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within the Han River draining to the Yangtze in China. Almost 90% of river samples were
supersaturated in CO2 with a mean ± standard deviation of 1474 ± 1614 μatm, leading to
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sions were 1.6 - 2.8 times greater than the longitudinal exports of riverine dissolved inor-
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ganic and organic carbon. pCO2 was positively correlated to anthropogenic land use (urban
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and farmland), and negatively correlated to forest cover. pCO2 also had significant and pos-
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itive relationships with total dissolved nitrogen and total dissolved phosphorus. Stepwise
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multiple regression models were developed to predict pCO2 . Farmland and urban land re-
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leased nutrients and organic matter to the river system, driving riverine pCO2 enrichment
due to enhanced respiration in these heterotrophic rivers. Overall, we show the crucial role
of land use driving riverine pCO2 , which should be considered in future large-scale estimates
of CO2 emissions from streams. Land use change can thus modify the carbon balance of
urban-river systems by enhancing river emissions, and reforestation helps carbon neutral
in rivers.
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Introduction
Carbon dioxide (CO2 ) emissions from river systems to the
atmosphere are an important component of the global carbon budget (Richey et al., 2002; Panneer Selvam et al., 2014).
Rivers are often supersaturated in CO2 due to terrestrial and
aquatic respiration with the former accounting for 60% to 80%
of CO2 emissions (Hotchkiss et al., 2015; Weyhenmeyer et al.,
2015). Global riverine degassing of CO2 was estimated at 0.653.20 Pg C/year (Raymond et al., 2013; Lauerwald et al., 2015;
Drake et al., 2018). This estimation could be under-estimated
because of high areal flux of urban-dominated rivers (Li et al.,
2018; Tang et al., 2021), and lack of night-time observations
(Gómez-Gener et al., 2021). The accuracy of global estimates
of CO2 emission from rivers is particularly constrained by
limited field datasets from Asia, Africa and South America
(Lauerwald et al., 2015; Varol and Li, 2017; Juhlke et al., 2019).
Riverine CO2 , recognized as a substantial carbon source,
is mainly originated from an influx of soil CO2 and dissolved organic carbon degradation in headwater streams
(Hotchkiss et al., 2015). The partial pressure of riverine CO2
(pCO2 ), an essential parameter for CO2 emission estimates
(Le et al., 2018), is strongly influenced by both natural factors and anthropogenic activities (Borges et al., 2018). Previous studies established links between aquatic pCO2 and
land use and land cover (Borges et al., 2015; Lambert et al.,
2017; Andrews et al., 2021). For instance, domestic and industrial sewage discharges, as well as soil erosion generally elevate organic matter input and thus the production of pCO2 in river networks (Wang et al., 2007; Li and
Bush, 2015). Agricultural activities enhance the instability of
soil organic matter, facilitating degradation and leading to
the production of CO2 (Lambert et al., 2017), but this effect has been seldom studied (Bodmer et al., 2016). River
bank stabilization and floodplain drainage disrupting riverwetland connectivity are also important drivers of riverine CO2 (Abril et al., 2014; Webb et al., 2016). With the
worldwide intensification of anthropogenic activities, it is
important to better quantify the influence of land use on
riverine pCO2 .
The Yangtze River networks are reported to have high
water-air CO2 emissions (Ran et al., 2015b). Yue River is a major tributary of the Han River in the Yangtze. The Han River
acts as a vital drinking water source in China’s South-to-North
Water Transfer Project but is strongly impacted by human
actives. Increasing nitrogen concentrations and deteriorating
water quality have been reported in the Yue River (Li et al.,
2009; Ran et al., 2015b). Nutrient loading causes eutrophication and supports primary production and then subsequently
re-mineralization of the fixed C. However, in the heterotrophic
rivers, higher loadings of nutrients and organic carbon prefer to favor aquatic CO2 production in disturbed areas (Li and
Zhang, 2014), but little information is available on CO2 dynamics and emissions in this large river basin. Prior studies in the
Han River focused on nutrients (Li et al., 2009), particularly organic substances (Wang et al., 2015), and source identification
of other pollutants (Li et al., 2013b). These limited earlier measurements did not resolve the influence of intensive human
disturbances on aqueous CO2 in the multiple sub-catchments.
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Here, our objectives are to (1) examine spatial and temporal
variations of riverine pCO2 and nutrients, (2) identify whether
land use controls pCO2 , and (3) estimate how CO2 emissions
compare to other key river carbon pathways (e.g., longitudinal
exports). We hypothesize that hydrological seasonality and
anthropogenic controls (i.e., urban and farmland areas) drive
nutrient and organic carbon quantity and availability, leading
to different patterns and relationships between pCO2 and land
use.

1.

Materials and methods

1.1.

