inﬂow mainly comes from rivers to the
northwest and north and outﬂows via rivers to the east.17 Land
use information of the Taihu watershed was acquired from the
Globeland30 website (www.globalandcover.com) using ArcGIS (version 10.7) (Figure 1B). The inﬂowing rivers to the
northwest and north of lake Taihu are predominately aﬀected
by agricultural and urban land use, respectively.6
Ten inﬂowing rivers (E119°52′45″−120°25′5″,
N31°13′37″−31°33′23″) were chosen (Figure 1B). In
accordance with the hydraulic connections of river networks,
seven rivers were located in the northwestern Huxi subwatershed, which was dominated by agricultural land, and
three rivers were located in the northern Wuchengxiyu subwatershed, which was dominated by urban areas.6 Three
diﬀerent sampling sites (i.e., riverway, estuary, and adjacent
lake sites) at distances of approximately 1 km apart were set for
each river, except Chendonggang river and Dapugang river,
which had two sampling sites each (Table S1).
B
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to methods described in previous studies.20 All raw sequencing
data were submitted to the NCBI (https://www.ncbi.nlm.nih.
gov/) (SRP338736). FAPROTAX analysis was used to predict
metabolic processes using “microeco” package in the R
software environment (version 4.0.4).21 In addition, denitrifying gene abundances in both water and sediment samples were
assessed by qPCR based on previous studies.20 Co-occurrence
network analysis was performed as previously reported for both
water and sediment samples to predict the potential
interactions among diﬀerent genera.22 The details of network
construction, topological characteristics calculations, and
Erdös-Rényi random network generation can be found in the
Supporting Information.
2.5. Statistical Analysis. The Kruskal−Wallis sum rank
test was used to evaluate whether there were statistically
signiﬁcant diﬀerences among dissolved N2O concentrations,
N2O ﬂuxes, and environmental factors between agricultural
and urban rivers. Pearson correlation analysis was performed to
evaluate the relationships between N2O ﬂux/EF5r‑e and water
quality parameters and denitrifying functional genes. Data
normality was checked using the Shapiro−Wilk test, followed
by log transformations where necessary. The environmental
variables that were signiﬁcantly correlated with N2O ﬂux or
EF5r‑e were used in the stepwise multiple regression model
analysis. The variance inﬂation factor was evaluated using the
inter-variable collinearity of the models. The explanatory
power of diﬀerent variables was assessed using the adjusted R2
of the models.5 Statistical analyses were performed using SPSS
(Version 21) unless otherwise noted. Pearson correlation
analyses and stepwise multiple regressions were conducted in
the R software environment.

2.2. Sample Collection and Analysis. Field investigations and sample collection were conducted from July to
August, 2020. At all 28 sampling sites, water samples (20 cm
below the surface) and surface sediment samples (0−10 cm)
were collected in triplicate. All samples were kept in a cooler at
4 °C (stored for less than 5 days) and transported to the
laboratory for immediate water quality analysis. The temperature, pH, oxidation−reduction potential (ORP), DO
concentration, and conductivity were measured in situ
(HQ3d, HACH, USA). Dissolved organic carbon (DOC),
chemical oxygen demand (COD), NO3−−N, NO2−−N, total
ammonia nitrogen (TAN), total nitrogen (TN), total
phosphorus (TP), chlorophyll-a (Chl-a), and total suspended
solids (TSS) were measured using standard methods.18 Total
inorganic nitrogen (TIN) was calculated as the sum of NO3−−
N, NO2−−N, and TAN.
2.3. Estimation of Diﬀusive N2O Flux and EF5r.
Dissolved N2O concentrations and N2O ﬂux were measured
using the headspace equilibrium technique and ﬂoating
chamber method, respectively, as previously reported.11 Details
of sampling, N2O measurements, and dissolved N2O saturation
calculations can be found in the Supporting Information.
The N2O ﬂux was also estimated using the diﬀusion method
and compared with the ﬁeld measured N2O ﬂux to evaluate the
accuracy of the diﬀusion method. In detail, the N2O ﬂux was
estimated using the thin boundary layer equation (eq 1) based
on the water−air concentration gradient and seven diﬀerent
gas transfer velocities
F = k × (Cw − Ceq)
−2

(1)
−1

where F (μmol m d ) is the N2O ﬂux from water to
atmosphere; Cw is the dissolved N2O in surface water; Ceq is
the corresponding concentration of N2O in surface water that
is in equilibrium with the N2O in the ambient atmosphere (see
the calculation method in Supporting Information); and k (m
d−1) is the gas transfer velocity. Seven diﬀerent, generally
accepted, wind-based models were used to evaluate k values
according to the equations proposed in previous studies (Table
S2).
Two methods were used to estimate the Cw and Ceq. For the
ﬁeld-measured N2O method, Cw was the ﬁeld-measured
dissolved N2O concentration (see Section 2.2), and Ceq was
calculated using ﬁeld-measured N2O concentration in the
ﬂoating chamber at time 0 min (see the calculation method in
Supporting Information). For the IPCC method, Cw was
calculated using ﬁeld-measured NO3−−N concentrations
multiplied by the default EF5r (0.0026),9,10 and Ceq was
estimated using a global average atmospheric N2O concentration of 329 ppb.19
In addition, the estimated EF5r (EF5r‑e) from the agricultural
and urban rivers in the present study were calculated based on
the established IPCC methodology, which has been widely
applied in lakes and rivers4,7 using the following equation
EF5r ‐ e = N2O − N/NO−3 − N
−1

