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Rivers have been largely considered as the source of nitrous oxide (N2O) to the
atmosphere. N2O emissions from rivers could be seriously influenced by damming and
exhibit unique spatiotemporal patterns in river-reservoir systems. Multiple research studies
report N2O emissions from rivers with single reservoirs, but the spatiotemporal patterns
and controls of N2O emissions from cascaded river-reservoir system remain unclear. In
this study, we investigated the spatiotemporal variations of N2O concentrations and
fluxes along a cascade damming river (Wubu River) in Southwest China. Our results
showed that N2O concentrations in theWubu River ranged from 2.5 to 283.2 nmol L−1 with
a mean of 50.7 ± 52.3 nmol L−1 and were generally supersaturated with gas fluxes ranging
from 11.8 to 805.6 μmol m−2 d−1. N2O concentrations and fluxes showed a significant
longitudinal variation with increasing fluxes from upstream to downstream. Meanwhile, for
each river-reservoir-released water continuum, local variation of N2O concentrations was
also prominent. Reservoir sections and released water sections had 2.7 (1.2–7.9) and 3.4
(1.3–12.2) times higher N2O concentrations than the corresponding upstream river
reaches and acted as hotpots for N2O emission. The N2O concentrations had
significant correlations with organic carbon, phosphorus, and Chl-a in surface water.
Furthermore, the N2O concentrations and fluxes in reservoirs had a significant correlation
with hydraulic residence time and hydraulic load, suggesting that fragmentation of
hydrologic conditions was an important driver for the spatial variations of N2O
concentrations in the Wubu River cascade reservoirs. Our results suggested that
hydraulic residence time could predict the variation pattern of N2O fluxes in this small
river basin. Seasonal variations of N2O concentrations and fluxes were the highest in
autumn and lowest in winter and were mainly attributed to temperature and rainfall. N2O
fluxes were much higher in the Wubu River than the average levels of China’s reservoirs
and global reservoirs, acting as enhanced N2O emitter. Our study highlighted that the
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cascade reservoirs not only act as exciters for N2O production and emissions but also form
cumulative effects and local hotpots along the longitudinal dimension, which could
significantly increase the complexity of the spatiotemporal variability in riverine N2O
emissions. Given the increasing construction of new river dams due to growing energy
demand, more research should be done to quantify the contribution of cascaded damming
to riverine N2O budgets.

Keywords: cascaded damming, dissolved N2O concentration, emission, river-reservoir-released water system,
spatiotemporal variation, hydraulic residence time

INTRODUCTION

Nitrous oxide (N2O) is an important greenhouse gas with a global
warming potential nearly 300 times that of carbon dioxide,
seriously accounting for the depletion of stratospheric ozone
and global warming (Ravishankara et al., 2009; Alexander
et al., 2013). The current atmosphere N2O concentration (with
a mean of 331 ppb) is nearly 23 and 10% higher than the
preindustrial level and the level in 2000 (World Meteorological
Organization, 2019). N2O concentration in the atmosphere is still
rising at a rate of 0.73 ± 0.03 ppb yr−1 until now (Bala et al., 2013;
Ye et al., 2016). The global river ecosystem functions as important
sinks and bioreactors of terrestrial nitrogen, making them
important emitters of N2O to the atmosphere via powerfully
nitrogen processing (Seitzinger et al., 2000; Boyer et al., 2006; Yan
et al., 2010) and receiving widespread attention (Beaulieu et al.,
2010; Beaulieu et al., 2011; Yu et al., 2013). Previous estimates
indicated that more than 0.68 Tg yr−1 of nitrogen loading would
be converted to N2O bymicrobial metabolism in the global rivers,
which is equivalent to 10% of the global anthropogenic N2O
emissions (Beaulieu et al., 2011; Rosamond et al., 2012).
Furthermore, increasing human activities have been gravely
altering the global balance of nitrogen through fertilizer
production and application, particularly leading to more and
more nitrogen-rich runoff into inland water and subsequent
enhancement of N2O emissions. It is predicted that
continuously growing nitrate concentration in global rivers
will cause riverine N2O emissions to further increase by about
40% (Trauth et al., 2018). More importantly, humans have
affected riverine nitrogen biogeochemical processes not only
by enhancing nonpoint or point nitrogen loading to rivers but
also through river damming and nitrogen retaining (Van
Cappellen and Maavara, 2016). Riverine N2O emissions are
strongly influenced by river damming and hydrology (Guérin
et al., 2008; Beaulieu et al., 2010; Zhu et al., 2013), exhibiting
intense variability and complexity. Hence, the estimation of N2O
emissions from rivers worldwide and their contribution to the
global N2O budget still suffers from high uncertainties given the
complex human interference (Beaulieu et al., 2010; Wang et al.,
2017b; Shi et al., 2020).

Damming of river, one of the most important factors affecting
river ecosystems, has a significant impact on the hydrology, water
environment, nutrients transportation and distribution, and
hydraulic residence time. Thus, it imposes a strong influence
on nitrogen distribution, denitrification, and related N2O

emissions (Beaulieu et al., 2014; Cheng et al., 2019;
Middelburg, 2020). In the past decades, the number of dams
has been booming for a series of purposes, including hydropower
generation, water resource management, flood control, irrigation,
and navigation. There are at least 70,000 large dams and countless
small reservoirs having been built worldwide, significantly
altering the physical structure and nutrient cycling of river
ecosystems (Maavara et al., 2015). River segmentation and
disruption by dams, accompanied by decreasing flow velocity,
increasing hydraulic retention time, and trapping terrestrial
nutrients, could cause the accumulation of sediments and
nutrients in reservoirs and thereby alter the nitrogen
biogeochemical cycle (Maeck et al., 2013). Owing to the
increasing damming on global rivers, the total amount of
carbon, nitrogen, and phosphorus transported from land to
ocean would decrease by 19, 14, and 17% until 2030,
respectively (Maavara et al., 2015; Maavara et al., 2017;
Akbarzadeh et al., 2019). More recently, Beusen et al. (2016)
estimated that approximately 1929 Gmol N yr−1 could be
detained and eliminated in river systems via burial and
denitrification, while 24% of which (463 Gmol N yr−1) take
place in reservoirs. Akbarzadeh et al. (2019) estimated the
total nitrogen retained in reservoirs worldwide of around
270 Gmol N yr−1 in 2000; the value will increase by
467 Gmol N yr−1 by 2030 as a result of the completion of
dams that are currently under construction or being planned.
Such a quantity of nitrogen trapped in reservoirs can stimulate in
situ denitrification and nitrification-denitrification (Beaulieu
et al., 2015; Akbarzadeh et al., 2019; Liang et al., 2019);
combining with the increased hydraulic residence time and
water depth and accompanying dissolved oxygen stratification,
damming observably turns rivers into hotspots of N2O emissions
(Liu et al., 2011a; Liang et al., 2019). Furthermore, river damming
can modify carbon richness and bioavailability and thereby
carbon-nitrogen ratio, exerting a strong influence on microbial
denitrification and nitrification and concomitant N2O
production (Shi et al., 2020). A study by Shi et al. (2020)
showed that the abundance of denitrifying bacteria in reservoir
sediments with prolonged residence time was much higher than
those upper nature rivers; as a result, significantly high N2O fluxes
from reservoir reaches. Cheng et al. (2019) also found that dams
construction caused the reservoir reaches to be hotspots for N2O
emissions along the Yellow River due to more retention and
decomposition of particle nitrogen and organic nitrogen. Except
for the above, river damming often forms a specific pathway for
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N2O emissions via the water released from reservoir hypolimnion
(Liu et al., 2009b). Overall, damming river has been considered to
create a specific spatiotemporal pattern of riverine N2O
generations and emissions. However, studies on N2O
emissions from river-reservoir system are insufficient in view
of various river types and a tremendous number of dams all over
the world.

