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GRAPHICAL ABSTRACT

ABSTRACT

Freshwaters are receiving growing concerns on atmospheric carbon dioxide (CO,) and methane (CH,4) budget;
however, little is known about the anthropogenic sources of CO, and CH,4 from river network in agricultural-
dominated watersheds. Here, we chose such a typical watershed and measured surface dissolved CO, and CHy
concentrations over 2 years (2015-2017) in Jurong Reservoir watershed for different freshwater types (river net-
work, ponds, reservoir, and ditches), which located in Eastern China and were impacted by agriculture with high
fertilizer N application. Results showed that significantly higher gas concentrations occurred in river network
(CO,: 112 + 36 pumol L™1; CHy4: 509 =+ 341 nmol L™!) with high nutrient concentrations. Dissolved CO, and
CH4 concentrations were supersaturated in all of the freshwater types with peak saturation ratios generally oc-
curring in river network. Temporal variations in the gas saturations were positively correlated with water tem-
perature. The saturations of CO, and CH4 were positively correlated with each other in river network, and both
of these saturations were also positively correlated with nutrient loadings, and negatively correlated with dis-
solved oxygen concentration. The highly agricultural river network acted as significant CO, and CH, sources
with estimated emission fluxes of 409 + 369 mmol m 2 d~' for CO, and 1.6 & 1.2 mmol m 2 d~! for CHy,
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and made a disproportionately large, relative to the area, contribution to the total aquatic carbon emission of the
watershed. Our results suggested the aquatic carbon emissions accounted for 6% of the watershed carbon budget,
and fertilizer N and watersheds land use played a large role in the aquatic carbon emission.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Carbon dioxide (CO,) and methane (CH,4) are two crucial anthropo-
genic greenhouse gases contributing to global warming. As important
conduits that link the land and oceans in global carbon transport, fresh-
waters (rivers, streams, lakes, and reservoirs) process large quantities of
carbon and emit a disproportionately large amount of CO, (Raymond
et al,, 2013; Abril et al., 2014; Butman et al., 2016) and CH4 (Bastviken
et al.,, 2011; Borges et al., 2015; Stanley et al., 2016) to the atmosphere
relative to their surface area. It is further estimated that the carbon gas
emissions from freshwaters potentially offset a large portion of carbon
uptake by land (Bastviken et al., 2011; Borges et al., 2015), suggesting
the importance of inland waters in global carbon budget.

While several research efforts have been dedicated to quantify global
freshwaters CO, and CH,4 emission fluxes, the current estimates are still
poorly constrained. The estimated emission fluxes were 30-173 Tg C
yr~! for CH4 (Bastviken et al, 2011; Kirschke et al, 2013) and
0.6-2.1 Pg C yr~! for CO, (Cole et al., 2007; Aufdenkampe et al., 2011;
Raymond et al., 2013), respectively, both showing considerable uncer-
tainty. For fluvial networks alone, global estimates of CO, emission
ranged from 0.2 Pg C yr~' to 1.8 Pg C yr~! with large uncertainty (Cole
et al,, 2007; Raymond et al.,, 2013; Lauerwald et al.,, 2015; Borges et al.,
2015). The poorly constrained estimates were mainly due to the lack of
widespread measurements and limited geographic distribution of the
datasets for gas emission flux (Raymond et al., 2013; Borges et al.,
2015). In particular, the gases emissions were associated with many com-
plex watershed characteristics (e.g. wetland distribution, geomorphol-
ogy, and human activity; Kortelainen et al., 2006; Huotari et al., 2013;
Abril et al., 2014; Borges et al., 2018; Borges et al., 2019; Xiao et al.,
2020). Field measurements across different land use types are needed
to better understand the role of freshwaters in global carbon cycle.

Field studies showed that freshwater CO, and CH,4 concentrations
were positively associated with the proportion of farmland area and ag-
ricultural practice intense in the watershed (Kortelainen et al., 2006;
Borges et al., 2018). Intensive agriculture practices that use fertilizers
can strongly impact regional carbon cycles within river networks, it
will also enhance the availability of organic matter and nutrients to riv-
ers, potentially stimulate the microbial processes and associated CO,
and CH4 productions (Bodmer et al., 2016; Borges et al., 2018; Wu
et al,, 2019). High CO, and CH,4 levels in farmland can contribute to
the dissolved CO, and CH,4 concentrations in surrounding freshwater
by surface drainage flows (Huotari et al,, 2013; Wu et al., 2019). Agricul-
ture occupies a large fraction of the global ice-free land surface area
(Foley et al., 2005). Thus rivers impacted by agriculture across different
regions deserve investigation to improve our ability in estimating the
freshwaters CO, and CH4 budget (Garnier et al., 2013; Huotari et al.,
2013; Borges et al,, 2015; Stanley et al., 2016).

China's Eastern plain has long been one of the most densely agricul-
tural regions in the world. Intense agricultural practices have resulted in
widespread pollution of surface water in this region (Qin et al., 2007;
Yan et al,, 2011). The total fertilizer N application rates in this region
are about 470-600 kg N ha~! yr™' (Yan et al, 2011; Xiao et al,,
2019a; Zhou et al,, 2019), which was greatly higher than that in inten-
sively agricultural regions in the US, France, and Sweden with a value
less than 150 kg N ha~! yr™! (Garnier et al., 2013; Audet et al., 2017;
Griffis et al., 2017). A significant fraction of agricultural N-fertilizer
(~280 kg N ha~ ! yr™1) is lost to water body within the watershed by
leaching and runoff (Yan et al., 2011; Xiao et al., 2019a; Zhou et al.,

2019), which contributed eutrophication and have large impact on
freshwater CO, and CH,4 emission (Beaulieu et al., 2019; Morales-
Williams et al., 2020; Xiao et al., 2020). However, the riverine CO, and
CH,4 emission in China's Eastern plain are poorly represented.