NO3−−N

Article

3. RESULTS
3.1. Field-Measured N2O Concentrations and Fluxes.
The physicochemical characteristics of the overlying water in
agricultural and urban rivers are shown in Table 1. The urban
rivers had signiﬁcantly higher temperatures and conductivities
but lower NO2−−N, NO3−−N, and TIN concentrations
compared to agricultural rivers. The saturation values of
dissolved N2O ranged from 125.6 to 953.8% (472.4 ±
192.6%), revealing extensive oversaturation of dissolved N2O
in both agricultural and urban rivers. The highest N2O ﬂuxes in
agricultural and urban rivers were in estuary sites (181.4 ±
108.7 μmol m−2 d−1) and riverway sites (36.3 ± 32.5 μmol
m−2 d−1), respectively (Table S3). Across all sampling sites,
dissolved N2O concentrations ranged from 29.2 to 137.7 nmol
L−1 (average: 65.6 ± 28.4 nmol L−1). The dissolved N2O
concentrations in agricultural rivers (74.5 ± 29.7 nmol L−1)
were 1.6 times higher than those in urban rivers (47.0 ± 11.9
nmol L−1) (p < 0.001). The ﬁeld-measured N2O ﬂuxes ranged
from −8.9 to 302.7 μmol m−2 d−1 with an average of 95.1 ±
90.9 μmol m−2 d−1 across all sites (Figure 2). Agricultural
rivers exhibited signiﬁcantly higher N2O ﬂuxes (140.1 ± 89.1
μmol m−2 d−1) than urban rivers (25.1 ± 27.0 μmol m−2 d−1)
(p < 0.001).
3.2. Comparison of Estimated N2O Fluxes and EF5r‑e.
Two diﬀusion methods were used to estimate N2O ﬂuxes. For
the ﬁeld-measured N2O method, the estimated average N2O
ﬂuxes ranged from 113.6 ± 202.6 (LM1986 model) to 429.3 ±
417.7 (RC2001 model) μmol m−2 d−2 (Figure 2A). The
CC1998, N2000, and RC2001 models each returned
signiﬁcantly higher N2O ﬂuxes than the ﬁeld-measured N2O
ﬂuxes (p < 0.001). The W1992, W2014, RH2006, and

(2)
−1

where N2O−N (mg L ) and
(mg L ) represent
their respective concentrations measured in the surface river
water.
2.4. Microbial Community, Function, and Co-occurrence Network Analysis. DNA was extracted from 56 water
and sediment samples using the DNeasy PowerSoil Kit
(Qiagen, Hilden, Germany).20 16S-rRNA high-throughput
sequencing and subsequent analysis were performed according
C
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3.3. Linking N2O Fluxes to Abiotic and Biotic Factors.
To distinguish among potential factors controlling N2O
emissions, correlation analyses were conducted between both
abiotic and biotic properties and N2O ﬂuxes. For abiotic
indicators, the N2O ﬂuxes showed positive correlations with
wind speed, NO3−−N, and TIN (p < 0.001) but negative
correlations with conductivity (p < 0.001), COD/NO3−−N (p
< 0.01), and COD/TIN (p < 0.01) (Figure 3A). However, the
environmental factors that were signiﬁcantly related to N2O
ﬂuxes diﬀered between agricultural and urban rivers. Wind
speed (positive, p < 0.001) and COD/TN (negative, p < 0.05)
were the two factors signiﬁcantly related to N2O ﬂux in
agricultural rivers, while N2O ﬂuxes in urban rivers were
positively correlated with NO3−−N, TIN, and TSS, and
negatively correlated with conductivity, temperature, COD/
NO3−−N, DOC/NO3−−N, and DOC/TIN.
A stepwise forward multiple regression analysis was
performed to better discern the most powerful controlling
factors aﬀecting N2O ﬂuxes in agricultural and urban rivers
(Figure 3F; Table S4). About 67−90% of the spatial variability
in N2O ﬂuxes could be explained by predictors, that is, NO3−−
N, DOC/TIN, TIN, and wind speed (Figure 3F). However,
the diﬀerences in predictors and their explanatory power
between agricultural and urban rivers reﬂected the multiple
controls inﬂuencing N2O ﬂuxes. In nutrient-enriched agricultural rivers, wind speed was the only factor with high
explanatory power (67%) for N2O ﬂux. In the relatively
nitrogen nutrient-poor urban rivers, however, N2O ﬂux was
explained predominately by NO3−−N. These results demonstrated that N2O emissions are the most sensitive to nutrient
supply for denitriﬁcation and gas transfer velocity (windbased) across the water−atmosphere interface.
To identify the biotic factors controlling N2O production in
water and sediment in agricultural and urban rivers, we
conducted correlation analyses among denitrifying functional
gene abundances and N2O ﬂuxes. The ratio of N2O producing
genes to N2O consuming genes, that is, (nirK + nirS)/nosZ,
was used to represent the N2O production potential during
denitriﬁcation.4 In the present study, despite (nirK + nirS)/
nosZ in water and sediment showing no signiﬁcant diﬀerences
between agricultural and urban rivers (Figure 3B,C), the
abundance amount of denitrifying functional genes in water
and sediment exhibited diﬀerent eﬀects on N2O ﬂux (Figure
3D,E). In total, the N2O ﬂuxes had slight positive correlations
with almost all denitrifying genes in the water but negative
correlations with denitrifying genes in the sediment, especially
with respect to napA (p < 0.001), narG (p < 0.01), nirS (p <
0.001), nosZ (p < 0.01), nirK/nosZ (p < 0.001), nirS/nosZ (p <
0.05), and (nirK + nirS)/nosZ (p < 0.05). Interestingly, N2O
ﬂuxes were positively correlated with all denitrifying functional
genes in the waters in urban rivers, especially nirK (p < 0.05),
while in agricultural rivers, they exhibited no signiﬁcant
correlations with all denitrifying genes. In total, all denitrifying
genes, except narG, in sediments were negatively related to
N2O ﬂuxes. However, when the agricultural and urban rivers
were considered separately, only the denitrifying functional
genes (i.e., napA, narG, nirS, and nosZ) in the sediment of
agricultural rivers were signiﬁcantly negatively correlated with
N2O ﬂux (p < 0.05) (Figure 3E).
3.4. Microbial Community Structure and Function.
The microbes in both water and sediment of the Taihu lake
inﬂow rivers were analyzed by Illumina Miseq sequencing to
characterize microbial community composition and diversity.