As a matter of fact, many existing dams have been built as a
cascade configuration for more adequate water energy
development (He et al., 2019). Cascade hydropower
development is the key strategy in many developing countries,
especially in China, for energy supply, climate-change mitigation,
and economic development. However, multiple research studies
have focused on N2O emissions from rivers with single reservoirs,
but the cascaded river-reservoir systems remain less attention
(Liu et al., 2011a; Zhu et al., 2013; Cheng et al., 2019; Liang et al.,
2019; Shi et al., 2020). Cascade damming, leading to a series of
successive “river-reservoir-release” systems along river
mainstream, can generate refilter and redistribute for the
transportation of C, N, and P along the river continuum
(Chen et al., 2020). The dynamic processes and spatial
patterns of N2O emissions in cascade river-reservoirs systems
are thus more complex than single reservoir-river system (Jin
et al., 2018; Liang et al., 2019; Shi et al., 2020;Wu et al., 2020; Yang
et al., 2020). Particularly, Liang et al. (2019) found that cascade
damming and accompanying fragmentation of hydraulic load
significantly dominated exceptionally spatial variability of N2O
fluxes in the cascade reservoirs along the Wujiang River in
Southwest China, implying significant differences between
reservoirs and rivers. Shi et al. (2020) also found that the
downstream reservoirs showed higher N2O fluxes due to the
continuous accumulation of inorganic nitrogen derived from
organic nitrogen mineralization along the cascade reservoirs in
the upper Mekong River. Meanwhile, Jin et al. (2018) proposed
that the significantly longitudinal discontinuities in riverine N2O
emissions due to cascade damming could affect the estimation of
the total emissions. Obviously, cascade dams may lead to dual
spatial variation patterns of N2O emissions in river-reservoir
systems. Yet despite all that, previous studies have focused on
cascade damming in the large rivers (e.g., Wujiang River, Mekong
River, and Han River) (Jin et al., 2018; Liang et al., 2019; Shi et al.,
2020; Wu et al., 2020), while in these studies, the N2O emissions
are strongly disturbed by watershed environment changes due to
overlong flow lines. Thus, the spatiotemporal patterns and
controls of N2O emissions from cascade river-reservoir
systems remain unclear, and relevant studies in small river
catchments are quite essential.

As one of the most flexible and sustainable energy sources,
hydropower has been actively pursued worldwide in recent years,
and the cascade hydropower has already become an effective
means to meet increasing energy demands. In the late 20th
century, the Chinese government has encouraged and
proposed a great deal of cascade hydropower plans and
constructions for rural power supply and irrigation (Chang
et al., 2010; Grumbine and Xu, 2011). There are many
relatively stable “river-reservoir-river-reservoir” systems
providing good conditions for exploring the long-term

ecological impact of cascade hydropower development. We
hypothesized that N2O emissions may differ in cascade
reservoirs and in river sections vs. reservoir sections as a result
of the alterations in water residence time by cascade damming
and related N geochemical and biological factors. In this study, we
investigated the spatiotemporal variations of N2O concentrations
and fluxes from a typical cascade damming river with small river
catchment in Southwest China. The objectives of this study were
to 1) identify the spatiotemporal variability of N2O emissions in
cascaded small reservoirs and 2) explore the main controls for the
N2O patterns. Our results also provide scientific reference on
N2O emissions characteristics and total amount estimation from
the global freshwater ecosystem.

MATERIALS AND METHODS

Study Area
The study was conducted in a small mountain river, Wubu River
(28°10′-32°13′N, 105°11′-110°11′E), which is a southern tributary
of the Yangtze River located in Chongqing, Southwest China. It
has a length of 82 km, a watershed area of 856 km2, and an
average slope of 5.3‰ with the total fall between river ends
amounting to 800 m (Wang et al., 2019). The area features a
subtropical monsoon humid climate with multiyear average
temperature of 18.3°C and annual precipitation of 1,133 mm
(Ren et al., 2016). Three main tributaries are distributed in the
Wubu River, which are named Ersheng stream, Ya stream, and
Lugou stream, respectively. The annual average discharge in the
Wubu River estuary is monitored at about 13.8 m3 s−1 (Ren et al.,
2016). Forest and farmland are the main types of land use; few
sporadic urban lands are distributed in the downstream area.
Despite small watershed, the Wubu River mainstream and its
tributaries have been heavily dammed for hydropower
production and irrigation in the past 50 years. Up to 2014,
over 15 small dams were constructed in the whole catchment
and at least three cascaded dams in each tributary.

Sites Description
Based on the current status of all dams in the Wubu River basin,
five cascaded reservoirs along the Wubu River mainstream,
including Chaeryan (R1), Xiaoguan (R2), Jianghe (R3), Xitan
(R4), and Yangjiadong (R5), were investigated. Meanwhile, three
reservoirs downstream of the Ersheng stream (R6), Ya stream
(R7), and Lugou stream (R8), respectively, were also selected
(Figure 1). There are a total of eight “river-reservoir-released
water” systems shown in Figure 1. R1 and R2 represented
upstream reservoirs, while R4–R8 were defined as downstream
ones. The main features of these cascade reservoirs are presented
in Table 1. All dams were constructed for power generation
during 1950–1980. The selected dams are relatively small in size,
with heights and lengths ranging from 4 to 19 m and from 22 to
90 m, respectively (Table 1; Supplementary Table S1). The
hydraulic residence time in reservoirs (only 0.49–3.77 days) is
much shorter compared to other large reservoirs (Liang et al.,
2019). Furthermore, there is inconspicuous stratification in
R1–R5 and R8 because of relatively shallow water depth and
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short hydraulic residence time. R6 has the longest residence time
and smallest hydraulic load. All the eight reservoirs have
experienced various degrees of eutrophication in autumn and
spring (Supplementary Table S2). We segmented each river-
reservoir system into three different sections, standing for the
inflowing river (the intermediate riverine reaches between the
dams), the reservoir (in front of the dam), and released water
(within 300 m downstream of each dam), respectively, to perform
the seasonal investigations on chemical parameters and N2O
concentrations in surface water. Meanwhile, an extra section was
selected in the estuary of theWubu River. Thus, there were a total
of 25 sections including 16 sections in mainstream named
W1–W16 along the flow direction and nine sections in

Ersheng stream (E1–E3), Yaxi stream (Y1–Y3), and Lugou
stream (L1–L3) (Figure 1). In each selected section, we
deployed three sampling sites at the central and both flanks of
the river, resulting in a total of 75 sampling sites. Detailed
hydrological parameters in each sampling section were shown
in Supplementary Table S1.

Sample Collection
The four sampling campaigns were carried out in September 2014
(autumn), December 2014 (winter), March 2015 (spring), and
June 2015 (summer) at 75 sites. During each sampling campaign,
a surface water sample (500 ml, upper 0.3 m) was collected using
an organic glass hydrophore and stored in acid-washed

FIGURE 1 | Sampling locations and sites in the Wubu River basin. The short red lines denote dams and green dots signify sampling sites.

TABLE 1 | The main features of cascade hydropower reservoirs in the Wubu River basin.

R1 R2 R3 R4 R5 R6 R7 R8

Construction time 1979 1969 1984 1980 1977 1959 1980 1975
Dam height (m) 8 8 6 7.5 12 12 19 16
Effective dam lengths (m) 22 40 38 57 90 58 55 37
Backwater distance (km) 0.6 0.6 1.4 1.2 2.53 3.2 1.1 0.8
Dewater length (km) 0.6 — — 0.15 0.0 0.2 — —

Installed capacity (MW) 0.45 4.0 0.32 0.52 0.60 0.20 0.07 0.36
Mean water depth (m) 3.2 2.5 3.3 4.2 3.4 5.6 6.4 3.4
Total capacity (×105 m3) 2 3.7 8.3 13.5 28.0 7.6 2.3 1.6
Discharge (×105 m3 d−1) 4.1 4.3 5.8 6.8 9.9 1.5 1.6 1.0
Hydraulic residence time (HRT, d)a 0.49 0.85 1.42 1.64 1.58 5.11 1.46 1.61
Hydraulic load (H, m d−1)b 6.58 2.90 2.30 2.59 2.17 1.09 4.39 2.13

aHydraulic residence time was derived by dividing total storage capacity by the averaged interflow discharge of each reservoir.
bHydraulic load is the ratio of the mean water depth to the residence time. All data were derived from the “Hydropower resources development plan of small and medium rivers in
Chongqing.”
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polyethylene bottles for water chemistry parameters analyses.
Then, a graduated syringe was employed to collect and inject
another 100 ml of surface water into 200 ml aluminum foil gas
bag for dissolved N2O analysis. Immediately, we injected 0.2 ml of
saturated HgCl2 into the aluminum foil gas bag to inhibit
microbial metabolism. Triplicate water samples were collected
at each sampling site. All water samples were stored in the
incubator at 4°C and analyzed within 5 days.