In this study, we investigated the rivers and lentic aquatic ecosystems
(reservoir, ponds, and ditches) surface CO, and CH, dynamics in a typical
subtropical agricultural-dominated watershed in Eastern China. Our
main aims were to (1) investigate the spatiotemporal characteristics of
CO, and CH4 dynamics, (2) examine the factors that influence these
variations, and (3) evaluate the importance of the freshwater in the
watershed with intense agricultural practices, which can potentially act
as sources of atmospheric CO, and CH,4 budgets. This study not only
fills the gap in our knowledge of CO, and CH,4 dynamics in agricultural
rivers, but also provides a valuable data source for aquatic carbon gas
emission in such heavily agricultural regions. We hypothesized that
the agricultural river acted as a significant CO, and CH,4 source given
the significant fertilizer N application and further hypothesized that
the aquatic carbon gas emission affected the watershed carbon balance.

2. Material and methods
2.1. Study area

The field sampling and measurements were carried out in an agri-
cultural watershed, the Jurong Reservoir watershed (area 46 km?) in
Eastern China. The watershed (31°58’ to 32°01’N, 119°12’ to 119°14'E;
elevation 30 m above sea level; Fig. 1) is located about 40 km southwest
of Nanjing city, Jiangsu province. The watershed has been previously in-
troduced in details (Yan et al., 2011; Li et al., 2013; Xia et al., 2013). In
brief, regional land use is that rice paddies comprise 32.2% of the land
use, cultivated upland comprises 22.8%, buildings and roads account
for 27.5%, artificial forest and tea gardens cover 9.2%, and three rivers
(River 1, west-river; River 2, middle-river; River 3, east-river; Fig. 1), a
reservoir (Jurong Reservoir) and thousands of small ponds occupy the
rest (8.3%). The area for the three rivers, the Jurong Reservoir, and
ponds was 32 ha, 230 ha, and 110 ha, respectively. River width ranged
from 2.6 m (upstream) to 4.4 m (downstream) in the longer rivers
(River 1 and River 2), and it was approximately 3.4 m at the shortest
river (River 3; Xia et al., 2013). Mean water depth in River 1, River 2,
and River 3 were 0.6 m, 0.8 m, and 0.5 m, respectively. And the mean
water depth for the reservoir and thousands of small ponds were 2.4
and 1.0 m, respectively. Previous studies showed the C/N of sediments
were 8.38, 9.34, 8.07, 8.91, and 6.01 in River 1, River 2, River 3, pond,
and reservoir (Li et al., 2013), respectively. The major cropping rotations
are rapeseed-maize for the cultivated upland and wheat-rice for the
paddy fields, respectively. There are no high livestock density and indus-
try in the study region, and agricultural practices are the dominant local
source of anthropogenic N discharging into the rivers, and underground
pipe was not found. Sewage was another source of the N loading for riv-
ers. High temperatures and rain occurred in the summer (from June to
August), and low temperatures and rain occurred in the winter (from
December to February in next year; Yan et al, 2011; Xiao et al,
2019a). The annual mean temperature and precipitation are about
15 °C and 1100 mm, respectively. With high fertilizer application
(550-600 kg ha~! yr™1), a large amount of anthropogenic N was
transported to the freshwaters of the watershed via runoff and
leaching. Meanwhile, There was no external water source and the
river discharge was dominated by precipitation and, it brings the
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Fig. 1. Map showing the sampling sites in the agricultural-dominated watershed. The red
dots denote sampling sites in rivers; black squares denote sampling sites in ponds; green
diamonds denote sampling sites in ditches; red triangles denote sampling sites in
reservoir. Water flows from the north to the south. The three rivers (River 1, River 2,
and River 3) flow into the reservoir, and the water flows out via the Jurong River. The
red cross in the illustration showing the location of the watershed in China. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the web ver-
sion of this article.)

three rivers with steady current velocity (greater than 0.01 m s~ ' in
rainy season) flowed into Jurong Reservoir. The only outlet of the
watershed is the Jurong River located in the lowest part of the region
(Fig. 1). In the watershed, the soil organic carbon contents ranged
from 12 g kg~ ! to 22 g kg~ ! and total N from 0.75 g kg~ ! to
1.22 gkg~! (Yan et al,, 2011).

2.2. Collection and analysis

Surface water was sampled from the three rivers (River 1, River 2,
and River 3; Fig. 1) and ditches within the watershed to determine
the dissolved CO, and CH4 concentrations. From October 2015 to
September 2017, watershed-scale sampling was carried out
monthly, during which water was sampled at spatial sites across all
water types (Fig. 1). In each watershed-scale survey, three surface
(~20 cm) replicate bubble-free water samples were collected from
each site. The total sampling site was 23, of which 5 sites in River 1,
8 sites in River 2, 3 sites in River 3 according to the river length,
and 7 sites in ditches (Fig. 1). The sampling in River 1 contains two
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sections as the midstream and downstream, and in River 2 contains
three sections with the upstream, midstream, and downstream.
The sampling in ditches was non-continuous, because sometimes
the ecosystem was dried up without available water. Water samples
for dissolved CO, and CH4 concentration measurements were also
collected monthly in the lentic aquatic ecosystem (ponds and reser-
voir) and the outlet of the watershed (Jurong River) from October
2015 to September 2017 to estimate the aquatic ecosystem carbon
emission of the watershed (Fig. 1).