Table 1. Physicochemical Characteristics of Overlying
Water in Agricultural and Urban Rivers in Taihu
Watersheda
indicators
pH
DO
temperature
ORP
EC
wind speed
Chl-a
TSS
TP
COD
DOC
TAN
NO2−−N
NO3−−N
TIN
TN

unit
mg L−1
°C
mV
μS cm−1
m s−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1
mg L−1

agricultural rivers
8.0
6.8
29.8
164.9
264.8
2.3
0.2
68.2
0.3
106.6
54.8
0.5
0.03
0.8
1.3
2.9

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.8
2.7
0.5
35.7
31.4
1.4
0.5
111.5
0.6
63.6
18.6
0.3
0.01
0.2
0.2
1.0

urban rivers
8.6
6.4
30.6
161.2
376.3
1.6
0.2
48.4
0.1
138.8
56.9
0.5
0.01
0.1
0.7
2.3

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
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0.7
2.9
0.8**
32.7
15.5***
1.0
0.3
49.8
0.2
75.7
15.3
0.4
0.01**
0.1***
0.4***
0.8

** and *** means signiﬁcant diﬀerence between agricultural and
urban waters at p < 0.01 and p < 0.001 levels using Kruskal−Wallis
test, respectively. Abbreviations: DO, dissolved oxygen concentration;
ORP, oxidation−reduction potential; EC, electrical conductivity; Chla, chlorophyll a; TSS, total suspended solid; TP, total phosphorus.
COD, chemical oxygen demand; DOC, dissolved organic carbon;
TAN, total ammonia nitrogen; TIN, total inorganic nitrogen; TN,
total nitrogen.
a