During field surveying, triplicate 180ml in situ atmospheric
samples at 1 m above the river surface were collected and injected
into gas sample bags for atmospheric background concentration
measurement. Meanwhile, in situwater temperature (WT), dissolved
oxygen (DO), conductivity (Con), and chlorophyll-a (Chl-a) were
measured by the calibrated Manta™2 Multiparameter System
(Eureka Company, United States). Moreover, wind speed (u) and
air temperature (AT) at 1 m above the water surface were measured
by the anemogram (Kestrel 2,500, United States).

Sample Analysis
In this study, total nitrogen (TN), ammonium-nitrogen (NH4

+-
N), nitrate-nitrogen (NO3

−-N), total phosphorus (TP), dissolved
total phosphorus (DTP), and orthophosphate (PO4

3−) in water
were determined according to the Monitoring Analysis Method
of Water and China’s State Environmental Protection
Wastewater (China’s State Environmental Protection, 2002).
The measurements of total organic carbon (TOC) and
dissolved organic carbon (DOC) in water were performed by
the TOC analyzer (Multi N/C 2100, Jena, Germany). For the
measurements of NH4

+-N, NO3
−-N, dissolved inorganic nitrogen

(DIN), DTP, PO4
3−, and DOC, water samples were filtered

through 0.45 μm cellulose acetate membranes. Triplicate
determinations of all samples were performed to estimate the
analytical precision. The assured precision was better than 5%.
The precision of the TOC analyzer was about 0.001 mg L−1.

The modified headspace equilibriummethod was employed to
determine the dissolved N2O concentrations in this study
(Clough et al., 2007; Wang et al., 2009b). Firstly, 80 ml of
ultrapure N2 was injected into the aluminum foil gas bag that
was filled with 100 ml water sample to create a headspace. The gas
bag was then shaken violently for 5 min to let dissolved N2O
diffuse out and equilibrated for 10 min for equilibrium between
the headspace and water phases (Koschorreck et al., 2021).
Whereafter, we extracted 20 ml of headspace gas for analyzing
the N2O concentration by gas chromatograph (Agilent 7890A,
Agilent Co., United States). The gas chromatograph is equipped with
an electron capture detector (ECD detector) and a 1 1m × 2mm
packed PorapakQ (80/100mesh) column. The column and the ECD
detector were operated at 50 and 350°C, respectively. The concrete
operations of gas chromatograph were described in a previous study
(Zhu et al., 2015). The system was certified with commercial gas
standards in 4.9 ppb after measuring every six consecutive samples.
The minimum detectable N2O concentration was 1 × 10-3 ppb.

N2O Concentration and Flux Calculations
Calculations of N2O Concentration and Saturation
The dissolved N2O concentrations in water (cw) were calculated
using the equation described by (Yu et al., 2013; Wang et al., 2017b):

cw � (ca × Va + a × ca × Vw)÷Vw (1)

where Ca is the N2O concentration in the headspace during
equilibration (nmol L−1), Va is the volume of headspace (0.08 L),
Vw is the volume of water sample in the gas sample bag (0.10 L),
and a is the Bunsen coefficient of N2O adjusted for temperature
(Weiss and Price, 1980). Then, we calculated the N2O saturation
(s) via dividing dissolved N2O concentrations in the water sample
(cw, in nmol L−1) by the N2O concentrations in the surface water
that is in equilibrium with the atmospheric concentration (cs, in
nmol L−1). Here, cs is calculated according to Henry’s law using
temperature-dependent solubility (Weiss and Price, 1980). The
equations were as follows:

s � cw÷cs × 100% (2)

cs � a × ca (3)

Calculation of N2O Flux
In this study, the fluxes of N2O at the water-air interfaces were
calculated via the classic boundary-layer model (Liss and Slater,
1974), which has been widely used in other studies on riverine
N2O emissions (Cole and Caraco, 2001; Wang et al., 2009b;
Wang et al., 2017b). Here, we hypothesized gas exchange only
through molecular diffusion obeying Henry’s law. The
calculations of N2O flux were performed according to the
following equation:

F � k0(cw − cs) (4)

where F is N2O flux (μmol m−2 d−1), cw is the measured N2O
concentration in water (nmol L−1), cs is the theoretical dissolved
concentration of N2O in water (nmol L−1) when water-air
equilibrium is reached, and k0 is the gas transfer velocity (m
d−1) at the air-water interface. The gas transfer velocity was
calculated according to the following function (Wanninkhof,
1992):

k0 � k600 × (SC÷600)−n (5)

SC � 2301.1 − 151.1 × t + 4.7364 × t2 − 00.059431 × t3 (6)

where Sc is the Schmidt number for N2O adjusted by in situWT;
n � 0.66 or 0.5 for wind speeds ≤3 or >3 m s−1; t is the in situWT
(in °C); and k600 is the piston velocity normalized for N2O with a
Schmidt number of 600.

Previous studies suggested that k0 was mainly controlled by
the basin physical feature (including water depth, flow velocity,
and slope) and wind speeds (Raymond and Cole, 2001; Borges
et al., 2004; Clough et al., 2007), which are all correlated with
water turbulence. As thus, scholars have attempted to construct
some empirical models for k0 calculation based on wind speed or
hydrological factors for more precise estimations of the N2O
emissions from river water to atmosphere (Raymond and Cole,
2001; Borges et al., 2004). While the functions of wind speed for
k0 calculation were widely used in the water with low flow
velocities and large areas, hydrological functions were mostly
applied in rivers and streams with small water surface and high
flow velocity (Raymond and Cole, 2001; Clough et al., 2007).
Since flow velocity and water depth were obviously different
among the river, reservoir, and released water section, it was likely
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TABLE 2 | Detailed spatial variations in environmental parameters in the Wubu River basin.

Water
quality
parameters

Mainstream Tributary

R1 R2 R3 R4 R5 Est R6 R7 R8

w1 w2 w3 w4 w5 w6 w7 w8 w9 w10 w11 w12 w13 w14 w15 w16 E1 E2 E3 Y1 Y2 Y3 L1 L2 L3

WT/°C 19.26 19.63 19.87 20.55 20.33 20.71 21.20 20.95 21.17 22.82 22.32 22.73 22.49 22.16 22.98 22.76 22.23 21.72 22.98 19.27 19.70 20.19 21.39 20.90 21.94
pH 7.89 7.97 7.83 7.83 7.93 7.75 7.91 8.06 7.90 8.03 8.22 8.00 8.01 8.19 8.01 8.14 7.80 8.15 7.95 8.18 8.41 8.21 8.35 8.41 8.25
Con/
μS cm−1

314.1 335.4 326.1 341.4 350.3 339.3 330.6 365.2 358.8 410.6 684.5 547.3 550.9 557.8 543.4 465.0 322.0 324.5 319.1 382.8 435.6 418.2 394.9 434.1 426.5

DO/mg L−1 7.26 7.94 7.21 6.61 7.48 7.05 7.42 8.39 7.47 7.55 9.56 7.92 7.67 8.41 7.33 7.71 7.37 8.68 7.76 8.22 8.87 8.18 7.78 8.16 7.83
Chl-a/μg L−1 1.65 3.71 1.77 1.80 4.29 1.84 1.80 5.33 2.37 1.56 7.31 2.47 2.33 11.13 6.49 8.42 4.07 27.26 11.68 3.11 6.57 3.58 1.94 3.20 2.48
TN/mg L−1 2.25 2.75 3.00 2.95 3.37 3.38 2.91 3.21 3.09 3.12 3.19 3.27 3.91 3.93 3.96 3.57 2.96 2.68 2.92 4.48 3.11 2.91 1.68 3.54 3.29
NO3

−/
mg L−1

1.24 1.58 1.64 1.52 2.10 1.86 1.95 1.62 1.70 1.38 1.97 1.74 2.17 1.59 1.65 2.36 2.16 1.36 2.11 2.67 2.17 2.45 1.27 2.19 2.16

NH4
+/

mg L−1
0.05 0.09 0.08 0.07 0.10 0.10 0.11 0.13 0.13 0.16 0.15 0.19 0.20 0.18 0.16 0.24 0.24 0.24 0.24 0.34 0.34 0.40 0.05 0.09 0.10