Study site

The Yue River basin is located in the Qinling Mountains,
Shaanxi Province and drains an area of 2830 km2 (32°28 33°20 N and 108°26 - 109°00 E). The main channel of the Yue
River flows over a length of 95.2 km and the total elevation fall
is 1904 m with a mean gradient of 2.8‰ (from 2138 to 234 m
above sea level). This region drains typical north subtropical
monsoon climate and monsoonal precipitation, and temperature ranges between -8 and 40°C. Annual averages of precipitation, annual runoff and wind speeds are 826 mm, 291 mm
and 1.6 m/sec, respectively. More than 80% of rainfall occurs
in the rainy season from May to October.
The Yue River catchment is characterized by high mountains and steep slopes in the northwest and gentle slopes in
the southeast. The mountainous area accounts for 75% of the
drainage area. The upstream area of the Yue River is dominated by sands and fieldstones and steep, rough gradients. In
the lower basin, the riverbed is relatively flat with a wide and
shallow channel, and is mainly composed of fine sands and
pebbles. The main tributaries of the Yue River include Guanyin
River, Qingni River, Zhong River, Cheba River, Shenba River,
Heng River and Fujia River (Fig. 1). Two dams, Guanyin and
Bayi, were constructed in the Guanyin and Fujia Rivers, with
the capacity of 1.5 × 107 m3 and 1.3 × 106 m3 .

1.2.

Sampling procedures and analysis

Five surveys both in the dry (December 2016, April 2018) and
rainy seasons (June 2017, August 2017, October 2017) were conducted and a total of 145 discrete water samples were collected from the 29 sites (eight in the mainstream and 21 in the
tributaries) (Fig. 1). Samplings were performed from 9:00 am
to 12:00 pm and from 14:00 to 18:00 to lessen the influence of
extreme light and temperature variations (Ni et al., 2019). The
river water was collected from 0.2 m below the surface and
stored in acid-washed 5.0 L high-density polyethylene (HDPE)
bottles. We used glass microfiber filters (GF/F 47 mm, 0.7-μm,
Whatman) and HDPE plastic bottles (50 and 100 mL) to store
samples. Organic matter and nutrient aliquots were acidified
to pH < 2 with HCl and H2 SO4 , respectively, and stored at 4°C.
River water pH, temperature (Twater ), dissolved oxygen (DO
%), Oxidation-Reduction Potential (ORP) and electrical conductivity (EC) were determined with a calibrated sonde (Eutech
CyberScan PCD 650, Thermo Fisher Eutech, USA and HQ40d
HACH, USA). Wind speed was measured with a Testo 410-1
anemometer about 1-m above the river (Testo 410-1, Testo,
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Fig. 1 – Land use in the Yue River catchment with sampling sites, China (1-8, Yue River; 9-11, Guanyin River; 12-14, Qingni
River; 15-17, Zhong River; 18-19, Cheba River; 20-22, Shenba River; 23-26, Heng River; 27-29, Fujia River).

Germany). River flow velocity was quantified using a current
meter (LS300-A, Huayu, China). Alkalinity (Alk) was estimated
after titration with 0.020 mol/L hydrochloric acid (HCl) within
24 hr of sampling. Dissolved organic carbon (DOC) was analyzed with an N/C 2100S (Analytik Jena, Germany). Total dissolved nitrogen (TDN) was quantified using alkaline potassium persulfate digestion-UV and spectrophotometry. Total
dissolved phosphorus (TDP) was measured with ammonium
molybdate and spectrophotometry. All nutrient analysis followed the China National Standard Method (GB 11849-89 for
TN and GB 11893-89 for TP http://www.sac.gov.cn/). Stream order was obtained from the HydroRIVER dataset (https://www.
hydrosheds.org/). Water discharge (Q, in m3 /sec) was calculated from in situ measurements.

1.3.

Land use assessment

We used images from the eighth satellite of Landsat program
(USA) with extended payload fairing (EPF) from United Launch
Alliance, LLC (limited liability company) to obtain coverage of
land use with a pixel resolution of 30 meters (visible, NIR,
SWIR), 100 meters (thermal) and 15 meters (panchromatic).
We used the Enhanced Thematic Mapper Plus (ETM+) images from 2017 to be consistent with the time of sampling
campaigns as downloaded from the United States Geological
Survey (USGS; http://glovis.usgs.gov). The process of land use
and land cover classification includes three phases: (i) multispectral and panchromatic image fusion, (ii) land cover classification, and (iii) extraction and statistics. First, multi-spectral
(30 m resolution) and panchromatic (15 m resolution) images
were mosaiced to gain higher quality images of 15 m resolution (Anandhi and Valli, 2018). Second, a supervised classification technique with a support vector machine (SVM) algorithm was used to classify the image. Third, a circle buffer
with a diameter of 1 km at the sampling sites upstream was
designated to extract the land use (Fig. 1). We also scrutinized
the accuracy of land cover classification with a confusion matrix. The overall accuracy for classification was 87.7% and the
kappa coefficient was 0.82 (Zhang et al., 2019). The processes
were conducted on ENVI 5.5 and ArcGIS 10.5. The land cover

was then classified into four categories: (1) forest; (2) farmland, including dry land and submerged paddy fields; (3) urban
land, including urban infrastructure and roads; and (4) water,
including rivers, reservoirs, lakes, and ponds (Fig. 1). A circle
buffer with a diameter of 1 km upstream of the 29 sampling
sites was extracted to analyze the impacts of land use on pCO2 .