LM1986 models slightly overestimated N2O ﬂuxes but were
not signiﬁcantly diﬀerent from the ﬁeld-measured N2O ﬂuxes
of either agricultural or urban rivers (Figure 2).
For the IPCC method (Figure 2), the estimated mean N2O
ﬂuxes of all rivers ranged from 83.1 ± 151.4 (LM1986 model)
to 267.4 ± 322.2 (RC2001 model) μmol m−2 d−2 (Figure 2A).
Among these models, the W1992, W2014, RH2006, and
LM1986 models were not signiﬁcantly diﬀerent from the ﬁeldmeasured N2O ﬂuxes in agricultural rivers (Figure 2).
However, for all urban rivers, the calculated N2O ﬂuxes from
all models were signiﬁcantly lower than the ﬁeld-measured
N2O ﬂuxes (p < 0.05) (Figure 2C).
The EF5r‑e ranged from 0.0013 to 0.0643 (0.0082 ± 0.0132)
across all sites. The EF5r‑e values in urban rivers were
signiﬁcantly greater than those in agricultural rivers (p <
0.01) (Figure S1). The average EF5r‑e value in agricultural
rivers was 0.0028 ± 0.0016 (n = 38), which was similar to the
most recent value from the IPCC (0.0026; 2019).9 However,
the mean EF5r‑e value in urban rivers was 0.0209 ± 0.0191 (n =
16, range 0.0044−0.0643), higher than the default IPCC value
in every case. Based on the correlation analyses (Figure S1)
and subsequent stepwise multiple regression model analysis,
the 87.8% variability in EF5r‑e values among all rivers could be
mainly explained by variability in the organic carbon-tonitrogen ratio (C/N) (Figure 3G). However, controls of EF5r‑e
diﬀered between agricultural and urban rivers, and the
strongest predictors of EF5r‑e in agricultural and urban rivers
were nitrogen nutrient concentrations (NH4+−N and NO3−−
N) and C/N (COD/NO3−−N), respectively (Figure 3G,
Table S4). Log-transformed NO3−−N concentrations (R2 =
0.8893, p < 0.001), log-transformed (COD/NO3−−N) (R2 =
0.7994, p < 0.001), and log-transformed DOC/NO3−−N all
showed strong linear relationships with EF5r‑e (log-transformed) (Figure S1).
D
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Figure 2. Field-measured N2O ﬂuxes and estimated N2O ﬂuxes based on the IPCC method and the ﬁeld-measured N2O method. Field-measured
N2O ﬂuxes and estimated N2O ﬂuxes of all rivers (A), agricultural rivers (B), and urban rivers (C). Gas transfer velocities (k, m d−1), which are
calculated using seven diﬀerent widely accepted wind-based models (W1992, W2014, RH2006, LM1986, CC1998, N2000, and RC2001), were
used for the estimation. *, **, and *** means signiﬁcance levels at p < 0.05, p < 0.01, and p < 0.001, respectively.

0.1−2.6%), and Dechloromonas (range 0.1−8.1%).23−26
Together, these denitrifying bacteria made up 15.6 ± 12.1
and 15.7 ± 13.8% of the total bacteria in the agricultural and
urban river waters, respectively. In addition, the algae
Microcystis_PCC-7914 (range 1.0−34.7%) was abundant in
both waters, while the abundance of Cyanobium_PCC-6307
was signiﬁcantly higher in agricultural river water (6.1 ± 5.8%)
than in urban river water (2.8 ± 3.3%) (p < 0.05). In
sediments, however, Dechloromonas, Candidatus_Competibacter, Thiobacillus, and Flavobacterium were the dominant
denitriﬁers.23,24,27 Together, these denitrifying bacteria accounted for 4.2 ± 2.5% and 5.2 ± 1.9% of the microbial
communities in sediments of agricultural and urban rivers,
respectively.
FAPROTAX analysis was used to explore the metabolic
processes of microorganisms. The results indicated that aerobic
chemoheterotrophy was predominant in waters, while both
aerobic and anaerobic chemoheterotrophy were dominant
energy sources in sediments (Figure 5). In addition,
cellulolysis, respiration of sulfur compounds, and sulfate
respiration were the dominant microbial processes in sediments (Figure 5).
3.5. Co-occurrence Network Analysis. There was no
strong (Spearman’s ρ ≥ 0.6 and Benjamini-Hochberg-adjusted
p-value < 0.01) co-occurrence network in either agricultural or
urban rivers alone. Hence, the co-occurrence network analysis

Raw reads of water and sediment samples were randomly
trimmed down to 46 400 and 50 478 sequences, respectively,
to avoid sampling bias. The rarefaction curve and the high
goods coverage value (>0.976) indicated that the present study
had a suﬃcient sequencing depth (Figure S2 and Table S5).
All alpha-diversity indexes were not signiﬁcantly diﬀerent
between agricultural and urban rivers (Table S5). However,
agricultural rivers had more unique operational taxonomic
units (OTUs) (2706 and 4281 unique OTUs for water and
sediment samples, respectively) than urban rivers (820 and
1702 unique OTUs for water and sediment samples,
respectively) (Figure 4).
The microbial community structure is shown at the phylum
level in Figure 4. In the present study, more than 99% and 96%
of OTUs from water and sediment samples, respectively, were
classiﬁed to the phylum level. Proteobacteria (30.9 ± 8.7%),
Cyanobacteria (20.4 ± 9.1%), Bacteroidetes (19.6 ± 10.2%),
and Actinobacteria (13.5 ± 9.7%) were the predominant phyla
in waters, while Proteobacteria (38.4 ± 4.6%) and Acidobacteria (12.8 ± 2.2%) were predominant in sediments.
The variabilities in the top 30 most abundant genera are
shown in Figure 4. In the water samples, the following
previously reported denitriﬁers were present: Flavobacterium
(range 0.9−42.8%), Cloacibacterium (range 0−11.6%), Gemmatimonas (range 0.2−3.2%), Hydrogenophaga (range 0.1−
7.4%), Arenimonas (range 0.1−4.2%), Pseudomonas (range
E
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Figure 3. Key abiotic and biotic factors aﬀect N2O ﬂuxes and estimated indirect N2O emission factor (EF5r‑e). Pearson correlations between N2O
ﬂuxes and physicochemical variables (A). N2O produce potential [(nirK+nirS)/nosZ] of agricultural and urban rivers in water (B) and sediment
(C). Pearson correlations between N2O ﬂuxes and denitrifying functional genes in water (D) and sediment (E) of agricultural and urban rivers. A
stepwise forward multiple regression analysis with N2O ﬂuxes (F) and EF5r‑e (G) as the dependent variable. In the correlation matrices, red and
blue dots correspond to the negative and positive correlations, respectively. Light-colored dots represent low correlations, while dark-colored dots
correspond to higher correlations. *, **, and *** means signiﬁcance levels at p < 0.05, p < 0.01, and p < 0.001, respectively. In stepwise forward
multiple regression, the ﬁnal set of model predictors in each regression is shown in sequence, with an order of their relative importance in
explaining the dependent variables. Note that “+” and “-” in the brackets denote positive and negative relationships, respectively, between predictors
and N2O ﬂuxes and EF5r‑e.