Each field survey throughout the watershed was completed be-
tween 9:00 and 17:00 local time in two consecutive days. Triplicate
bubble-free surface water was taken from the bridge or from the
shore using organic glass hydrophore at each sampling site, and water
samples for dissolved CO, and CH, measurements were transferred to
300 mL glass bottles via tubing. The glass bottle was immediately
capped using a butyl stopper without headspace when excess water
overflowing out, and the bottle was sealed with a sealing membrane
after capping. Both of the hydrophore and glass bottles were washed
with local water before sampling. Water samples were stored in ice-
chilled coolers in the field, and were analyzed immediately when
transported to laboratory within 48 h. The dissolved CO, and CH,4 con-
centrations in the samples were measured using headspace equilibra-
tion method. We had previously reported the procedures of sampling
and analysis in details (Xiao et al., 2017; Xiao et al., 2019b). Specially,
100 mL water of the glass bottle was pushed out via injecting ultrahigh
purity N gas (99.999%) to create headspace. The glass bottle was then
shaken vigorously about 5 min to allow the dissolved gases reach equi-
librium between the residual liquid and the headspace. A small gas sam-
ple was drawn from the equilibrated headspace of the glass bottle via a
syringe with three-way vale to determine the dissolved gas concentra-
tions of water samples. The gas sample was injected into a gas chro-
matograph (Agilent GC7890B, Agilent, California, U.S.A.) fitted with
flame ionization detector for CO, and CH,4 detection. The gas chromato-
graph was calibrated with standard gases (National Primary Standard
prepared by the National Institute of Metrology, China) with mixing ra-
tios of 352 ppm for CO, and 2 ppm for CH,4. Caution should be taken, be-
cause the mixing ratios of the standard gases were generally lower than
that the partial pressure of CO, and CHy4 in the headspace. The dissolved
CO, and CH4 concentrations in the surface water were calculated accord-
ing to measured CO, and CH,4 in equilibrated headspace and temperature-
dependent Henry's law (Text S1 in Supporting Information).

In parallel to the CO, and CH4 measurements, surface water samples
were also collected to determine the dissolved inorganic nitrogen (ni-
trate (NO3 -N), nitrite (NO; -N), and ammonium (NH;-N)) concentra-
tions. The dissolved inorganic nutrients concentrations (NO; -N, NO, -N,
and NHj -N) were measured via a flow injection analyzer (Skalar
SAN+ +, The Netherlands) with high precision after filtration with
Whatman GF/F filters (0.7-um pore size). Concentrations of dis-
solved inorganic nutrients concentrations were analyzed within
one week. The measurements of water temperature (T,), dissolved
oxygen concentration (DO), pH, specific conductance (Spc), and
oxidation-reduction potential (ORP) were conducted in situ using a
multi-parameter probe (YSI 650MDS, YSI Inc. Yellow Springs, OH,
USA), which was calibrated before measurement. The measurements
of DO showed a precision of £0.1 mg L™" and Spc showed a precision
of £0.001 mS cm™'. Wind speed and precipitation were obtained
from nearby weather station of the watershed during water sampling.

2.3. Saturation ratios and fluxes calculations

The saturation ratio for surface dissolved CO, and CH4 was defined as:

Saturation ratio = Cy/Cgq (1)

where C, is the surface dissolved gases (CO, and CH4) concentrations
(mmol m—3) in water and measured by the headspace equilibration
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method as described above. Ceq is the corresponding equilibrium gas
concentration in water at in situ temperature, which was calculated
based on atmospheric pressure, water temperature, and current at-
mospheric CO, (400 ppm) and CH4 (2 ppm) mixing ratios (Xiao
et al., 2017; Xiao et al., 2020). Saturation ratio can denote whether
the water is a source (saturation ratio > 1; super-saturation) or sink
(saturation ratio < 1; under-saturation) of the CO, and CHy4 to the
atmosphere.

The fluxes of CO, and CH, across the water-air interface (F, unit in
mmol m~2 d~!, positive value denotes emission from the freshwater
to the atmosphere) were estimated via the gas exchange model:

F =k x (Cw—Ceq) (2)

where k (m d—!) was gas exchange velocity, and a common approach
for k calculation was normalized to a Schmidt number of 600 (Cole
and Caraco, 1998; Raymond et al., 2012):

k/keoo = (S¢/Sce00) " 3)

where S, is the CO, and CH4 Schmidt number at a given temperature,
and the Schmidt number for CO, and CH, in these freshwaters were ob-
tained from the study of Wanninkhof (1992); Scgo is the Schmidt num-
ber 600 corresponding to CO, and CH4 at a temperature of 20 °C in
freshwater; n is the Schmidt number exponent, and was assigned a
value of 2/3 at low wind speed (<3.7 m s~ !) or 1/2 at high wind speed
(>3.7m s~ 1). For rivers, k is controlled by channel physical factors such
as velocity (v, m s~ 1), depth (H, m), wind speed (U, m s~ '), and river
slope (S, dimensionless; Raymond et al., 2012; Li et al., 2019). For River
1, River 2, River 3, and Jurong River in this study, the kgoo (m d~*) was
calculated according to the study of Raymond et al. (2012):

keoo = (v x S) x 2841 +2.02 4)

Although Raymond et al. (2012) found the k in rivers was the prod-
uct of velocity and slope, several formulations consider both velocity
and wind speed (e.g. Clough et al., 2007) for k calculation. For compar-
ison, the study also estimated the k considering both velocity and
wind speed (Text S2).

For the reservoir, pond and ditch, the k calculation was dependent
on wind speed in these lentic ecosystems. The k (m d ') was calculated
according to Cole and Caraco (1998):

k=024 x ((S:/600) " (2.07 +0.215 x U'7) (5)
where 0.24 was used for the conversion of cmh™! tomd~".
2.4. Data analysis

Simple linear and multi-linear regressions were carried out to find
relationships between CO, dynamics, CH4 dynamics, and environmen-
tal variables. For each field survey, the mean dissolved gases (CO, and
CH4) concentrations were computed using all measurements within
the corresponding water type for analysis of temporal variability, the
ditches were excluded due to non-continuous sampling. Measurements
made at each of all sampling sites in rivers were averaged over the two-
year measurement period for analysis of spatial variability. The differ-
ences of mean gases concentrations across seasons (spring, from
March to May; summer, from June to August; autumn, from September
to November; and winter, from December to February in next year) and
water types were determined using a least significant difference by SPSS
(version 18.0). Differences at the level of p < 0.05 were considered sta-
tistically significant, and normality of data was tested. Moreover, Monte
Carlo simulations were performed to assess uncertainties in extrapolat-
ing monthly sampling to the annual flux estimations for each water
body. The Monte Carlo procedure assumed a normal distribution and
randomly picked values from the C-gases flux, and the standard
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deviation of the annual mean C-gases fluxes was based on a total of
10,000 Monte Carlo ensemble members. River morphology was consid-
ered in the calculation of total C-gases evasion from the three sampling
rivers due to the large difference in river length.