1.4.

pCO2 calculations

A headspace technique and indirect calculations were used
to estimate riverine pCO2 (Hope et al., 2004; Raymond et al.,
2012). The headspace approach is based on equilibration between the air and water phases, followed by detecting CO2 in
the equilibrated gas using infrared detectors (Abril et al., 2015).
The program CO2 SYS, the indirect method, was used to calculate pCO2 using different carbonate system parameters such
as Alk, DIC, and/or pH). The software could calculate two parameters from the other two parameters (Li et al., 2019) and
is widely used in estimation of riverine pCO2 , especially in
small rivers (Halbedel and Koschorreck, 2013; Call et al., 2018).
This approach may create large uncertainties in systems with
high organic matter and low pH, but is usually reasonable in
rivers with pH > 7 and low DOC (Butman and Raymond, 2011;
Hunt et al., 2011) as in our case.
CO2 fluxes to the atmosphere were estimated based on the
partial pressure gradient of CO2 between air and water, and
gas transfer coefficients k (m/day). We relied on the approach
of Raymond et al. (1997), a common model for CO2 flux assessment in rivers (Borges et al., 2004; Alin et al., 2011; Xiao et al.,
2020):
Fco2 = kKh (pC O2water − pCO2air )

(1)

2
Kh = 10 −(1 .11+0.0016T−0.00007T )

(2)

(mmol/m2 /day)

is the gas flux at the air-water inwhere FCO2
terface, Kh is Henry’s constant for CO2 (T in ºC) (Raymond et al.,
1997). pCO2water (μatm) is the partial pressure CO2 in water.
pCO2air (μatm) is the partial pressure of CO2 in the atmosphere. The average ambient pCO2 was around 410 μatm in
the region during the time of sampling (Li et al., 2020). The gas
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Table 1 – Water-surface CO2 areal flux with different k models as a function of the current velocity (w, m/sec).

Equation

Environment River

k600_Li =6.8357+62.879w

tributaries

Yangtze River

k600_Alin =13.82+35w

tributaries

Mekong River

k600_Ran =7.99+58.47w

tributaries

Yellow River

k600_Liu =0.3+12.9w+6.5w2

upper
mainstream

Yangtze River

Climate

subtropical

subtropical

transfer coefficient, k, is affected by wind speed, current velocity and topographic gradients (Li et al., 2013a), of which, wind
speed is used for k models in lakes and reservoirs, and current
velocity is used in small rivers and streams since current velocity dominates water turbulence in small rivers and streams
(Raymond et al., 2012), so here k was modeled with the key
diver of current velocity (Liu et al., 2017). Riverine k values are
often quite variable due to spatial variability in physical processes and water turbulence (Alin et al., 2011). Several models
were used to offer a range of possible k estimates calculated
based on samples (Table 1). The k models based on current velocity were validated by Li et al. (2019) with a regression model
of k as a function of current velocity in the upper Yangtze River
(Eqs. (1)-(2))

1.5.

Data quality control

For freshwater pCO2 estimation with carbonate equilibria,
quality control on crucial parameters (i.e., pH and alkalinity) is
essential (Golub et al., 2017). The pH probe was calibrated with
standard solutions (4.01, 7.00 and 9.18 at 25°C). The pH value
was recorded until stabilization in situ (Varol, 2019). Alk was
determined using a fixed end-point indicator with 0.020 mol/L
HCl, standardized by titration with 0.020 mol/L NaOH. Replicate titrations suggested the uncertainly was < 5% (Ran et al.,
2015b). The DO membrane probe was calibrated in situ with
water-saturated air. Replicate measurements showed an accuracy of ± 0.002 units for pH, ± 0.5% for DO, and ± 0.1°C
for T. Water temperature propagated on pCO2 uncertainty was
minor (Juhlke et al., 2019). TDN and TDP concentrations were
measured in duplicate with an uncertainty of < 5%. DOC was
measured in two or three replicates, with the coefficient of
variance < 2%.
Non-carbonate alkalinity (NC-Alk) contributed by nutrients and organic species could lead to pCO2 overestimation
(Abril et al., 2015). The concentrations of TDN, TDP, and DOC
were 1.2, 0.05 and 3.9 mg/L, respectively, representing a minor contribution to NC-Alk. Indeed, NC-Alk could be ignored
in the rivers with pH > 7.4 (Raymond et al., 2012). In the Yue
River, 95.2% of the samples had pH > 7.4. In our study, NC-Alk
propagated on pCO2 uncertainty was minor due to low DOC
and nutrients and high pH averaging 8.15 ± 0.40.

k600 (cm/hr)

KT (m/day)

F (mmol/m2 /day)

rainy

dry

rainy

dry

rainy

dry

60.61

80.6

15.5

15.78

558.2

1036.15

43.75

54.88

10.38

11.09

405.19

709.28

57.99

76.58

14.69

14.99

534.47

991.95

68.75

104.77

17.41

22.05

624.3

1317.21

1.6.