TP/mg L−1 0.06 0.07 0.07 0.07 0.08 0.07 0.07 0.08 0.08 0.08 0.10 0.09 0.10 0.10 0.10 0.12 0.13 0.17 0.16 0.13 0.19 0.20 0.06 0.12 0.10
DTP/mg L−1 0.04 0.05 0.06 0.06 0.08 0.07 0.05 0.06 0.07 0.06 0.08 0.08 0.09 0.10 0.10 0.09 0.06 0.09 0.08 0.08 0.11 0.10 0.04 0.08 0.08
PO4

3-/
mg L−1

0.02 0.03 0.03 0.04 0.04 0.04 0.03 0.04 0.04 0.03 0.04 0.04 0.05 0.06 0.06 0.05 0.03 0.06 0.05 0.04 0.06 0.05 0.03 0.05 0.05

DOC/mg L−1 6.92 8.10 7.11 9.55 12.55 11.86 11.52 17.54 14.88 15.67 18.88 17.06 13.96 20.01 17.25 19.15 8.88 17.66 16.20 7.64 13.35 11.78 7.35 18.30 15.91
TIC/mg L−1 40.55 36.00 36.30 39.10 28.55 27.83 32.69 19.68 22.33 32.48 27.28 26.58 40.78 25.70 32.08 34.93 29.04 15.38 17.93 51.45 18.53 24.35 43.84 30.15 29.68
TOC/mg L−1 10.15 14.96 12.63 19.61 24.17 16.03 16.53 24.04 18.47 24.83 23.41 20.78 19.51 25.67 25.57 31.71 12.71 25.41 21.75 16.51 19.28 18.35 16.97 23.66 21.78
C/N 4.52 5.43 4.21 6.64 7.18 4.74 5.68 7.49 5.97 7.97 7.34 6.36 4.99 6.54 6.46 8.89 4.29 9.47 7.44 3.68 6.20 6.30 10.09 6.69 6.61
N/P 38.22 41.68 46.09 43.12 40.93 51.46 39.82 39.63 40.17 38.53 33.19 38.04 40.28 38.33 40.04 30.88 23.20 16.07 17.80 34.50 16.25 14.25 27.28 29.50 31.90
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that simple models based on wind speed or hydrological factors
were inapplicable in our study. Particularly, the flow velocity and
turbulence were strongly enhanced downstream of dams
(Supplementary Table S1). And thus, the k0 values in our
study were calculated using an integrated empirical model that
was based on both wind speed and hydrological factors (Clough
et al., 2007):

ko � 17.19 × (v÷h)0.5 + 0.31 × U10 × (SC÷600)−0.5 (7)

where v is the measured flow velocity (m s−1), h is water depth
(m), andU10 is the wind speed at a height of 10 m above the water
surface (ms−1). The hourly measurements of wind speed were
gained from the weather station in the watershed. The flow
velocity varied with the seasonal precipitation and the dam
position (Supplementary Table S1).

Statistical Analysis
Excel 2010 was employed in this study to calculate the initial data.
SPSS 23.0 (SPSS Inc.) was used for all of the statistical analyses.
The data were tested for normality distribution with the
Kolmogorov–Smirnov test. If abnormal distribution, the data
should be ln-transformed before statistical analysis. The
statistically significant differences in N2O concentrations and
fluxes among seasons, sampling sites, or each river-reservoir-
released water system were tested using the one-way analysis of
variance (ANOVA) and paired-samples T-tests (pairwise
comparison). Pearson correlation analysis and stepwise
multiple regression were used to determine the relationships
between environment factors and hydraulic conditions with
N2O concentrations and fluxes. Meanwhile, all artworks were
plotted by GraphPad Prism 8.

RESULTS

Water Quality Parameters
The characteristics of the measured water chemistry variables are
listed in Table 2 and Supplementary Figures S1–S3. TN, NO3

−,
and NH4

+ in all water samples ranged from 1.32 to 6.78 mg L−1,
0.87 to 3.50 mg L−1, and 0.02 to 0.69 mg L−1, respectively, and
presented increasing trends along the flow direction in the
mainstream of the Wubu River (Supplementary Figure S3).
In each river-reservoir-released water system, N concentrations
in reservoir sections and released water sections were higher than
those in inflowing river sections, with the exception of the R6 and
R7. Particularly, the proportion of NO3

− and NH4
+ in TN showed

clear trends of increasing from the upstream reservoir to
downstream ones, indicating the accumulated characteristic of
dissolved inorganic nitrogen downstream. Meanwhile, the TP,
DTP, and PO4

3− fell in the scope of 0.04–0.16 mg L−1,
0.02–0.14 mg L−1, and 0.01–0.08 mg L−1, respectively, showed a
relatively low level (≤0.20 mg L−1), and still presented a weak
increase along longitudinal dimension, while in most of the
reservoir systems, there was no significant difference among
the river, reservoir, and released water sections. TOC and
DOC concentrations in reservoir sections were generally
higher than those in their inflowing river sections.

In addition, Chl-a concentration in downstream reservoirs
(e.g., R4, R5, R6, and R7) were extremely higher than other
reservoirs and river sections, showing the current state of
eutrophication, especially in warm seasons (Figure 2).
Averaged DO in each section was in the range of
6.61–9.56 mg L−1 and showed a relatively high oxygen level.
DO in reservoirs were slightly higher than those in the
inflowing rivers. pH, DO, and conductivity all showed
differentiation among cascaded reservoirs and within each
river-reservoir-released water system (Supplementary Figure
S2; Supplementary Table S1).

Spatial Variations of N2O Concentrations
The dissolved N2O concentrations in surface water presented
substantially spatial variations through the whole cascaded river-
reservoir systems with a wide range of 2.5–283.2 nmol L−1

(corresponding saturation of 38.2–3,715.1%) (Figure 3A). The
overall averaged N2O concentration in the Wubu River basin was
50.7 ± 52.3 nmol L−1 (saturation of 830 ± 797%). It was indicated
that most of the sampling sites were powerfully supersaturated
with N2O and acted as net sources for atmospheric N2O.

Dissolved N2O concentrations in the Wubu River mainstream
showed obviously longitudinal spatial variations during four
investigations (Figure 3; Supplementary Figure S4),
presenting an obviously increasing trend from upstream
reservoirs to downstream ones. Variance analysis indicated
that N2O concentrations in R4 (average of 83.3 ±
62.1 nmol L−1) and R5 (average of 65.0 ± 49.5 nmol L−1) were
significantly higher than those in R1 (20.1 ± 11.1 nmol L−1), R2
(23.7 ± 13.6 nmol L−1), and R3 (29.6 ± 24.0 nmol L−1).
Meanwhile, downstream reservoirs on three tributaries also
had comparable N2O concentrations with R4 and R5, with
averaged values in R6, R7, and R8 of 87.1 ± 91.1 nmol L−1,
40.4 ± 30.8 nmol L−1, and 57.9 ± 51.8 nmol L−1, respectively.
Downstream reservoirs formed hotspots of N2O emissions in
the Wubu River basin.

For each river-reservoir-released water system, dissolved N2O
concentrations showed obvious variation among different
hydrological sections. The N2O concentrations in all river
sections were averaged at 23.2 ± 17.8 nmol L−1 (ranging from
2.5 to 78.6 nmol L−1), significantly lower than those in the

FIGURE 2 | Spatial and temporal distribution of Chl-a in the river-
reservoir system along the Wubu River and its tributaries.
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reservoirs (with a mean of 58.2 ± 56.3 nmol L−1, ranging from
10.2to 252.1 nmol L−1, p < 0.01). N2O concentrations in each
reservoir section were 1.2–7.9 times (averaged 2.7 times) higher
than that in their corresponding inflowing river sections,
especially in spring (averaged 4.1 times, Figure 3A). Released
water sections showed extremely high N2O concentrations, with
an average of 71.1 ± 62.6 nmol L−1 (ranging from 13.2 to
283.2 nmol L−1), nearly 3.4 times these in inflowing river
sections. In spring, dissolved N2O concentrations in the
released water of the downstream reservoirs (R4, R5, and R6)
were 7.7 times higher than that in their upstream river sections.
N2O concentrations in the cascaded “river-reservoir-released
water” system showed a widespread “low-high-extremely high”
local pattern. A similar local pattern of N2O concentration was
also verified downstream of the three tributaries. There was, in
addition, one further point that annually averaged N2O
concentrations in each released water section decreased by
20–69% (average of 47%) compared to those in the
subsequent downstream river sections (e.g., w3 vs. w4; w6 vs.
w7). By the assumption that there was no tributary inflowing, the
obvious N2O loss between released water and subsequent river
section (Figure 3A, Supplementary Figure S4) implied mass of
N2O evasion from such reaches along the mainstream of the
Wubu River. As a result, riverine N2O concentrations exhibited a
unique spatial pattern of coupling local and watershed patterns
under cascaded damming.