3. Results
3.1. Environmental variables

Water temperature in the different freshwaters of the watershed is
remarkably uniform, and the temperature variation was <0.6 °C be-
tween water types (Table 1). The annual mean water temperature
was 19.1 & 8.5 °C, showing seasonality: summer (29.3 £ 2.7 °C) > spring
(19.4 + 4.8 °C) > autumn (18.9 + 6.3 °C) > winter (8.7 + 2.7 °C;
Fig. S1). Precipitation occurred in each month with peak in summer
(Fig. S1).

In contrast to water temperature, the dissolved inorganic nitrogen
concentrations varied. On average, the highest NO; -N concentration
with a mean value of 1.85 + 1.81 mg L™ occurred in ditches and lowest
in ponds with a mean value of 0.45 + 0.45 mg L~". However, peak NH; -N
concentration occurred in ponds (0.32 & 0.36 mg L™ ") and the lowest in
ditches (0.12 + 0.15 mg L™ ). The highest DO occurred in the reservoir
and the lowest in ponds (Table 1). Generally, the NO5 -N concentra-
tion was higher than the NH, -N concentration, and accounted for
57% ~ 92% of the total dissolved inorganic concentration in the
aquatic ecosystems. For the three major rivers (River 1, River 2, and
River 3), the temporal variation of NO5 -N concentration were highly
intercorrelated, for example, the concentration in River 1 was highly
correlated with thatin River 3 (r = 0.84, p < 0.01). It should be noted
that these variables showed insignificant (p > 0.05) differences be-
tween the three rivers, but significant (p < 0.05) differences were
found among different water types.

3.2. Surface CO, and CH4 concentrations

The CO, and CH,4 concentrations varied across water types (Fig. 2).
The mean concentrations of CO, and CHy in River 3 were significantly
higher (p < 0.01) than that in River 1, River 2, pond, reservoir, and the
outlet of the watershed, Jurong River (Table S1). The ditches also had
high CO, and CH, concentrations with mean values of 107 4- 66 umol L1
and 963 + 1959 nmol L™, respectively. The lowest concentrations oc-
curred in the reservoir with mean values of 28 + 17 umol L™! for CO,
and 116 + 77 nmol L~ for CH,. Based on the measurement of River
1, River 2, and River 3, the average CO, and CH,4 concentrations in the
river network were 112 + 36 umol L™ and 509 + 341 nmol L™,
respectively.

The CO, concentration in the three major rivers varied seasonally,
with peak values generally appearing in the summer (Fig. 3a). The
mean CO, concentrations in the summer with values of 155 +
69 umol L™! (River 1), 162 + 51 umol L' (River 2), and 243 +
72 umol L™ (River 3) were significantly (p < 0.01) higher than those
in the winter with corresponding mean values of 44 + 41 umol L™,
55 4 46 umol L™, and 68 + 69 umol L™, however, the differences be-
tween spring and winter were insignificant (p > 0.05). For the other
freshwater types (ponds, reservoir, and Jurong River), the monthly
CO,, concentrations varied within a relatively narrow range (Fig. 3a),
showing insignificant (p > 0.05) differences between seasons.

The monthly CH,4 concentration varied temporally (Fig. 3b). On aver-
age, the highest CH, concentration generally occurred in the summer
except for River 1, in which the highest concentration occurred in spring
and winter. It should be noted that the average summertime CH,4 con-
centration with a mean value of 204 + 55 nmol L™ was significantly
(p < 0.01) higher than that in spring, autumn, and winter in the lentic
reservoir, but the differences among seasons were insignificant
(p > 0.05) in River 2, ponds, and Jurong River.
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Table 1
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Summary of the annual mean surface water temperature (T,,), dissolved inorganic concentration (NHZ -N, NO3 -N, and NO5 -N), and DO concentration in all water types during measure-
ment period from October 2015 to September 2017. The presented values are the mean + standard deviation.

Sample type Water temperature NHZ -N NO5 -N NO3 -N DO
(°0) (mgL™") (mgL™") (mgL™") (mgL™")

River 1 194 4+ 85 0.30 + 0.25 1.02 £+ 0.56 0.05 £ 0.04° 7.16 + 4.36
River 2 19.2 + 85 0.23 + 0.15 0.92 + 0.68 0.05 + 0.07 7.10 + 4.13
River 3 19.2 + 85 0.26 + 0.17 1.08 £ 0.67 0.04 + 0.04 6.30 + 3.95
Ponds 19.2 4+ 84 032 + 0.36 0.45 + 0.45 0.03 + 0.05 5.78 + 4.09
Reservoir 19.6 &+ 85 0.17 + 0.10 0.56 + 0.34 0.02 + 0.02 9.59 + 3.38
Jurong River 19.0 4+ 85 0.16 + 0.10 0.51 + 0.32 0.03 &+ 0.02 8.36 + 5.10
Ditches 183 £ 59 0.12 + 0.15 1.85 + 1.81 0.04 + 0.04 7.90 + 2.04

River 3 with short length had the highest CO, and CH4 concentra-
tions compared to River 1 and River 2. Large spatial variability for the
surface CO, and CH4 concentration in River 2 was found (Fig. 4). The av-
erage concentrations of CO, (128 + 47 pmol L™!) and CH,4 (572 +
748 nmol L™1) in upstream of River 2 were significantly (p < 0.01)
higher than those in midstream (CO,: 87 + 60 pmol L™'; CHy4: 300 +
236 nmol L™') and downstream (CO,: 72 + 59 umol L™'; CH,4: 323 +
201 nmol L71).