Data analysis

Reference

Li et al.
(2019)
Alin et al.,
2011
Ran et al.
(2017)
Liu et al.
(2017)

Normality and homogeneity were assessed with Kolmogorov
Smirnov and Levene’s tests. For environmental variables not
following normal distribution, we generally normalized the
data using natural logarithm or square root normalization
procedures. A square root transformation was used to normalize EC and DOC that did not normally distribute. We tested
the normal distribution after these suitable transformations.
An analysis of variance (ANOVA) and Mann-Whitney U tests
(SPSS 22.0, Chicago, IL, USA) were used to examine the seasonal and monthly changes of pCO2 and environmental parameters. Spearman correlation coefficients were applied to
explore relationships between pCO2 and environmental parameters with all samples. The spatiotemporal distribution
of pCO2 and environmental parameters was assessed using
Sigmaplot 14.0. Spearman correlation coefficients were used
for detecting associations between riverine pCO2 and urban
land, farmland and forest land. A ridge regression analysis
that could ignore the collinearity among explanatory variables
of urban and nutrients, was utilized to predict pCO2 using
the syntax editor of SPSS 22.0. The independent variables included urban land, nutrient and stream discharge.

2.

Results

2.1.

Land use

Farmland proportions ranged from zero at site Fujia29 to 74.6%
in Mainstream6 with an overall mean value of 31.1% ± 24.0%
(Fig. 2). Urban land covered from 0.1% in Shenba20 to 66.2%
in Mainstream3 with a mean value of 15.6% ± 19.3%. Forest
land composed 0.2% (Mainstream8) to 98.6% (Zhong15) with a
mean value of 52.2% ± 36.2% (Fig. 2). Increasing trends in urban and farming land were observed from tributary to mainstream of the Yue River (Appendix A Table S1).

2.2.

Water quality and organic carbon

The water quality parameters Twater , EC, ORP, DOC and nutrients showed conspicuous seasonal variations (Appendix A
Fig. S1, Table S2). The mean ± standard deviation of Twater in
June (25.8 ± 2.6 ºC) was 2.7 times higher than the mean in De-

162

journal of environmental sciences 118 (2022) 158–170

Fig. 2 – Composition of land use within a circle buffer with a diameter of 1 km around each sampling site in the Yue River
(Roman numerals represent the stream orders).

cember (9.4 ± 1.1 ºC). Twater levels were significantly higher in
the rainy season than in the dry season (Appendix A Table S2).
EC varied from 286.0 ± 77.6 μS/cm in the dry season to 303.7 ±
60.1 μS/cm in the rainy season, with a mean value of 296.6 ±
68.0 μS/cm. The value of ORP in the rainy season (207.2 ± 39.0
mV) was significantly higher than in the dry season (150.6 ±
37.5 mV), with a mean annual value of 184.6 ± 47.1 mV. The DO
increased from 96.3 %± 12.9% in the rainy season to 101.2% ±
20.1% in the dry season (p < 0.05) with a mean value of 98.2%
± 16.2%. The mean TDN concentration was 1.6-fold higher in
the rainy season (1.40 ± 0.73 mg/L) than in the dry season (0.90
± 0.51 mg/L). The monthly mean maximal TDP concentration
was observed in August (0.083 ± 0.029 mg/L), with a total mean
value of 0.059 ± 0.033 mg/L. The TDP also showed significant
difference between the rainy (0.062 ± 0.027 mg/L) and dry seasons (0.051 ± 0.039 mg/L). DOC also had clear seasonal differences (p < 0.01, Appendix A Table S2), ranging from 3.32 ± 0.89
mg/L in the rainy season to 4.98 ± 6.93 mg/L in the dry season.

2.3.

Inorganic carbon parameters

Observations of pH, Alk and DIC speciation revealed clear seasonal changes (Fig. 3; Appendix A Table S2). pH ranged from
7.89 ± 0.31 (December) to 8.40 ± 0.36 (June), with mean values
of 8.24 ± 0.44 in the rainy season and 8.03 ± 0.32 in the dry season. The Alk mean value was 2357 ± 557 μeq/L with a maximal mean value of 2798 ± 673 μeq/L in August, while the mean
values were comparable between the rainy season (2521 ± 595
μeq/L) and the dry season (2560 ± 512 μeq/L) (Appendix A Table S2). The mean value of DIC was 2598 ± 631 μmol/L, ranging
from 570 μmmol/L to 4981 μmol/L, with significant seasonal
variations (2571 ± 683 μatm in the rainy season vs 2637 ± 548
μatm in the dry season) (p<0.01, Fig. 3; Appendix A Table S2).
HCO3 − accounted for 96% of DIC. The remaining species were
CO3 2− and CO2 , accounting for 0.9% and 3.1% of DIC, respectively.