Seasonal Variations in the N2O
Concentrations
N2O concentrations in the Wubu River exhibited significantly
seasonal variations (Figure 3B). In autumn and spring, the
arithmetic mean N2O concentrations in surface water were
80.3 ± 73.5 nmol L−1 (corresponding saturation of 1,088% ±
980%) and 64.4 ± 51.3 nmol L−1 (corresponding saturation of
1,052% ± 881%), respectively, and were markedly higher than
these in summer (average of 40.5 ± 27.85 nmol L−1,
corresponding saturation of 918.2 ± 631%). The winter

(average of 16.3 ± 8.89 nmol L−1, corresponding saturation of
260.3 ± 146%) showed significantly lower N2O concentrations
than the other three seasons (p < 0.05). In addition, consistent
seasonal patterns were found either in inflowing river sections or
in reservoir and released water sections and even in the upstream
channel, indicating that cascaded damming had no dominant
influence on the seasonal pattern of N2O concentration in this
study. The difference of N2O concentrations among river,
reservoir, and released water sections was obviously affected
by the seasonal variation. In autumn and spring, there were
stronger variations of N2O concentrations, while mitigatory
variations among different hydrology sections were found in
winter and summer.

N2O Fluxes
In this study, our estimated k0 ranged from 4.4 to 17.2 cm h−1

(Supplementary Table S3). Due to the differences in flow
velocity and water depth between flowing and impounding
sections, k0 values showed a remarkable difference in river,
reservoir, and released water reaches (average of 11.9, 5.8, and
12.9 cm h−1, resp.). Impounding sections had significantly lower
k0 values than river and released water sections as a result of weak
turbulence. Using the k0 values and dissolved N2O
concentrations, the calculated N2O fluxes from the Wubu
River ranged from −11.8–805.6 μmol m−2 d−1 (average of
104.6 ± 98.4 μmol m−2·d−1). There were only four negative
N2O fluxes in all sampling sites, indicating that the Wubu
River acted as a generally net N2O source for atmosphere.
Similar to N2O concentrations, N2O fluxes presented an
increasing trend from upstream reservoirs to downstream
ones, with remarkably low values from R1, R2, and R3 and
strong emissions in downstream R4 and R5. N2O fluxes from
the downstream reservoirs in tributaries (R6–R7) also had higher
values (Figure 4A). Meanwhile, the averaged N2O fluxes from
released water sections were of 194.8 ± 130.4 μmol m−2·d−1, and
much higher than those in inflowing river sections (56.2 ±
31.81 μmol m−2·d−1). Reservoir sections had slightly higher
N2O fluxes of 68.8 ± 35.9 μmol m−2·d−1 than river sections

FIGURE 3 | (A) Spatial and temporal distributions of N2O concentrations in the river-reservoir system along theWubu River and its tributaries. The box extent, error
bars, and line and plus sign inside the box denote 25th and 75th percentiles, 10th and 90th percentiles, and median and mean, respectively. The capital letters in (B)
show a significant difference among four seasons with p < 0.05.

Frontiers in Environmental Science | www.frontiersin.org October 2021 | Volume 9 | Article 7284898

Wu et al. N2O Emission From Cascade-Damming River

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


when using noticeably low k0 values. Furthermore, the highest
N2O fluxes were found in autumn (167.8 ± 178.6 μmol m−2·d−1)
and in winter were significantly lower (23.1 ± 28.8 μmol m−2·d−)
than those in other seasons (Figure 4B).

Relations With Environment Variables
The correlation analyses of dissolved N2O concentrations with
water environment factors were shown in Figure 5. N2O
concentrations were significantly and positively correlated with
WT, conductivity (Con), Chl-a, NH4

+, phosphorus (TP, DTP,
and PO4

3−), and carbon (TOC and DOC), while they were
negatively correlated with TIC (p < 0.05) (Figure 5). There
was no significant correlation between N2O concentration with
TN, NO3

−, or DO, either in river sections or in reservoir sections,

violating the expectations. When using all data points, simple
linear regressions indicated that Chl-a, WT, DTP, DOC, and TIC
could explain more than 25% of the total variations of N2O
concentrations, respectively (Supplementary Figure S5), acting
as good predictors, while, NH4

+, TP, TOC, PO4
3−, and

conductivity contributed to poor explanations for the total
variations of N2O concentrations despite the significant
correlation (p < 0.05). When we divided the whole basin into
rivers, reservoirs, and released water sections, only WT was
positively correlated with N2O concentrations in all the three
types sections (Figure 5). For all reservoirs, Chl-a contributed to
37% of the total variations of N2O concentrations
(Supplementary Figure S5) and was a powerful influencer.
DOC, TOC, and Chl-a were closer to N2O concentrations in

FIGURE 4 | (A) Spatial and temporal distributions of N2O fluxes in the cascaded river-reservoir system along theWubu River and its tributaries. The capital letters in
(B) show the significance of difference among four seasons and lowercase letters denote the statistical significance among different hydrology sections in the same
season with p < 0.05.

FIGURE 5 | Pearson correlation coefficient (PCC) between N2O concentrations, fluxes, and water chemistry variables measured in the river (Ri), reservoir (Res), and
released water (Rel) sections. “*” and “**” on the bar denote the statistical significance with p < 0.05 and p < 0.01, respectively.
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released water sections with the determination coefficient R2

being 0.42, 0.39, and 0.39, respectively (Supplementary Figure
S5). However, all variables including C, N, and P in all river
sections had no significant correlation with their N2O
concentrations (Figure 5). Then, the results of multiple linear
regressions (MLR) showed that the multipredictor models are
able to resolve 57, 58, and 64% of N2O concentrations variance
for river, reservoir, and released water sections and resolve 56% of
that for the whole basin (Table 3). There were different dominant
factors affecting the N2O concentrations in rivers, reservoirs, and
released water sections, but the WT was included in all the MLR
models and DTP was included in three models (Figure 6).
Meanwhile, Chl-a and DOC were the first predictor of models
for N2O concentrations in reservoir and released water sections,
respectively (Figure 6).

Furthermore, the annual N2O fluxes showed significantly
positive relations with soluble P and organic carbon, which
can contribute at least 30% of the total variance of annual
N2O fluxes (Supplementary Figure S6). Therefore, soluble P
and organic carbon can act as good predictors for the N2O fluxes
in cascaded river-reservoir systems.

Hydrologic Control on the N2O Fluxes
In our study, the capacity of eight reservoirs was so small that the
hydraulic residence time was only 0.5–3.8 days. The hydraulic
residence time was found to have a significantly positive
correlation with the annual average N2O concentrations and
fluxes from the cascade reservoirs in the Wubu River basin.
Hydraulic residence time explained 68 and 57% variations of
N2O concentrations and fluxes in eight selected reservoirs (p <
0.05, Figure 7). Furthermore, hydraulic load (the ratio of the
mean water depth to the residence time of reservoir), which
regulated the vertical distribution of DO and the nutrients
processing time, showed obviously negative correlation with
N2O concentrations and fluxes (Figure 7), with explanatory
power of 47% (p � 0.05) and 54% (p < 0.05). Hydraulic
residence time and hydraulic load are thus considered as good
indicators for predicting the N2O emission hotspot in these small
cascade reservoirs.

DISCUSSION

The Spatial Patterns of N2O in Cascade
Damming River
River damming markedly influenced the distribution and
transportation of carbon, nitrogen, and phosphorus as well
as related biogeochemical processes through physical intercept
and hydraulic retention time altering (Maeck et al., 2013; Shi
et al., 2020). In this study, the concentrations of C, N, and P
variables in the surface water of the Wubu River showed a
gradual increase from upstream river-reservoir systems to the
downstream ones (Supplementary Figure S3). The
downstream reservoirs of three tributaries also were
featured by higher C, N, and P concentrations. This was
attributed to the fact that river damming can trap
suspended particles and subsequently expedite dissolved N
and P releasing accumulation along the flow direction (Liu
et al., 2009a). It has been proved that the sedimentation in
upstream reservoirs could be decomposed anaerobically and
then discharged as dissolved N and P to downstream ones
through released water, resulting in the accumulation of more
bioavailable nutriments along cascaded reservoirs (Chen et al.,
2020). Furthermore, hydraulic retention time has been
suggested as an important governor for nutrients retention
and processing in different cascaded reservoirs (Lu et al., 2016;
Liang et al., 2019). In our study, the hydraulic retention time of
selected reservoirs was universally short, thus having no

TABLE 3 | Models of the stepwise multiple regression of ln-transformed N2O concentrations with water environmental parameters in the river-reservoir-released water
system in the Wubu River basin.