negatively correlated with each other (Figure 6B). Cyanobium_PCC-6307 (Synechococcales at the order level) and
nitrifying bacteria (Nitrosomonas and Nitrospira) were nodes in
module I, while Microcystis_PCC-7914 (Nostocales at the
order level) and denitrifying bacteria (Flavobacterium,
Gemmatimonas, and Rhodobacter) were nodes in module II
(Figure 6).
In sediments, the network consisted of 376 nodes and 688
edges (Table S6). The network showed 637 positive
correlations, which was much higher than the negative
correlations (51 green lines) (Table S6). Proteobacteria
(39.9%) and Bacteroidetes (13.0%) were the dominant phyla
in the networks (Figure 6C). The percentages made up by
module I ∼ VI in the networks of sediments were similar and
ranged from 6.4 to 11.7% (Figure 6D). Interestingly, a
denitrifying bacterium (Thiobacillus) and methanogenic
bacteria (Methanosaeta, Methanolinea, Methanoregula, Meth-

was performed to obtain comprehensive picture of the
cooperation and competition among denitriﬁers and other
microorganisms in all waters and sediments, respectively
(Figure 6). The average clustering coeﬃcient (0.444−0.460)
and modularity (0.939−1.137) in the networks were higher
than those in the Erdös-Rényi random networks (0.010−0.021
and 0.306−0.460 for average clustering coeﬃcient and
modularity, respectively), which indicated that the microbial
community networks in the rivers had modular structures and
“small-world” properties, that is, high interconnectivity (Table
S6). In waters, the resulting networks consisted of 333 nodes
(i.e., genera) linked by 1168 edges, which consisted of 900
positive correlations and 268 negative correlations (Figure 6;
Table S6). Proteobacteria (47.5%) and Bacteroidetes (11.4%)
were the predominant phyla in the networks (Figure 6A).
Module I (20.7%) and module II (15.6) were the top two
microbial community modules in waters and were signiﬁcantly
F

https://doi.org/10.1021/acs.est.1c07980
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Environmental Science & Technology

pubs.acs.org/est

Article

Figure 4. Microbial community structure of water and sediment samples in agricultural and urban rivers of Taihu watershed. The Venn plot of
OTUs in water (A) and sediment (B). Microbial community structure of top ten phyla (average abundance in all samples) in water (C) and
sediment (D); Heatmap of top thirty-ﬁve genera (average abundance in all samples) in water (E) and sediment (F). # represents denitriﬁers at the
genus level.

Figure 5. FAPROTAX analysis of microbial function in water and sediment of agricultural and urban rivers, respectively.

anosarcina, Methanobacterium, Candidatus_Methanofastidiosum,
Methanospirillum, and Methanomassiliicoccus) were dominant

nodes in module IV (Figure 6D). The predominant
denitrifying bacterium (Dechloromonas) together with sulfateG
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Figure 6. Co-occurrence networks of genera of microbial community in water and sediment based on correlation analysis. Genera in water colored
by the phylum-level taxonomy (A) and by modularity class (B); genera in sediment colored by the phylum-level taxonomy (C) and by modularity
class (D). A connection stands for a strong (Spearman’s ρ ≥ 0.6) and signiﬁcant (Benjamini-Hochberg-adjusted p-value < 0.01) correlation. The
nodes were colored by modularity class, and the size of each node was corresponding to the number of connections (i.e., degree). The red lines
indicate positive correlations, while green lines express negative correlations.

reducing bacteria (SRB) (e.g., Desulfobulbus, Desulfomicrobium,
Desulfatirhabdium, Desulfobacterium, and Desulfobacterium_catecholicum_group) and the sulﬁde-oxidizing denitriﬁer (i.e.,
Sulfuritortus28) were key nodes in module VI (Figure 6D). In
addition, CL500-29_marine_group (phylum Actinobacteria)
and CL500-3 (phylum Planctomycetes) were the dominant
genera in module I. Ellin6067, Geothermobacter, BD1-7_clade,
and nitrifying bacteria (Nitrosomonas) were nodes in module
II.