The mean pCO2 was 1474 ± 1614 μatm with more than two
orders of magnitude variability ranging from 45 μatm (June) to
10079 μatm (August) (p < 0.01). Around 90% of samples with
pCO2 were higher than atmospheric equilibrium (410 μatm)
(Fig. 4a), demonstrating that the Yue River emitted CO2 to the
atmosphere. A pCO2 seasonality was also observed (1357 ±
1798 μatm in the rainy season vs 1646 ± 1310 μatm in the dry
season) (Appendix A Table S2). There was not a clear spatial
trend of pCO2 along the mainstream and tributaries of the Yue
River (Figs. 4b and 4c). The mainstream pCO2 level varied from
710 μatm to 10079 μatm with a mean value of 2885 ± 2110
μatm, which was 7.0-fold higher than the atmospheric equilibrium and about 3-fold greater than pCO2 in the tributaries
(983 ± 1014 μatm).

2.4.
Interactions of pCO2 , land use and environmental
parameters
Riverine pCO2 was positively correlated with TDN, TDP, farmland and urban land and negatively associated with DO and
forest (Fig. 5). Land use also exhibited a significant correlation
with environmental variables. Urban land had a positive relationship with TDN, TDP and DOC, while forest showed a negative relationship with TDN and TDP (Fig. 5).
Our results revealed a seasonal difference in interactions of
pCO2 , land use and environmental parameters (Appendix A
Table S3). In the dry season, riverine pCO2 was positively
associated with TDN and EC and negatively correlated with
DO. In the rainy season, riverine pCO2 simultaneously showed
a positive relationship with TDN, TDP, EC and discharge and a
negative correlation with DO.
Using a ridge regression model, we further developed multiple regression models to predict riverine pCO2 from environmental variables and land use. The best regression model with
the independent variables of the proportion of urban land,
TDN and TDP concentrations could explain 66% of pCO2 variance (pCO2 = 1868 × %urban - 521 × TDN + 6772 × TDP - 2225,
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Fig. 3 – Monthly and seasonal variations of water temperature, pH and alkalinity, and DIC species. The black line, red line,
lower edge, upper edge, bars, dots in or outside the boxes refer to median and mean values, 25th and 75th, 5th and 95th,
and < 5th and > 95th percentiles of all data, respectively (different letters represent statistical differences at p < 0.05 by
Mann–Whitney rank sum test).
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R2 = 0.66, p < 0.01; Ridge trance k = 0.1). Our more comprehensive model had greater R2 values than the model of pCO2
(R2 = 0.49, p < 0.01) developed by Ni et al. (2019) which ignored
the impact of land use.

Fig. 4 – Surface water pCO2 in the tributaries and mainstem
(a), spatial and seasonal variations of pCO2 in mainstream
and Heng River in the Yue River, China (in panel (a), The
black line, red line, lower edge, upper edge, bars, dots in or
outside the boxes refer to median and mean values, 25th
and 75th, 5th and 95th, and < 5th and > 95th percentiles of
all data, respectively. Roman numerals represent the stream
orders. Blue line refers to atmospheric equilibrium (410
μatm).

3.

Discussion

3.1.

Seasonal hydrological controls on riverine pCO2

Hydrological characteristics, biogeochemical processes and
anthropogenic activities are commonly regarded as crucial
controls on riverine pCO2 and thus CO2 emissions (Le et al.,
2018; Andrews et al., 2021). Here, the pCO2 spatial and seasonal shifts (Figs. 3 and 4) had complex relationships with
environmental variables and land use (Fig. 5; Appendix A Table S3). The processes of carbon dynamics such as an influx
of soil CO2 and in situ aquatic respiration of organic carbon
increased aqueous pCO2 , while CO2 evasion decreased pCO2
(Li et al., 2013b).
Mean pCO2 in August (2366 ± 2360 μatm) with warm temperature (25.0 ± 1.6°C) was higher than all other months
(Fig. 3). This was consistent with the findings from the monsoonal rivers, such as the Red River (Le et al., 2018) and Jinshui River (Luo et al., 2019). Warmer conditions promoted the
respiration by microorganisms and increased organic matter
decomposition (Hope et al., 2004) as implied from the highest value of DIC (Fig. 3) and higher concentrations of TDP (Appendix A Fig. S1) in August. However, concentrated rainfall in
the monsoon season alters carbon transportation pathways
and dilutes dissolved inorganic and organic carbon in water
column, potentially decreasing pCO2 (Zhang et al., 2017). This
dilution could explain the lowest mean value of pCO2 in October (792 ± 826 μatm) with the highest monthly average water
discharge of 94 m3 /sec based on our measurements (Fig. 3).
The same trend was observed in the Yangtze River networks
(Ni et al., 2019) where heavy rainfall diluted riverine pCO2
(Liu et al., 2017).
Water discharge was another factor that influenced riverine pCO2 seasonality in the Yue River. In the dry season, water
discharge showed positive relationship with riverine pCO2
(Appendix A Fig. S2, Table S3), as observed in the Wuding
River (Ran et al., 2017). Increasing pCO2 with discharge was
probably associated with the dominant process of aquatic
metabolism in the water column and terrestrial groundwater
inputs during the dry season (Andrews et al., 2021). Greater
CO2 emissions in higher stream order during the dry season
also implied a dominant role of in-channel metabolism. The
lack of significant relation between pCO2 and water discharge
in the rainy season was likely due to dilution. This was further
supported by lower concentration of DOC in the rainy season
even though greater water discharge enhanced nutrient loads
(Appendix A Fig. S1).