Section Multiple linear regression
model (MLR model)

R2 p Df

River CN2O � -6.16 + 2.41WT + 0.94DTP - 0.60PO4
3- 0.572 0.004 36

Reservoirs CN2O � -4.93 + 0.25Chl-a + 1.32WT + 0.97DTP 0.577 0.008 32
Released water CN2O � -10.32 + 0.38 DOC + 2.77WT + 2.39DO 0.643 0.002 32
All CN2O � -7.49 + 2.13WT + 0.75DTP + 1.17DO - 0.33TIC 0.562 <0.001 100
“All” means data from the river, reservoirs, and released water sections. Nonnormally distributed candidates are ln-transformed before entering into the models

FIGURE 6 | The dynamics of adjusted R2 for stepwise multiple
regression analysis with N2O concentrations as the dependent variables. For
different models, the predictors are shown in the figure with “+” and “−” in the
brackets denoting positive and negative relationships.
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significant relationship with nutrients in surface water
(Supplementary Table S5). However, there was obviously a
longer hydraulic retention time in downstream reservoirs (R4,
R5, and R6), which accorded with the higher downstream C
and P concentrations (Table 1 and Table 2; Supplementary
Figure S7). The accumulative effect of nutrients in surface
water from upstream to downstream combined with the
regulation of hydraulic retention time controlled the
longitudinal variations of C, N, and P along the Wubu River.

In a single river-reservoir-released water system, in addition, C
and N contents in reservoir and released water were slightly
higher than those in their inflowing river, which was in accord
with that from cascade reservoirs in the Lancang-Mekong River
(Wu et al., 2020). It thus generated local differences in water
environment parameters along the whole cascaded river-reservoir
systems. Furthermore, the impounding reaches would be
beneficial to algae blooms and in situ primary production
enhancement with increasing water retention time and water
depth (Liu et al., 2016). In our study, generally higher Chl-a in
reservoir sections were indeed found than those in inflowing river
sections, especially in spring and autumn (Figure 2). And then,
the algae growth and inorganic carbon fixation would be
responsible for high TOC and DOC in surface water of
reservoirs (Banaszuk and Wysocka-Czubaszek, 2001; Hayer
et al., 2013). We further found a significantly positive
correlativity between Chl-a and organic carbon
(Supplementary Table S5; Supplementary Figure S8). Hence,
dam construction might cause nutrients redistribution and create
a series of hotspots of cascaded autotrophic activity, potentially

influencing the nitrogen metabolism process and the production,
consumption, and emission of N2O in rivers.

In this study, we provided a more comprehensive view of
distribution patterns of the N2O concentrations along the
cascaded river-reservoir system. It resulted that N2O
concentrations exhibited remarkably longitudinal variations
along the cascaded reservoirs, and the downstream reservoirs
had much higher levels than the upstream ones (Figure 3A). The
longitudinal pattern of N2O concentrations in this smaller river
basin (with a watershed area of 856 km2) was consistent with
previous studies in large river basins, such as the Lancang River
(Shi et al., 2020; Wu et al., 2020) and the Wujiang River (Liang
et al., 2019). Riverine N2O, mainly derived from coupled
nitrification-denitrification and denitrification, is controlled by
a variety of geochemical, hydrological, and biological factors
(Beaulieu et al., 2007; Beaulieu et al., 2015). On the one hand,
the cascaded accumulations of dissolved inorganic nitrogen and
DOC along the Wubu River (Table 2), which act as substrate and
electron donor respectively in the denitrification process,
supported high N2O generation in downstream reservoirs
(Figure 3A). Previous studies in cascaded river-reservoir
systems suggested that dissolved N and fine particle organic
matter in the sediment of downstream reservoirs were higher
than the upstream ones, resulting in high denitrifying bacteria
abundance and N2O emissions (Liu et al., 2011a; Beaulieu et al.,
2014; Beaulieu et al., 2015; Liu et al., 2017; Shi et al., 2017; Shi
et al., 2020). On the other hand, it is well known that hydraulic
residence time could govern N processing time and gaseous N
emissions in rivers (Hohener and Gachter, 1993; Harrison et al.,

FIGURE 7 | Predictive relationships of annual averaged N2O concentrations and fluxes with hydraulic residence time and hydraulic load of cascade reservoirs in the
Wubu River basin. The translucent red shaded area means a 95% confidence interval.
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2008; Alexander et al., 2009) and that the long hydrological
residence time allowed bacteria to settle down and to drive
nitrogen mineralization and decomposition (Wang et al.,
2018a; Chen et al., 2020; Deng et al., 2020). Thus, the
hydraulic residence time and related hydrologic load have
been considered as the important factors driving the variations
of N2O concentrations in cascade reservoirs (Liang et al., 2019;
Shi et al., 2020; Yang et al., 2020). In this study, the N2O
concentrations and fluxes were found to be positively
correlated with hydraulic residence time and negative with
hydraulic load significantly (Figure 7), implying the regulating
and controlling of hydrological conditions on the spatial
variations of N2O emissions in the Wubu River cascaded
reservoirs. Furthermore, in our investigation, the dissolved
N2O in surface water may be mainly derived from deep waters
and sediments because of the denitrification limitation by
generally high DO in the water column (Table 2). The
increase in water depth in downstream reservoirs (Table 1)
created an anoxic advantage and opportunity for
denitrification in sediments and favored the accumulation of
dissolved N2O in water. The significantly higher N2O
concentrations in released waters from the bottom of
reservoirs fed the downstream reaches and formed
accumulation in downstream reservoirs (Cheng et al., 2019;
Wu et al., 2020). Hence, alternant impounding along the
Wubu River could create a serial N2O energizer and increase
the holistic N2O emissions.

We further explored the local variation patterns of N2O
concentrations in individual “river-reservoir-released water”
system in the Wubu River basin (Figure 3A). It was certain
that impoundment-affected reaches could provide favorable
conditions for N2O production and accumulation via
interception of bioavailability nutrients, anaerobic environment
of deepened water, and increase of hydraulic retention time
(Beaulieu et al., 2015; Liang et al., 2019). Thus, N2O
concentrations in impounding reaches were much higher
(Figure 3A), amounting 1.2–7.9 (2.7) times these in their
upstream channels. Meanwhile, released water from the
bottom of reservoirs had exceptionally high N2O
concentrations, approximately 1.3–12.2 (3.4) times the
upstream channels. Thus, N2O concentrations presented a
common pattern of “low upstream channel, high reservoir,
and higher released water” across the cascaded “river-
reservoir-released water” systems. Such pattern of N2O
concentrations was consistent with previous reports in other
single or cascaded river-reservoir systems (Liu et al., 2009b;
Liu et al., 2011a; Liu et al., 2017; Cheng et al., 2019). For
example, Yang et al. (2020) found that the N2O emissions in
the impoundment-affected Huoshaogou River were much higher
than the upper rivers as influenced by enrichment of N and OC in
sediment after river damming. Liu et al. (2017) also found that the
N2O emission fluxes in released water sections were five times
higher than those in reservoir sections in Dongfeng Reservoirs. In
addition, the obvious N2O loss between the released water
sections and the following river sections (Figure 3A) suggested
potential massive N2O evasions from similar sections along the
Wubu River basin. A study by Liu et al. (2009b) in the cascaded

damming Maotiao River also found that N2O concentrations in
the river sections were significantly lower than the upstream
released water sections, while they increased again in the next
reservoir sections. It was suggested that the cascaded impounding
and releasing would create novel N2O emission hotspots along
the river (Liu et al., 2009b; Yang et al., 2020), which enhanced the
uncertainty of the total estimation of N2O emissions from rivers,
and that continuous dams caused an amplifying effect on surface
water N2O emissions from rivers. As the end result, the N2O
concentrations and emissions presented more complicated
spatial patterns coupling of “gradual increase trend from
upstream to downstream” and “low river-high reservoir-higher
released water” in the whole Wubu River cascade dam systems.