hotspots where the N2O emissions from freshwater systems are
signiﬁcantly impacted by anthropogenic activity.5 In this study,
N2O ﬂuxes were higher in agricultural rivers than urban rivers,
which was consistent with previous studies on Lake Taihu
which showed higher N2O ﬂuxes in the northwestern area than
the northern area.6,17 Both dissolved N2O concentrations and
N2O ﬂuxes in the agricultural rivers of the Taihu watershed
were higher than the estimated global mean values for rivers
and streams (51.9 nmol L−1 and 41.1 μmol m−2 d−1).29
However, the dissolved N2O concentrations and N2O ﬂuxes in
the urban rivers of the Taihu watershed were lower than the
global mean values and were at the lower range of
measurements from other urban rivers (Table S7).4,7,30 This
may have been because of the high sewage treatment rates of

4. DISCUSSION
4.1. Underestimation of N2O Fluxes in Urban Rivers
by IPCC. Increased anthropogenic N2O emissions have
become a global issue.1 Agricultural and urban rivers are
H
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factors that determined N2O emission patterns in the
agricultural and urban rivers. High wind speeds can enhance
N2O transfer velocity at the water−air interface.36 In the
present study, the ﬂat agricultural landscape facilitated the gas
diﬀusing eﬀect, making wind speeds the most important factor
aﬀecting N2O ﬂux (p < 0.001), while the high buildings of the
urban landscape weakened the eﬀect of wind speed on N2O
ﬂux in urban rivers (p > 0.05) (Figure 3). Therefore, rather
than wind speed, NO3−−N was the key factor aﬀecting N2O
ﬂux in urban rivers. This also implied that current-based
models instead of wind-based models are more suitable for
N2O ﬂux estimation in urban rivers. NO3−−N concentration
was signiﬁcantly lower in urban rivers than in agricultural rivers
(Table 1), making NO3−−N the limiting factor for N2O
production in urban rivers.15,34 In addition, N2O ﬂuxes in both
agricultural and urban rivers were negatively correlated with
C/N. On the one hand, high C/N levels can facilitate complete
denitriﬁcation and favor N2 over N2O as the end product of
denitriﬁcation.4 On the other hand, high C/N levels can
enhance NO3−−N immobilization, which reduces bioavailable
NO3−−N and the likelihood of incomplete denitriﬁcation.4
Overall, the positive correlation of NO3−−N concentrations
and negative correlation of C/N with N2O ﬂux demonstrated
the importance of NO3−−N availability for incomplete
denitriﬁcation and N2O production.
Incomplete denitriﬁcation in the inﬂow rivers was a driver of
N2O in waters of urban rivers (Figure 3). Although the N2O
production potential of denitriﬁcation showed no diﬀerence
between agricultural and urban rivers, the kinds of denitrifying
functional genes showed diﬀerent relationships on N2O
production and consumption in agricultural and urban rivers,
respectively. These results indicated nirK-type denitriﬁers were
the dominant N2O producers in waters of urban rivers. In
contrast, in the sediments of all rivers, nirS-type denitriﬁers
contributed most to N2O reduction. The nirK and nirS genes
encode two periplasmic reductases that catalyze nitrite
reduction.37 The nirK gene cluster may work under aerobic
environments, as it is homogeneous in sequence and
organization to homologs of ammonia-oxidizing bacteria
(aerobic bacteria).38 The nirK-type denitriﬁers would therefore
be more adapted to high DO conditions in waters, and indeed,
they signiﬁcantly contributed to N2O ﬂux in waters of urban
rivers. In contrast, the highly reduced conditions in sediment
should restrict N2O production from incomplete denitriﬁcation and promote N2O consumption, leading the sediment to
being a sink of N2O.39 In addition, the redox potential in
sediment is unsuitable for nitriﬁcation (>200 mV), resulting in
NO3−−N depletion, which adversely aﬀects N2O production.39
The results indicated that Flavobacterium was the predominant
heterotrophic denitriﬁer in waters, while Dechloromonas was
the predominant denitriﬁer in sediments. It has been reported
that the genus Flavobacterium is a N2O-producing facultative
aerobe capable of utilizing oxygen, nitrate, and nitrite as
electron acceptors.24 The genus Dechloromonas is known to
degrade benzene and other polycyclic aromatic hydrocarbons
and was also reported to be the dominant denitriﬁers in
sediment of an urban river in Canada.40 Overall, the diﬀerent
environmental conditions in water and sediment resulted in
diﬀerent denitrifying gene types (nirK and nirS) and
taxonomies (Flavobacterium and Dechloromonas) that produce
and consume N2O, respectively.
4.3. Microbial Network and Function of Waters and
Sediments. Denitriﬁers were abundant in both the water and