3.2.

Influence of land use on pCO2

Urban land use had a positive correlation with nutrients (TDN,
TDP) and DOC in the Yue River, whereas forest land use had
inverse effects (Fig. 5). Our results imply that land use has
considerable influences on riverine pCO2 . Much higher loads
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Fig. 5 – Relationship between pCO2 and environmental parameters (TDN, TDP, DIC, DOC, DO, T), and land cover types (forest,
farmland, urban) in the Yue River, China ( Correlation is significant at the 0.05 level;  Correlation is significant at the 0.01
level. The size of the dots represents the correlation. The color of blue and red mean positive and negative correlation,
respectively).

of carbon and nutrients in low forest and high human land
use areas favor in-channel respiration. Moreover, human land
uses accelerate direct inputs of terrestrial soil CO2 to rivers
(Millot et al., 2002). Forest also traps and absorbs nutrients, organic matter and sediments (Chen et al., 2018), potentially decreasing aquatic pCO2 .
Here, anthropogenic land uses including urban and agriculture increased riverine pCO2 (Figs. 5, 6 and 7). Urban land
with domestic and industrial discharges elevated nutrients
and dissolved organic carbon, ultimately enhancing the available substrate for in-stream metabolism (Lambert et al., 2017).
Both direct CO2 input and in-stream respiration of excess carbon seem to have contributed to riverine pCO2 . Indeed, urban land had a significant positive relationship with TDN and
pCO2 (Fig. 5). For example, the sample site of Mainstream3
had the highest proportions of urban land use (66.2%), the
highest pCO2 (4145 μatm) and a high concentration of TDN
(1.87 mg/L). Agricultural practices with irrigation alter hydrological pathways and increase the contact between water and

soil (Webb et al., 2016) and add chemical fertilizers and manure, increase riverine pCO2 . Forest land, contrary to urban
and farmland, had an effective capacity in decreasing riverine
pCO2 (Fig. 5). Forest land not only fixed and absorbed nutrients
but also intercepted surface runoff, thereby reducing the nutrient and organic matter inputs into rivers and potentially restraining heterotrophic respiration in rivers, decreasing riverine pCO2 levels (Zhang et al., 2019). This was supported by
the negative correlation between forest land with nutrients
(TDN, TDP) and riverine pCO2 (Fig. 5). Prior studies also indicated that the decomposition capacity of forest soil organic
carbon (SOC) was significantly lower than that of other land
uses (Bodmer et al., 2016; Borges et al., 2019), likely reducing
soil CO2 input into the river.
We further tried to separate the increase of pCO2 related to
natural changes in the river continuum from land use change
downstream. We thus compared pCO2 along the river tributaries with natural land upstream and urban land downstream (Guanyin River). The pCO2 in the downstream zone
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Fig. 6 – Seasonal variations of pCO2 in (a) high (> 50% forested area) and low (< 50% forested area) forest land, (b) high (>
10% urbanized area) and low (< 10% urbanized area) urban land, (c) high (> 30% agricultural area) and low (< 30%
agricultural area) farmland, (d) high (> 50% human disturbance area) and low (< 50% human disturbance area) human land
use, respectively (human land use contain farmland and urban land, n is reference to the number of sites).

of the Guanyin River (Guanyin11, 2947 ± 3138 μatm) was
much higher than upstream (Guanyin9, 632 ± 233 μatm and
Guanyin10, 776 ± 397 μatm). The dissolved CO2 variability implied the major importance of urban land. Overall, we concluded that urban land significantly elevated riverine pCO2
while forest land decreased the pCO2 . This could also explain
lower pCO2 in the forested areas than in the low forest region (< 50% forested area) both in the rainy and dry seasons
(Fig. 6a). Opposite patterns were found in regions with dominant human land uses (Figs, 6b, 6c, and 6d).