3.3. Correlations between CO,, CH,4 saturation ratios and environmental
variables

Our data showed that dissolved CO, and CH, were supersaturated
with respect to the atmosphere in most of the sampled sites, suggesting
this agricultural-dominated freshwaters were almost net sources of at-
mospheric CO, and CH,4. The mean CO, saturation ratio were 6.0 + 4.3
inRiver 1, 5.8 + 4.5 in River 2,9.3 £ 6.8 in River 3, 1.6 4- 1.2 in the res-
ervoir, 5.8 + 5.2 in ponds, 6.1 + 3.8 in ditches, and 2.7 4 3.1 in Jurong
River. The corresponding CH, saturation ratios were 88 4 61, 119 + 74,
256 4 273,40 + 32, 126 £ 169, 300 & 576, and 41 + 61. Based on the
measurement of River 1, River 2, and River 3, the average CO, and CH,4
saturation ratios in the river network were 7.1 4+ 1.9 and 154 4 90,
respectively. To better understand the potential controls of CO, and CH,4
saturations, we analyzed the correlations between the saturations and
each of the main environmental variables.

Results showed the temporal variation of CO, and CH,4 saturations
depended on some environmental variables (Table 2). The monthly
CO, saturations in all freshwaters were positively correlated with

water temperature (Table 2). Temporal CO, saturation was positively
related to NO; -N in River 1, River 2, and reservoir, with NH, -N in
River 2 and Jurong River, and with precipitation in River 1. The CO, sat-
uration was negatively related with DO in River 3 and ponds, and with
ORP in River 1, River 2, and River 3. The temporal CH, saturation was
positively related with water temperature except in River 1, and nega-
tively related to ORP except in River 1 and River 2. The nutrient concen-
trations were positively related with temporal CH4 saturation in River 3
and reservoir. It is important to note that the temporal CH, saturations
were positively correlated with precipitation in River 3 and ponds
(Table 2). Multi-linear stepwise regression analysis revealed that
water temperature and NHj -N together explain 72% (R*> = 0.72,
p < 0.01) of observed temporal variability of CO, saturation in River 2.

Significant correlations between spatial variations of the gas satura-
tions and some of the explanatory variables were found in river network
(Figs. 5 and 6). The spatial CO, and CH,4 saturations were both positively
correlated with the concentrations of NO3 -N and NO3 -N (Fig. 5), and
negatively correlated with DO concentration (Fig. 6). It should be
noted that spatial variation in DO concentration explained 64% and
66% of the observed variance in CO, (R*> = 0.64, p < 0.01; Fig. 6a) and
CH, (R?> = 0.66, p < 0.01; Fig. 6b), respectively. Importantly, spatial
CO, saturation was highly correlated with that CH,4 saturation in river
network (R? = 0.90, p < 0.01; Fig. 6¢).

3.4. Surface CO, and CH, fluxes

The aquatic diffusion CO, and CH, fluxes of the agricultural water-
shed were estimated using the water-air gas exchange model above.
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The mean gas exchange velocity for flux calculation was 4.87 m d ! for
€0, and 4.80 m d ' for CHy in rivers, and was 0.84 m d ' for CO, and
0.82 m d™! for CH, in lentic aquatic ecosystems. The estimated surface
aquatic CO, flux across site and time ranged from —70 mmol m 2 d~!
to 2070 mmol m~2 d~!, with an annual mean value of 272 +
262 mmol m~2 d~!, suggesting the water was significant sources of at-
mospheric CO,. The highest CO, flux occurred in River 3 with an annual
mean value of 690 4 558 mmol m~2d ™! and the lowest in the reservoir
with an annual mean value of 13 & 24 mmol m~2 d~!. The average dif-
fusion CO, fluxes from River 1, River 2, ponds, and ditches were
377 + 333 mmol m~2 d~!, 403 + 379 mmol m~2 d~', 70 +
82 mmol m~2 d~', and 84 + 46 mmol m~2 d~!, respectively.
Based on the measurement of River 1, River 2, and River 3, the aver-
age CO, evasion from the three sampling rivers was estimated as the

area-weighted mean of the each river flux considering the shortest
River 3 had the highest emission flux. The area-weighted mean CO,
emission flux from the river network was 409 4+ 369 mmol m—2d .

Similar to CO,, the aquatic diffusion CH, flux ranged from less than
0.1 mmol m~2 d~! to 16.5 mmol m—2 d~', with an annual mean
value of 1.3 + 1.2 mmol m—2 d~!, suggesting the water was constant
source of atmospheric CH,. River 3 had the highest diffusion CHy4 flux,
with a mean value of 3.7 + 4.1 mmol m~2 d™', followed by River 2
(1.8 + 1.2 mmol m—2d~!), River 1 (1.2 + 0.8 mmol m~2d~'), and
ditches (0.6 & 1.1 mmol m—2 d~!). The lowest aquatic diffusion CH,4
flux occurred in the reservoir with a mean value of 0.1 +
0.1 mmol m~2 d~. The annual mean diffusion CH, flux from ponds
was 0.4 4+ 0.4 mmol m~—2 d~'. Similar to CO,, the estimated CH,
emission flux from the river network was 1.6 & 1.2 mmol m—2d~".
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Table 2
Correlations between monthly CO, saturation ratio, CH,4 saturation ratio and environment variables from October 2015 to September 2017 across different water types®.
Sample type Gases Tw NHZ-N NO3-N NO5 -N DO ORP pd
River 1 CO, 0.77° —0.15 —0.23 0.43¢ —0.32 —0.56" 0.38¢
CH4 —0.03 —0.05 0.13 0.05 —0.33 0.21 —0.01
River 2 Co, 0.80° 0.58" 0.19 0.53¢ —0.19 —0.50° 0.31
CHy4 0.35¢ 0.23 0.01 0.14 —0.28 —0.36 0.15
River 3 CO, 0.82° 0.02 —0.60" 0.19 —0.58° —0.45°¢ 0.22
CH4 0.36¢ —0.01 0.10 0.46¢ —0.23 —0.50¢ 0.65"
Ponds CO, 0.39¢ 0.05 —0.11 0.05 —0.49°¢ —0.28 0.11
CH4 0.42° —0.19 —0.23 —0.21 —0.25 —0.50¢ 0.48¢
Reservoir CO, 0.43¢ 0.20 0.01 0.43¢ —0.29 —0.10 0.27
CHq 0.67° 0.60° 0.12 0.19 0.08 —0.46° 0.14
Jurong River CO, 0.47¢ 0.55¢ —0.21 023 —0.41 —0.13 —0.01
CH4 0.40°¢ —0.13 —0.26 —0.19 0.01 —0.58¢ 0.23