local wastewater treatment plants and strict governmental
discharge standards.31,32 The higher N2O ﬂuxes in estuary sites
of agricultural rivers may result from the higher TSS in
estuarine sites (129.4 ± 166.9 mg L−1) than in riverway sites
(38.0 ± 46.7 mg L−1) and adjacent lake sites (24.6 ± 18.7 mg
L−1).16 The external import of dissolved N2O from wastewater
treatment plants may lead to high N2O ﬂuxes in the riverway
sites of urban rivers.4 More studies should focus on the spatial
variability of riverine N2O ﬂuxes with diﬀerent land use types.
In the present study, both ﬁeld-measured N2O method and
the IPCC method have been used with the diﬀusion method
for N2O ﬂux estimation. For the ﬁeld-measured N2O method,
the W1992, W2014, RH2006, and LM1986 model results were
not signiﬁcantly diﬀerent from the ﬁeld-measured N2O ﬂux,
which indicated they were suitable for the estimation of N2O
ﬂux in agricultural and urban rivers. Among them, the LM1986
model result was nearest the ﬁeld-measured N2O ﬂux,
especially for the estimation of urban rivers (Figure 2).
The IPCC method, rather than using ﬁeld-measured N2O
concentrations (both in surface water and ambient atmosphere), estimates regional and global N2O ﬂuxes using EF5r
and global average N2O concentration in atmosphere. In the
present study, the N2O ﬂuxes of agricultural rivers estimated
using the IPCC method were consistent with those using the
ﬁeld-measured N2O method and were not signiﬁcantly
diﬀerent from the ﬁeld-measured N2O ﬂuxes (Figure 2).
However, the IPCC method signiﬁcantly underestimated N2O
ﬂux in urban rivers based on all wind-based models (Figure
2C). The underestimation of N2O ﬂux is consistent with a
previous study in a shallow ecosystem (depth < 10 m), which
did not consider the eﬀect of currents on the gas transfer
velocity.33 Hence, the currents-based models, which calculate
the gas transfer velocity (kcurrents) using current velocity (m
s−1) and water depth (m) might be more suitable for
estimating N2O emission in urban rivers. This was mainly
due to the underestimation of EF5r for urban rivers (Figure
S1). Previous studies have also reported that the EF5r‑e in
urban rivers were 85 to 288% higher than the default IPCC
EF5r (0.0026) (Table S8).7,10,34 These results indicated that
the global N2O emissions from freshwater river systems
calculated by the IPCC method may be underestimated
because they do not account for diﬀerences in urban rivers.
Despite the diﬀerences in the controlling factors inﬂuencing
EF5r‑e in agricultural and urban rivers (Figure 3G), their
controls (NO3−−N and COD/NO3−−N) were both closely
related to N2O emissions. The EF5r‑e values were related to
nitrogen and carbon availability, which could be attributed to
the variation in microbial activity as a result of biological
saturation.35 In addition, the opposite eﬀects of the
denitriﬁcation on N2O ﬂux in agricultural and urban rivers
may explain the mechanisms behind the high EF5r‑e in urban
rivers. In the present study, denitrifying functional genes in the
water of urban rivers signiﬁcantly enhanced N2O ﬂux (p <
0.05), while denitrifying functional genes in the sediment of
agricultural rivers signiﬁcantly weakened N2O ﬂux (p < 0.05)
(Figure 3). Both processes could lead to a higher N2O
emission in urban rivers than in agricultural rivers. The
physicochemical characteristics of sediment should be
investigated in the future to further expose the underlying
mechanisms.
4.2. Controlling Factors and Denitriﬁers Aﬀecting
N2O Fluxes in Agricultural and Urban Rivers. Gas transfer
velocity and dissolved N2O concentration are the two key
I
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which would have reduced energy demand.50 Desulfobulbus
holds an extracellular electron transfer capacity49 and might
participate in DIET between denitrifying bacteria (e.g.,
Dechloromonas and Sulfuritortus).28,51 It was previously
reported that Desulfobulbus and Dechloromonas were signiﬁcantly cross-correlated in a wastewater treatment plant.52
Desulfobacterium is an exoelectrogenic genus, while Dechloromonas has both denitrifying and electrogenic functions.49
Therefore, the electrons released by electron donors could be
transferred through DIET between Desulfobacterium and
Dechloromonas.53 The signiﬁcant positive correlation between
denitrifying bacteria and SRB was consistent with the high
potential of anaerobic chemoheterotrophy and the respiration
of sulfur compounds and sulfate in the sediments (Figure 5).
In summary, besides organic matter, denitrifying bacteria may
also obtain electrons from methanogens and SRB through
DIET in the sediment.
4.4. Implication of This Study. The N2O concentration
in the atmospheric have increased sharply over the last century.
N2O production in soils and wastewater treatment plants have
been extensively studied, but runoﬀ of nitrogen from sources
like fertilizer and domestic sewage and its inﬂuence on
agricultural and urban riverine N2O emissions have been little
studied. This study has provided a comprehensive account of
the contribution of N2O production from agricultural and
urban rivers, and its dependency on carbon and nitrogen
dynamics, which is urgently needed to ﬁne-tune global N2O
estimates. Importantly, when using the IPCC default indirect
N2O emission factors, the W1992, W2014, RH2006, and
LM1986 models estimated the N2O ﬂux in agricultural rivers
well, but all seven widely accepted wind-based models
signiﬁcantly underestimated N2O ﬂux in urban rivers. Instead
of gas transfer velocity (wind speed related), NO3−−N was the
key factor aﬀecting N2O ﬂux in nitrogen-limited urban rivers.
Hence, the results suggested that current-based models along
with revised EF5r values are needed to improve N2O
estimations in urban rivers. Overall, this evaluation of the
performance of wind-based models and the IPCC method in
relation to ﬁeld-measured N2O ﬂux further helps to validate
the use of speciﬁc models.
N2O production and reduction are strongly microbially
driven. However, despite inland rivers being hotspots of
anthropogenic indirect N2O emissions, the underlying microbial processes remain poorly understood. The nirK-type
denitriﬁers were positively correlated with N2O ﬂux in urban
rivers, while the nirS-type denitriﬁers were negatively
correlated with N2O ﬂux in agricultural rivers. The genera
Flavobacterium and Dechloromonas were the main denitriﬁers in
waters and sediments, respectively. These results indicated that
distinctive abiotic factors, such as NO3−−N availability, C/N
ratio, and oxidation−reduction conditions, can aﬀect both the
composition of denitriﬁers and the enzymes produced, which
further inﬂuence riverine N2O emissions depending on land
use type. In addition, organic carbon released by algae in the
water and DIET between methanogens/SRB and denitriﬁers
may reduce N2O release from inland rivers. Comprehensive
research that simultaneously characterizes the N2O and CH4
production processes, their relationship, and, most importantly, their impact on global warming potential is urgently
needed.