3.3.

Relations between pCO2 and environmental variables

Water quality parameters (i.e., DOC, TDN, TDP, DO) and
biogeochemical processes influence pCO2 . Previous studies
concluded that extreme nutrient loads potentially favored
microbial respiration that produces CO2 in heterotrophic
river sections, explaining positive relationships between
pCO2 and nutrients (Li et al., 2012). Nonetheless, enhancing
nutrient loadings could boost photosynthesis of plankton
and macroalgal communities that consume CO2 (Wang et al.,
2007), but net respiration occurs in heterotrophic systems
such as the Yue River.
The contribution of physical and biogeochemical drivers,
including external nutrients input, hydrological flows, aquatic
metabolism, chemical and physical weathering, could be

changed in the dry season relative to the rainy season
(Knapp et al., 2008). Ni et al. (2019) indicated that TDP decreases riverine CO2 . In our study, there was no significant correlation between pCO2 and TDP in the dry season (Appendix A
Table S3), perhaps because the coupling of pCO2 and TDP was
masked by the low DOC concentrations in the dry season (4.98
± 6.93 mg/L) (Ni et al., 2019). However, a positive correlation between pCO2 and TDP in the rainy season implies that external
inputs of nutrients enhanced pCO2 . This is further supported
by higher TDN and EC during the rainy season (Appendix A
Table S2). Negative correlations between pCO2 and TDP were
also found in other small rivers (Lapierre et al., 2013). The
marked seasonal difference is related to precipitation-driven
disturbance modifying chemical loads by controlling nutrients transportation from soil to rivers, and thus shifting riverine pCO2 (Müller et al., 2012) (Appendix A Fig. S3). The relationship between pCO2 and environmental variables is clearly
influenced by hydrological processes in small rivers where internal metabolism is small compared to external drivers.
Riverine CO2 often originates mainly from lateral inputs from soil respiration, wetlands and aquatic metabolism
(Call et al., 2018). DOC is a proxy of soil interactions and may be
an effective predictor of river pCO2 excess (Marx et al., 2017).
However, there was no significant relationship between DOC
and pCO2 in our study when combining all samples (p = 0.44;
Fig. 5) in agreement with earlier observations in dry valley
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Fig. 7 – Linear regressions between pCO2 and land use (urban, farmland, forest) with the data of average, rainy and dry
seasons (The shaded area in all panels represents the 95% confidence interval of the fitted lines. Mean is the average of the
rainy and dry seasons).

rivers in China (Ni et al., 2019). Weak correlation between DOC
and pCO2 (R2 = 0.35, p < 0.01, n = 21) emerged in sample sites
with less than 80% anthropogenic land use. This implied that
intensive anthropogenic activities masked relationships between riverine pCO2 and DOC due to multiple sources. For instance, urban land use enhanced DOC (Fig. 5). Indeed, mean
DOC (4.65 mg/L) in the major urban area was about 1.6 times
higher than in the region with negligible anthropogenic disturbance (2.92 mg/L). These observations were similar to the
Wuding River (Ran et al., 2017).
Soil respiration and non-metabolic processes such as input
of inorganic carbon via groundwater pathways and chemical
weathering contributed to DIC in rivers (Atkins et al., 2017).
We found that the correlation between pCO2 and DIC was different between the dry and rainy seasons (Appendix A Table S3), supporting different seasonal delivery mechanisms.
During the rainy season, DIC exhibited positive correlations
with pCO2 , implying a common source from soil leaching. The
non-significant relationship between riverine pCO2 and DIC in
the dry season might suggest other drivers, such as groundwater DIC inputs or internal metabolic production (Borges et al.,
2019). Anthropogenic land use might also control DIC. The
concentration of DIC in the intensively-used region was on average 1.5 times higher than near natural land especially in the

rainy season (2884 ± 468 vs 1866 ± 601 μmol/L). Overall, external inputs of DIC seem to vary seasonally.

3.4.

CO2 outgassing to the atmosphere

The mean pCO2 of 1474 ± 1614 μatm in the Yue River (a 4th
order tributary of the Han River) was lower than previous observations in the Han River (1977 ± 399 μatm) (Liu et al., 2017).
Yet, our observations were higher than the Jinshui River (1147
μatm), a headwater stream and also a 3rd order tributary of
the Han River (Luo et al., 2019). The values of pCO2 in the Yue
River were higher than other branches of the Yangtze. For example, pCO2 was measured to be 1198 ± 1122 μatm in the
3rd order Daning River (Ni et al., 2019). However, the mean
pCO2 in the Yue River was clearly lower than large main rivers
such as the Yellow River (2811 ± 1986 μatm) (Ran et al., 2015a)
and the Mekong River (3320 μatm) (Alin et al., 2011). Overall,
pCO2 increased towards high order tributaries due to hydrological controls and higher gas transfer velocities in small order streams (Drake et al., 2018).
The CO2 areal fluxes from the Yue River were 557-971
mmol/m2 /day, which was greater than most of rivers in the
Yangtze River networks (Table 2). For example, the CO2 emission rates from the Daning River (Ni et al., 2019), Jinshui
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Table 2 – Comparison of pCO2 and CO2 outgassing in some of the major world’s rivers.
River or
tributary
Yue River
Jinshui River
TGR tributary
Yangtze River
Yellow River
Xijiang
Daning River
Maotiao River
Mekong River
Amazon
Negro