The total number of observations is 24, resenting monthly samplings from October 2015 to September 2017.

a

b Correlation is significant at the 0.01 level.

¢ Correlation is significant at the 0.05 level.

4" Precipitation, the 10-day accumulated precipitation (mm) before each sampling.

4. Discussion
4.1. Impact of fertilizer N application

The freshwaters of the watershed can be characterized as heavily
polluted area due to high agriculture cover with significant fertilizer N
application (Qin et al., 2007; Yan et al., 2011; Xiao et al., 2019b). The ob-
served nutrient concentrations (e.g. NO3 -N; Table 1) in the river were
similar to or higher than those in other agricultural rivers with NO5 -N
concentration ranging concentration from 0.18 mg L~ to 1.81 mg L~!
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(Bodmer et al., 2016; Borges et al., 2018; Zhang et al., 2020). The surface
water was supersaturated with dissolved CO, and CH4 concentrations,
and the gas saturation ratios in river network were positively correlated
with nutrient concentrations (Fig. 5), suggesting the input of fertilizer N
can largely affect the aquatic CO, and CH,4 production and emission
(Bodmer et al., 2016; Ollivier et al., 2019; Xiao et al., 2020). Specifically,
the mean NO; -N and NO, -N concentrations in upstream were signifi-
cantly higher than that in midstream and downstream within River 2
(Figs. 4a-4b), corresponding to the significantly (p < 0.01) higher CO,
and CH,4 concentrations in upstream (Figs. 4c-4d). However, it should
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Fig. 5. Spatial correlations between mean CO, saturation ratio and NO3 -N concentration (a), between mean CO, saturation ratio and NO; -N concentration (b), between mean CH,4
saturation ratio and NO3 -N concentration (c), and between mean CH, saturation ratio and NO3 -N concentration (d). Each data point represents the mean value at one spatial
sampling site in river network from October 2015 to September 2017. Parameter bounds on the regression coefficients indicate 95% confidence limits.
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be noted that direct CO, and CH,4 input from other sources (e.g. soil and
groundwater) could increase the dissolved CO, and CH, (Richey et al.,
2002; Humborg et al., 2010; Striegl et al., 2012; Duvert et al., 2018),
and the input of CO, and CH4 may be accompanied by high N loadings
(Xiao et al., 2017; Xiao et al., 2020). Our results reported here suggest
the fertilizer N loadings can be a good indicator of watershed changes
on CO, and CHy4 variability within river.

The large differences in the CO, and CH,4 concentrations between
and within the water bodies support the role of watershed land use
and associated fertilizer N input. The aquatic CO, and CH,4 concentra-
tions varied across water types with the highest CO, concentration oc-
curred in rivers and the highest CH4 concentration in ditches (Fig. 2),
which were also associated with the nutrient availability. For example,
the average NO; -N concentration in rivers (1.01 mg L™ ) and ditches
(1.85 mg L™ 1) were significantly (p < 0.01) higher than that in other
aquatic ecosystems (Table 1) due to the watershed land use as shown
in previous studies (Xia et al., 2013). For comparison among different
rivers, the shortest River 3 had the highest concentrations of CO,
(147 umol L™") and CH,4 (877 nmol L™') compared to River 1 and
River 2 (Fig. 2). River 3 had the highest population density with inten-
sive anthropogenic disturbance (Xia et al., 2013), potentially suggesting
the role of watershed land use in CO, and CH4 variability. Previous study
also found that watershed land use change (e.g. agriculture land cover)
could affect dissolved inorganic nitrogen and associated greenhouse gas
concentration in rivers (Borges et al.,, 2018). Additionally, CO, produc-
tion in streams and rivers is closely related not only to the internal
carbon dynamics, but also to the biogeochemical processes of ter-
restrial ecosystem within the watershed, including the influx of
soil CO, and wetland CO, and in situ aqueous respiration of organic
carbon (Striegl et al., 2012; Duvert et al., 2018; Borges et al., 2019;
Xiao et al., 2020). Our results are consistent with previous studies
showing watershed land use change could affect the freshwater
CO, and CH4 variations (Stanley et al., 2016; Borges et al., 2018;
Smith et al., 2017).

Another notable feature was that DO could well explain the spatial
variability of CO, and CH, in river network. Our results found the CO,
and CH, saturations were negatively correlated with DO concentration
(Fig. 6), which were consistent with previous studies (Kortelainen
et al., 2006; Campeau and Del Giorgio, 2014; Xiao et al., 2017; Borges
et al.,, 2018; Xiao et al., 2020). The high N loadings will contribute to
the CO, and CH,4 production via stimulating microbial activities and in-
creasing oxygen consumption (Bodmer et al., 2016; Wang et al.,, 2017;
Hu et al., 2018; Ollivier et al., 2019). High nutrient loadings-induced ox-
ygen consumption can also suppress the CH4 oxidation and maintain
high dissolved CH4 concentration (Xiao et al, 2017). A positive

relationship between CO, saturation and CHy4 saturation (Fig. 6¢) sug-
gested a level of common regulation for the two gases (Campeau and
Del Giorgio, 2014; Borges et al., 2018). Considering DO was associated
with watershed land us (e.g. agriculture cover) and external N input
(Borges et al., 2018; Xiao et al., 2019a). In this regard, the DO effects
may indicate the role of land use change in the agricultural-dominated
watershed. Meanwhile, the relationship between CO, and DO can ex-
plain the role of respiration and photosynthesis process in aquatic
systems. Our results reported here are consistent with the field mea-
surement in urban rivers (Yu et al., 2017; Hu et al., 2018), showing
DO was a useful parameter in explaining CO, and CH, dynamic
variability.