Seasonal Variation of N2O Concentrations
and Its Potential Control
The seasonal variations of N2O concentrations in theWubu River
basin showed the highest in autumn and the lowest in winter
(Figure 3B). It presented a similar seasonal pattern to previous
studies (Cole and Caraco, 2001; Burgos et al., 2015). The seasonal
variations of riverine N2O concentrations have been suggested to
be mainly controlled by the seasonal temperature, precipitation,
and runoff inflowing (Beaulieu et al., 2007; Outram and Hiscock,
2012; Freymond et al., 2013). High temperature in freshwater is
generally regarded as the primary reason for high N2O
concentrations in the warm season on account of stimulating
in situ microbial activity (Zhu et al., 2013; Beaulieu et al., 2015;
Wang et al., 2017b). Silvennoinen et al. (2008b) found that the
riverine N2O emissions were strongly sensitive to temperature as
a result of the regulations on the abundance and activity of
denitrifying bacteria. Previous studies also confirmed the
prominent temperature sensitivity of denitrification in aquatic
systems (Smensen et al., 1988; Beaulieu et al., 2011; Bouletreau
et al., 2012). Zhou et al. (2016) found the N2O emissions with
increasing temperatures in Jiulong cascade reservoirs. In our
study, the WT had a significantly positive correlation with
N2O concentrations (Figure 5) and was included in all the
MLR models as pivotal predictors for N2O variations
(Figure 6). In addition, rainfall was another factor influencing
the seasonal pattern of dissolved N2O concentrations in rivers
(Outram and Hiscock, 2012) via directly increasing N2O input
from terrestrial soils or indirectly enhancing allochthonous
organic matter input to fuel in situ denitrification (Beaulieu
et al., 2012; Wang et al., 2017b). Meanwhile, heavy rainfall
would lead to a rapid increase in river flow and then a
dilution effect on dissolved N2O concentrations in surface
water (Wang et al., 2017b). The lower N2O concentrations in
summer, despite the high temperature, could be attributed to the
dilution effect as a result of continuous rainfall during the
investigating period (Wang et al., 2017b). Therefore, the
combined effect of temperature and rainfall dilution has
determined the seasonal variations of N2O concentrations in
the Wubu River.

In addition, we further found that the seasonal patterns of N2O
concentrations in flowing river sections were consistent with
those in static reservoirs for “river-reservoir-released water”
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systems, indicating that cascaded damming would not alter the
seasonal pattern of N2O concentrations in the Wubu River.
However, the amplitudes of seasonal N2O variations in
reservoirs and released waters were much higher than those in
inflowing river sections (Figure 3B), implying that the damming
enhanced the seasonal variations of riverine N2O concentrations.
The spatial variations of dissolved N2O concentrations in river
sections and reservoirs were significantly affected by their
seasonality (Supplementary Figure S4). The amplitudes of
N2O spatial variations were found to be the most significant
in spring and autumn but were almost absent in winter.
Particularly, N2O spatial variations were so minor in summer
owing to frequent rainfall and rapidly hydrological mixing of the
upper and lower reaches. Investigations with high spatiotemporal
resolution are needed to promote the understanding of N2O
emissions in fragmentation habitat caused by river damming.

Potential Controls on N2O Emissions in the
Cascade River-Reservoir Systems
The spatial heterogeneity of N2O concentrations existed in the
cascaded river-reservoir systems and was closely related to water
physicochemical properties (Figure 4A). N2O is well known to be
derived from nitrification and denitrification, and oxygen and
nitrogen availability have been reported to be important factors
controlling the N2O producing processes (Beaulieu et al., 2011;
Hinshaw and Dahlgren, 2013; Liang et al., 2019). In this study,
however, there was no clear relationship between the N2O with
DO, TN, and NO3

−, disobeying the results of previous studies
(Beaulieu et al., 2014; Cheng et al., 2019; Liang et al., 2019). DO in
water column were relatively high in the whole Wubu River basin
(Table 2). Meanwhile, short hydraulic retention time and shallow
water promote vertical mixing of DO in the water profile and
limit N2O production by nitrification pathway in water column
(Beaulieu et al., 2014; Liang et al., 2019). Poor correlations of N2O
concentrations with NO3

− (Supplementary Figure S5)
supported the viewpoint that denitrification in oxygen-rich
water would contribute to insignificant N2O (Beaulieu et al.,
2014; Beaulieu et al., 2015), while the significant relationship
between N2O concentrations and NH4

+ implied the coupling
nitrification-denitrification process (i.e., intermediate products in
nitrification participate in denitrification process) in the water
column which acted as possible sources of N2O production
(Rosamond et al., 2011; Beaulieu et al., 2015). Previous studies
in freshwater or culture pond found that the N2O production
processes could be influenced by NH4

+ due to the coupling
nitrification-denitrification (Mao et al., 2005; Beaulieu et al.,
2015; Yang and Tong, 2015; Liu et al., 2019). However, NH4

+

concentrations could only play a poor indicator for N2O
concentrations explaining 17% of the overall variances
(Supplementary Figure S5), indicating that the contribution
of coupling nitrification-denitrification process to N2O
concentrations in oxygen-rich water column was limited.
Despite high DO concentrations in surface water, previous
studies showed that microbial respiration in overlying water
could develop anaerobic conditions when water depth
exceeding 2–5 m, resulting in the occurrence of denitrification

at sediment layers (Wenk et al., 2016). In our study, cascaded
damming increased averaged depth in reservoirs and thus raised
the opportunity and duration for denitrification in sediment,
improving the N2O production.

In the present study, the P (including TP, DTP, and PO4
3−)

and C (DOC and TOC) were significantly and positively
correlated with the N2O concentrations (Figure 4). Extremely
low C:N (6.7 ± 2.8) and high N:P (35 ± 13) in the Wubu River
indicated that organic carbon and phosphorus concentrations
would dominate biologically driven nitrification and
denitrification (Table 2). Mehnaz and Dijkstra (2016) found
that P availability and aerobic metabolism caused hypoxia in
water benefiting high N2O production. Liu and Song (2009)
showed that P could stimulate N cycling and strengthen
nitrification and denitrification in freshwater marsh. DTP was
included in multi-MLR models in our study (Table 3; Figure 6).
Meanwhile, organic carbon, as important material substrates for
microbial metabolism and in situ respiration in river water, could
affect the oxygen consumption rates and subsequently form
anaerobic conditions (Nirmal Rajkumar et al., 2008), in turn,
favoring the N2O producing processes. MLR suggested that DOC
was the first predictor of models for N2O concentrations in
released waters draining from the bottom of reservoirs
(Figure 6). It indicated that OC could affect the N2O
production from the deep water and sediment in reservoirs.
Thus, the accumulation of P and C in the bottom of the
cascaded reservoirs may be important mechanisms for the
local pattern of N2O fluxes in individual “river-reservoir-
released water” system.

Interestingly, the N2O concentrations had a positive
correlation with Chl-a in reservoirs and released waters. Chl-a
concentrations can explain 37–39% of the N2O variations among
different reservoir sections and released water sections
(Supplementary Figure S5). Chl-a plays the first predictor for
N2O concentrations variance in reservoirs (Figure 6). It indicated
that algae blooms and enhanced primary production in surface
water as a result of dam impoundment could enhance riverine
N2O production, similar to other studies in eutrophic rivers or
reservoirs (Mao et al., 2005; Wang et al., 2017a). This may be
attributed to the fact that algae blooms could supply fresh organic
matter when algae die and enhance anaerobic conditions of deep
water (Feng et al., 2016). Thus, cascaded damming in rivers would
create a series of hotspots of eutrophication along the flow
direction and then develop a continuous actuator of N2O
production.