River order

Country

Climate

4th tributary

China
China
China
China
China
China

Subtropic
Subtropic
Subtropic
Subtropic
Subtropic
Humid
subtropic
Subtropic
Subtropic
Tropic
Tropic
Tropic

Mainstream
Mainstream

China
China
Mainstream
Mainstream

Brazil
South
America

River (Luo et al., 2019) and Yangtze (Wang et al., 2007), were
329.8, 343.0 and 39.0 mmol/m2 /day, respectively. One reason
for higher CO2 fluxes from the Yue River is that anthropogenic
activities often offer organic carbon and nutrients that ultimately enhance in-stream microbial respiration (Borges et al.,
2018). In addition, higher temperatures observed in the Yue
River not only enhance both microbial respiration and chemical weathering but also increase the diffusive rate of riverine CO2 especially in mountainous systems with steep slopes
(Wang et al., 2017).
The water surface area of the Yue River is about 29.5 km2 ,
covering 1% of the total land area of the drainage basin of 2,830
km2 . Hence, the Yue River released an annual mean flux of
72.0-125.4 Gg C-CO2 /year to the atmosphere. Dissolved carbon
(DIC and DOC) discharge in the Yue River was estimated to be
39.3 and 6.3 Gg C/year, respectively, based on a mean runoff
of 40 m3 /sec (Wang et al., 2015). CO2 degassing through water
surface thus exceeds dissolved carbon (DIC + DOC) discharge
by 158% - 275%. This value was lower than Amazon River
(769%) (Richey et al., 2002), but much higher than the Jinshui
(118%) (Luo et al., 2019) and Daning Rivers (38.8%) (Ni et al.,
2019) in China. Overall, the observed high CO2 emissions indicated that the carbon lost via water-air interface should not be
ignored in C assessments and may be important at the catchment scale (Webb et al., 2019).

3.5.

Limitation and uncertainties

Although the importance of land use on riverine pCO2 is highlighted in our study, a major limitation of our analysis is that
the pCO2 estimates do not account for daily cycles. Previous
studies concluded that riverine pCO2 in the morning is significantly higher than in the afternoon (Yang et al., 2019), and a
recent global assessment highlighted that night-time datasets
turn rivers into greater CO2 sources to the atmosphere than
previously thought (Gómez-Gener et al., 2021). Future studies should attempt to address these limitations using automated diel sampling. Another limitation is the understanding
of multi-spatial scale effect of land use on riverine pCO2 because that land use influence on riverine nutrients is scaledependent (Shi et al., 2017). Additional efforts should focus on
identifying the scale where land use impacts riverine pCO2 to
better inform land use planning for the way of carbon neutral.

k
(cm/hr)

Mean pCO2
(μatm)

fCO2
(mmol/m2 /day)

References

43-68
46
42
8

1559 ±1901
1147
1425
1297
2811 ± 1986
2600

557-970
343
113.6 ± 338.0
39
856 ± 409
69-130

This study
Luo et al. (2019)
Li et al. (2018)
Wang et al. (2007)
Ran et al. (2015)
Yao et al. (2007)

43-46
42
26
10

1198 ± 1122
85-6269
1090
3320
3011 ± 304

329.8 ± 470.2
362 ± 395
195
126
534 ± 148

Ni et al. (2019)
Wang et al. (2011)
Li et al. (2018)
Alin et al., 2011
Sera et al. (2013)

4.

Conclusion

8-15

We examined the relationship between land use and riverine
pCO2 in a monsoonal river across an anthropogenic land use
gradient. Our results demonstrated that pCO2 and key water
quality variables had seasonal and spatial changes. Around
90% of samples were supersaturated in CO2 with an overall
mean value at 1474 ± 1614 μatm, resulting in areal fluxes of
557 - 971 mmol/m2 /day and a total emission of 72.0-125.4 Gg
C-CO2 /yr. The carbon emissions to the atmosphere were about
1.6 - 2.8 times the riverine dissolved carbon lateral exports.
Anthropogenic land use (farmland and urban) significantly
increased aquatic pCO2 , while vegetation largely decreased
pCO2 . Urban land use was the strongest predictor of riverine
pCO2 . Hence, increasing urbanization will likely enhance CO2
emissions from rivers in China and potentially elsewhere
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