4.2. Factors influencing the CO, and CH, temporal variation

The temporal variations of CO, saturation significantly increased with
water temperature in all water bodies of the watershed (Table 2). Tem-
perature played a large role in determining CO, production and emission,
for example, temperature explained 67% (R*> = 0.67, p < 0.01) of the ob-
served temporal variability in the CO, saturation in River 3. Our results
suggested that high water temperature may stimulate the in situ CO, pro-
duction rate and promote dissolved CO- saturation (Striegl et al., 2012;
Wang et al., 2017; Borges et al., 2018; Yang et al., 2018). It should be
noted that the role of temperature varied among water bodies
(Table 2). The notable feature was that more significant correlation in
river network with high nutrient loadings, suggesting the effect of tem-
perature may be amplified with external N loadings.

Previous study demonstrated that temperature played a key role in
aquatic CH4 temporal variation (Yvon-Durocher et al., 2014). The
aquatic CH, level increased significantly with increasing temperature
(Campeau and Del Giorgio, 2014; Xiao et al., 2017; Yang et al., 2018;
Borges et al., 2018). In this study, high CH4 concentrations generally oc-
curred in warm seasons, and the correlations between temperature and
monthly CHy saturation were significant except for River 1 (Table 2).
However, some peak CH,4 concentrations occurred in winter (Fig. 3b),
this may be explained by high dissolved organic carbon concentration
at that time with a value of 18.6 mg L™, compared to the value of
6.3 mg L~ in the summer (Zhao et al., 2013), because high dissolved or-
ganic carbon would increase substrate availability and stimulate CH,4
production (Crawford and Stanley, 2016; Ma et al., 2018; Yang et al.,
2019). Meanwhile, a more significant correlation was found in reservoir
with relatively low nutrient loadings. These suggested that the other
factors, such as nutrient loadings and dissolved organic concentration,
also regulated the CH4 temporal variation (Schrier-Uijl et al,, 2011; Ma
etal, 2018; Wu et al., 2019; Yang et al., 2019).
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Temporal vacations in CO, and CH,4 saturations were associated with
precipitation and nutrient concentrations (Table 2). Monthly CH, satu-
ration was positively correlated with precipitation in small ponds and
River 3 with high nutrient loadings (Table 2). Precipitation could trans-
port more agricultural nutrient and carbon loadings to the aquatic eco-
systems (Dinsmore et al., 2013; Sinha et al., 2017), and then increase
dissolved CH,4 saturation via stimulating production rate (Stanley
et al,, 2016; Yu et al.,, 2017). Heavy precipitation of the watershed
often occurred in the rice-growing period (Yan et al., 2011), which
could deliver more CHy-rich water from rice paddies to river and pond
(Wu et al., 2019). Additionally, the temporal CO, saturation in River 1
was positively correlated with precipitation (Table 2), frequent precipita-
tion and high temperature in the summer of the watershed would en-
hance production and lateral transport of soil CO,, probably contributing
to the high CO, in rivers (Richey et al., 2002; Humborg et al., 2010). Tem-
poral variations of the C-gases saturations were positively correlated with
nutrient concentrations, except in River 3. The nutrient concentrations
varied temporally, which were associated with agricultural activities
(Xia et al.,, 2013; Xiao et al., 2019a). These may suggest that agricultural
activities could influence the temporal pattern of C-gases dynamics.

Precipitation-induced river discharge in this study (Yan et al., 2011;
Xia et al., 2013) may influence the gas temporal variation. Freshwater
discharge is known to be a major driver of the seasonal variability of
CO, and CH4 (Borges et al., 2018). Heavy precipitation in summer
(Fig. S1) increased the river discharge and then may confound the tem-
perature influence. These may be an alternative explanation for the poor
correlation between CH, and temperature in river (e.g. River 1; Table 2)
and some peak CH,4 concentration occurring in winter with low river
discharge, which also had been found in other studies (Xiao et al.,
2017; Borges et al., 2018).

4.3. Comparison of the CO, and CH, fluxes with other published studies

In this study, we found the aquatic CO, and CH,4 were oversaturated
and acted as sources of atmospheric CO, and CH,. The CO, emission flux
with an annual mean value of 409 mmol m~2 d ! in river network was
compared with those in urban rivers with high pollutant loadings in
China (Wang et al,, 2017; Yu et al,, 2017; Hu et al,, 2018), and was higher
than that in the Amazon basin with a mean value of 190 mmol m~2d~!
(Richey et al., 2002). Our results showed that the rivers were significant
sources of atmospheric CO, compared to other studies worldwide
(Table 3). The CO, emission flux from the reservoir (13 mmol m—2d~")
was lower than from China's reservoirs with a mean value of
44 mmol m~2 d~" (Li et al.,, 2018). However, the emission flux from
ponds with a mean value of 70 mmol m~—2 d~! was higher than from
China's lakes and ponds (Li et al., 2018), suggesting small ponds with
high nutrient loadings played an essential role in inland water CO, budget
(Holgerson and Raymond, 2016). Additionally, large amount of fertilizer
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N discharged into ditches (Table 1; Xiao et al., 2019a), likely leading to
the ecosystem was hotspot of CO, with a mean emission flux of
84 mmol m~2 d~. This is consistent with the study of Ollivier et al.
(2019) which showed small agricultural water can be a major source of
CO, emission.