sediment of Lake Taihu inﬂow rivers and signiﬁcantly aﬀected
N2O ﬂuxes (Figures 3 and 4). Hence, a co-occurrence network
analysis was conducted to identify the cooperative and
competitive relationships among denitriﬁers and other microorganisms (Figure 6). In the water, a signiﬁcant negative
correlation was found between module I and module II, which
indicated there was competition between algae Cyanobium_PCC-6307 (order Synechococcales) and Microcystis_PCC-7914 (order Nostocales). COD/TN and pH were
positively correlated with the relative abundance of Microcystis_PCC-7914 but negatively correlated with the relative
abundance of Cyanobium_PCC-6307 (Figure S3). Interestingly, in water, the algae Microcystis_PCC-7914 collaborated
closely with denitriﬁers (Flavobacterium, Gemmatimonas,
Rhodobacter). Microcystis_PCC-7914 was the dominant algae,
and Flavobacterium was the dominant denitriﬁer in the waters
of Taihu inﬂow rivers (Figure 4). It has been reported that
both denitriﬁer abundance and denitriﬁcation potential in Lake
Taihu increased when there was a cooperative relationship
with non-diazotrophic Microcystis sp.41 Microcystis sp. can
secrete organic matter (4.55 mg C mg−1 Chl-a) and hence
increase the C/N ratio,42 which was consistent with the
positive correlation between Microcystis_PCC-7914 and
COD/TN (Figure S3). In the present study, COD/TN was
negatively correlated with N2O ﬂuxes, which indicated that
algae can facilitate complete denitriﬁcation, which limits N2O
production in eutrophic lakes.11
In the sediment, module I and module II were dominated by
CL500-29_marine_group and Ellin6067, respectively, which
suggested they contributed to the biodegradation of organics
and microcystins, which agreed with previous reports.43 In
addition, Ellin6067 (Family Nitrosomonadaceae) has also
been reported to be an ammonia-oxidizing bacteria (AOB),
which may explain its cooperative relationship with Nitrosomonas (AOB) in module II.43 Importantly, denitrifying
bacteria cooperated with methanogens and SRB in anaerobic
sediments. This indicated there were close links among the
carbon, nitrogen, and sulfur cycles in the sediment. These
methanogens were mixotrophic and included acetoclastic,
hydrogenotrophic, and methylotrophic methanogens.44,45
Methanosarcina barkeri is a model electroactive methanogen
which can conduct extracellular electron transfer.45 Methanospirillum hungatei can generate conductive ﬁlaments which
allow it to conduct long-range electron transfer to other
microorganisms.46 Hence, the signiﬁcant positive correlation
observed between methanogens and denitriﬁers indicated there
may be direct interspecies electron transfer (DIET) between
methanogens and denitriﬁers. The cooperation among
denitriﬁers and methanogens through DIET not only can
provide more electrons for N2O reduction but can also
enhance CH4 production.46 Previous research also reported
low N2O and high CH4 ﬂux in streams, but they suggested that
it was caused by competition.47 More research is needed to
elucidate the relationship between denitriﬁers and methanogens and its eﬀect on N2O and CH4 ﬂuxes. In addition,
Methanomassiliicoccus was responsible for biomethanation from
hemicellulose,48 which was consistent with the enhanced
cellulolysis in the sediment (Figure 5).
Beside methanogens, SRB have often been reported to have
symbiotic relationships with the denitrifying bacteria in the
same environment.49 In module V, SRB appeared to use sulfate
as an electron shuttle to achieve organic matter degradation
and nitrogen removal in cooperation with denitrifying bacteria,
J
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