In addition to water environmental factors, we highlighted the
importance of hydrologic conditions alteration dominating N
biogeochemical cycle and N2O variation among cascaded
reservoirs in the Wubu River (Figure 7). Similar to other
studies in large rivers (Wang et al., 2018b; Liang et al., 2019),
our results also showed a significant correlation of N2O fluxes
with hydraulic residence time in the cascade reservoirs. The
hydraulic load was found to have significant negative
correlations with N2O concentrations and fluxes, consistent
with a study in the Wujiang cascade reservoirs (Liang et al.,
2019). On the one hand, the hydraulic residence time and water
depth could regulate the DO vertical mixing in the water profile
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and nitrification, denitrification in deep waters and sediments
(Wenk et al., 2016), and then control the N2O emissions from
reservoirs. On the one hand, C, N, and P retention and processing
time are influenced by the hydraulic retention time (Saunders and
Kalff, 2001; Cook et al., 2009; Wang, 2020), thereby regulating the
N biogeochemical cycle. Hydraulic residence time can also govern
N2O production in reservoirs by promoting nutrients
mineralization and release and consequent eutrophication
(Beaulieu et al., 2015; Wenk et al., 2016). In this study, longer
hydraulic residence time and smaller hydraulic load in the
downstream reservoirs (Table 1) were important drivers for
the spatial variations of N2O concentrations in the Wubu
River cascade reservoirs. Our results suggested that hydraulic
conditions as a prerequisite for regulating N removal and gaseous
N emissions could predict the variation pattern of N2O fluxes in
this small river basin.

N2O Fluxes Compared With Other Studies
k0 in this study ranged from 4.4 to 17.2 cm h−1, similar to other
studies, e.g., tributaries of the Yangtze River (Qu et al., 2017),
Temmesjoki River (Silvennoinen et al., 2008a), and Québec River
(Soued et al., 2015). There were significantly higher k0 values for
the inflowing river sections and released water sections than these

for reservoir sections due to low turbulence in impounded
reaches. Based on the boundary-layer model and conservative
k0 (Borges et al., 2004), the calculated N2O fluxes for the Wubu
River basin ranged from −11.8 to 805.6 μmol m−2·d−1 with an
overall mean of 104.6 ± 98.4 μmol m−2·d−1. The amplitude of
N2O fluxes variation in the Wubu River exceeded three orders,
showing disproportionately strong variations given its small river
basin compared with other studies in large rivers (Beaulieu et al.,
2010; Yan et al., 2012; Chen et al., 2015). The strong variations of
N2O fluxes have also been found in the Maotiao River, Mekong
River, and other cascaded damming rivers in subtropics (Liang
et al., 2019; Shi et al., 2020). The amplitude of N2O fluxes
variations in the Wubu River was higher than those from the
river network in Québec, the upper Mekong River, and Yangtze
River, which had a significantly large catchment area (Yan et al.,
2012; Soued et al., 2015; Shi et al., 2020). Those variations were
attributed to habitat fragmentation and “river-reservoir” alternate
systems with different hydraulic loads (Liang et al., 2019). Hence,
cascade damming might cause more complicated spatial
heterogeneity for riverine N2O emissions.

Meanwhile, the averaged N2O fluxes in the Wubu River basin
were relatively higher compared with other studies worldwide
(Table 4), although significantly lower N2O emission fluxes were

TABLE 4 | Comparison of N2O fluxes with other water bodies worldwide.

River Climate FN2O
(μmol·m−2·d−1)

N2O
concentration
(nmol·L−1)

k0 (cm h−1) Method References

Stream of Yangtze
River

Plateau 1.1–5.9 — 27.1–34.2 Diffusion model Qu et al. (2017)

Stream of Yellow River Plateau 1.8–50.9 — 15.0–117.1 — —

Temmesjoki River Frigid −10.4–65.9 6.7–47 40.4–54.2 floating static chambers Silvennoinen et al. (2008a)
Ohio River Temperate 8.9–339.7 — — Floating chambers Beaulieu et al. (2010)
Guadalete River Temperate −0.1–313.2 9.7–265.3 — Wind speed model Burgos et al. (2015)
San Joaquin River Mediterranean 5.2–202.8 0.007–0.04 — Floating chambers, based

model
Hinshaw and Dahlgren, (2013)

14.3–112.9
Québec River Temperate −23.1–16.9 -4.3–8.7 0.0–52.9 Based on model Soued et al. (2015)
Neuse River watersged Subtropical −5.0–35.4 — — Floating chambers Stow et al. (2005)
The upper Mekong
River

Subtropical 0.3–0.6 — — The boundary-layer model (Liang et al., 2019; Shi et al.,
2020)

Wujiang River Subtropical −7.9–337.2 4.0–447.2 — The boundary-layer model Liang et al. (2019)
Jiulong River Subtropical 37.8 27.0 — Floating chambers Chen et al. (2015)
Yangtze River Subtropical 1.0–22.2 7.7–16.4 5.8–7.1 Wind speed-hydrologic

model
Yan et al. (2012)

Simunjan Tropical −0.005–0.04 3.8–34.0 — Based on model Bange et al. (2019)
Rajang Tropical −0.008–0.03 4.0–19.1 — — —

Global rivers — — 12.1 — — Soued et al. (2015)
Three Gorges
Reservoir

Subtropical −2.5–44.6 7.6 ± 11.5 — Floating chambers Zhu et al. (2013)

Hongjiadu reservoir Subtropical 2.4–31.7 16.4–44.1 — The boundary-layer model Liu et al. (2011a)
Wujiangdu reservoir — 1.9–42.2 16.5–74.7 — — —

Miyun reservoir Temperate −1.2–99.5 — — Static chambers Yang et al. (2015)
MoChou Frigid 1.69 ± 3.7 — — Static chambers Liu et al. (2011b)
TuanJie — 1.36 ± 1.5 — — — —

Daming — 3.93 ± 3.8 — — — —

China reservoirs — 23.09 ± 32.57 — — — Li et al. (2018)
Global reservoirs — 6.82 — — — Deemer et al. (2016)
Wubu River — −11.8–805.6 2.5–283.2 — — —

Upstream R1–R3 Subtropical −0.2–194.9 6.8–75.5 4.4–17.2 Wind speed-hydrologic
model

This study

Downstream R4–R8 — 23.1–805.6 16.8–283.2 — — —
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found in upstream river-reservoir systems (Figure 4A). The N2O
fluxes in the Wubu River basin were significantly higher than
those in natural rivers, such as the tributaries of the Yangtze River
and Yellow River (Qu et al., 2017) and Neuse River (Stow et al.,
2005) and higher than these in some subtropical, temperate, and
cold reservoirs (Table 4). The N2O fluxes in our study were even
higher than some contaminated rivers located in urban and
agricultural areas (Beaulieu et al., 2010; Hinshaw and
Dahlgren, 2013). At the same time, the N2O fluxes in the
eight small reservoirs were three times and 10 times higher
than the average values of China’s reservoirs and global
reservoirs, respectively (Deemer et al., 2016; Li et al., 2018).
Meanwhile, the N2O fluxes in upstream river-reservoir
sections were comparable to those in the natural Guadalete
River (Burgos et al., 2015) and San Joaquin River (Hinshaw
and Dahlgren, 2013). In addition, N2O fluxes from all reservoir
sections and released water sections were much higher than those
from inflowing river sections, indicating that cascaded dams can
enhance the whole N2O emissions level from the fluvial
continuum. Thus, continuous dams were regarded as one of
the important factors controlling N2O emissions in rivers, and
more research should be done to quantify the contribution of
cascade damming to riverine N2O budgets.

CONCLUSION

This study focused on the spatiotemporal patterns in N2O
concentrations and emissions from a cascade damming with a
small river basin and the local variations of N2O emissions among
the inflowing river, reservoir, and released water sections. The
results demonstrated that the Wubu River basin served as a
strong source of atmospheric N2O under cascade damming.
The N2O concentrations and emissions exhibited obvious
increase trends along the flow direction, and downstream
reservoirs aced as hotspots of N2O emissions. All reservoir
sections and their released water had higher N2O
concentrations than their upstream inflowing river sections,
presenting a generally local pattern of N2O emissions with “low
river-high reservoir-extremely high released water.” Cascaded
reservoirs and released water sections acted as “reactors” of N2O
production along the Wubu River, significantly amplifying the
riverine N2O emissions. Chl-a, organic carbon, and soluble
phosphorus concentrations were indicated as dominant factors

regulating the N2O concentrations. The N2O concentrations and
fluxes in reservoirs had a significant correlation with hydraulic
residence time and hydraulic load, suggesting hydrologic
conditions alteration dominate N2O variations among cascaded
reservoirs in the Wubu River. Seasonal variations of N2O
concentrations and fluxes were mainly controlled by
temperature and rainfall. It was highlighted that the cascade
reservoirs not only acted as exciters for N2O production and
emissions but also formed cumulative effects and local hotspots
along the longitudinal dimension, significantly increasing the
complexity of the spatiotemporal variability in riverine N2O
emissions.
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