The mean diffusion CH4 flux from the river network was
1.6 mmol m~2 d~'. As shown in Table 3, the river network was
also significant source of atmospheric CH,. The diffused CH, flux in
ponds (0.4 mmol m~2 d~ ') was higher than the global average for
lakes and ponds with a value of 0.1 mmol m~2 d~! (Holgerson and
Raymond, 2016). For comparison, the diffusion flux from a eutrophic
lake nearby was 0.1 mmol m~2d~" (Xiao et al., 2017). The low diffu-
sion of CH, flux in the reservoir (0.1 mmol m~2 d~') in this study
may result from the low nutrient loadings and high DO concentra-
tion compared to the global reservoirs (Deemer et al., 2016). Mean-
while, high nutrient concentrations and relative low DO concentration
probably led to the high diffusion CH, flux (0.6 mmol m~2 d~') in
ditches.

When taking into account the surface area of each water type (Yan
et al,, 2011; Xia et al.,, 2013), the aquatic carbon emission was 1.12 Gg
Cyr~ ! for CO, and 0.006 Gg C yr~! for CHy, respectively. The river net-
work only occupied 8% of total surface water area, but accounted for 51%
of total aquatic carbon emission due to significantly higher CO, and CH,4
emission rates. The ponds with the highest NH; -N concentration
(Table 1) accounted for considerable fraction (29%) of the total aquatic
carbon emission, and reservoir and ditches accounted for 12% and 8%
of total aquatic carbon emission, respectively. Based on the net primary
productivity measurements in the basin (Xu et al., 2017), we estimated
that about 6% of net primary production of the watershed was lost as
aquatic carbon emission. The fraction was higher than that in the
English Lake District and Lake Taihu basin with values less than 2%
(Maberly et al.,, 2013; Xiao et al., 2020), but fall in low range in the
existing literature with value reaching to 27% (Butman et al.,, 2016; Yu
et al., 2017). Our results suggest that the net primary productivity of
the watershed (defined as terrestrial only) would be overestimated by
6%, and aquatic carbon flux is necessary to accurately estimate the wa-
tershed carbon budget (Butman et al., 2016).

The estimation of CO, and CH,4 exchange fluxes across water-air in-
terface needs an a priori delineation of regions where actual value of gas
exchange velocity k was reported. Like other studies (Raymond et al.,
2013; Lauerwald et al., 2015), the estimation of k in this study was asso-
ciated with uncertainties in CO, and CH, fluxes estimation. Different
equations for k calculation have been proposed, and our study also
found the k values varied between two equations (Eq. (4) versus
Eq. (S2)). The ultimate flux was estimated via Eq. (4) in this study, be-
cause the equation was scaled from 563 direct measurements covering
a wide range of environmental conditions (Raymond et al., 2012). How-
ever, the channel slope was not measured, and was obtained from other

Table 3
Comparison of the CO, and CH, dynamics in rivers across different countries and climate zones.
Regional/Country CO, CH4 Reference
Concentration Flux Concentration Flux
Jurong watershed in Eastern China 112 + 36 409 + 369 509 + 341 16 +£ 1.2 This study
Urban rivers in Tianjin, China 38 20 1350 1.7 Hu et al. (2018)
Urban rivers in Shanghai, China 234 243-1078 390 0.3-24.7 Yuet al. (2017)
Urban rivers in Chongqing, China 80 447 Wang et al. (2017)
Rivers in Africa 186 186-1149 2205 0.5-18 Borges et al. (2015)
Rivers in USA 541 Butman and Raymond (2011)
Rivers in Sweden 422 Humborg et al., 2010
Rivers in Amazon basin 190-465 Lauerwald et al. (2015)
Rivers in northern Germany 110 792 Bodmer et al. (2016)
46 rivers in boreal zone 130 81 1225 1.1 Campeau and Del Giorgio (2014)
Rivers in southern Finland 386 5.9 Huotari et al. (2013)
Yukong River in USA >68 87 15 0.6 Striegl et al. (2012)

The units for concentration are pmol L™ for CO, and nmol L™ for CH,, respectively, and the unit for flux is mmol m2d".
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studies according to the river characterization (Lauerwald et al., 2015; Fu
etal., 2018). These may lead to the uncertainty in the k estimation, which
was associated to considerable uncertainties in CO, and CH,4 fluxes. Con-
sidering the dissolved concentrations controlled the gas emission across
the water-air interface (Holgerson and Raymond, 2016; Xiao et al., 2017;
Xiao et al., 2020), the large CO, and CH,4 concentrations reported here
also suggested the freshwaters were significant atmospheric CO, and
CHy4 sources.

5. Conclusion

Two-year (2015-2017) field measurements showed that the surface
CO, and CH4 dynamics varied across different water types. Peak CO, and
CH, concentrations occurred in the aquatic ecosystem with higher nu-
trient concentration, suggesting the role of watershed land use and fer-
tilizer N loadings. The mean CO, and CH, saturation ratios were
oversaturated, indicating these aquatic ecosystems were sources of at-
mospheric CO, and CHg.

In river network, dissolved inorganic nitrogen concentration and
dissolved oxygen concentration were correlated with the observed spa-
tial variability in CO, and CH, saturation rations. Additionally, temporal
variations in surface aquatic CO, and CH, saturation ratios were posi-
tively correlated with water temperature.

About 6% of net primary production of the watershed was lost as
aquatic carbon emission, suggesting the aquatic carbon emission af-
fected the agricultural-dominated watershed carbon balance. The
river network acted as significant CO, and CH, sources with estimated
emission fluxes of 409 + 365 mmol m~2 d~! for CO, and 1.6 +
1.2 mmol m~2 d~! for CH,, and dominated the total aquatic diffusion
carbon emission of the watershed.
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