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Abstract 29 

Carbon dioxide (CO2) emissions from aquatic ecosystems are important components of the 30 

global carbon cycle, yet the CO2 emissions from coastal reservoirs, especially in developing 31 

countries where urbanization and rapid land use change occur, are still poorly understood. In 32 

this study, the spatiotemporal variations in CO2 concentrations and fluxes were investigated 33 

in Wenwusha Reservoir located in the southeast coast of China. Overall, the mean 34 

CO2 concentration and flux across the whole reservoir were 41.85 ± 2.03 µmol/L and 2.87 ± 35 

0.29 mmol/m2/h, respectively, and the reservoir was a consistent net CO2 source over the 36 

entire year. The land use types and urbanization levels in the reservoir catchment 37 

significantly affected the input of exogenous carbon to water. The mean CO2 flux was much 38 

higher from waters adjacent to the urban land (5.05 ± 0.87 mmol/m2/hr) than other land use 39 

types. Sites with larger input of exogenous substance via sewage discharge and upstream 40 

runoff were often the hotspots of CO2 emission in the reservoir. Our results suggested that 41 

urbanization process, agricultural activities, and large input of exogenous carbon could result 42 

in large spatial heterogeneity of CO2 emissions and alter the CO2 biogeochemical cycling in 43 

coastal reservoirs. Further studies should characterize the diurnal variations, microbial 44 

mechanisms, and impact of meteorological conditions on reservoir CO2 emissions to expand 45 

our understanding of the carbon cycle in aquatic ecosystems. 46 

Keywords 47 

Carbon dioxide fluxes; Spatiotemporal dynamics; Land use; Urbanization; Anthropogenic 48 

activities; Coastal reservoir 49 
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Introduction 51 

Dams have been built for thousands of years to control water flow and utilize water resources 52 
(Nilsson et al., 2005). As an artificial aquatic ecosystem, reservoirs play an important role in 53 
irrigation, water supply, power generation, aquaculture and other aspects, while the impacts 54 

of such water projects on the local hydrological situation and ecosystem sustainability have 55 
not been fully explored (Hao et al., 2019; Rosenberg et al., 2000). With the inundation of 56 
land and vegetation in the reservoir area, nutrient transport and cycling in the flooded system 57 
will change substantially, with the consequence of changing the emission of greenhouse 58 
gases (GHGs), including CO2, CH4 and N2O, into the atmosphere (Li et al., 2016; St Louis 59 

et al., 2000). Therefore, with the exacerbating climate change caused by increasing GHG 60 
concentrations (World Meteorological Organization, 2019), quantifying the carbon flux of 61 

reservoirs becomes increasingly important to improve the accuracy of carbon budget 62 
estimations from local to global scales. 63 

Artificial reservoir, which includes various carbon sources from the catchment and inside the 64 
reservoir, is a major component of global carbon cycle (Bevelhimer et al., 2016; Kunz et al., 65 
2011). Recent estimate indicates that global GHG emissions from reservoir water surfaces 66 

account to approximately 0.8 Pg CO2-eq (100-year) per year, of which ~17% is contributed 67 
by CO2 (Deemer et al., 2016). Reservoirs appear to be a net source of atmospheric 68 
CO2 (Barros et al., 2011; Raymond et al., 2014), especially in the subtropical and tropical 69 
areas (e.g., Alshboul and Lorke, 2015; Almeida et al., 2019). CO2 emissions from reservoirs 70 

on a per unit area basis tend to exceed those from natural lakes or wetlands. However, limited 71 
by the number of field observations available, these CO2 estimates are largely uncertain 72 

(Li and Lu, 2012; Varis et al., 2012). More importantly, the spatial heterogeneity (across and 73 
within systems) caused by geographical location, reservoir age, microtopography, water 74 

temperature, organic matter, and other factors further pose challenges for the accurate 75 
estimate of CO2 emissions from reservoirs. 76 

Different from other natural water bodies, reservoirs have special ecosystem characteristics 77 
under the intervention of human activities (Fearnside, 2005; Soumis et al., 2007). Generally, 78 
the inundated sediment, suspended particles and other associated carbon trapped in reservoirs 79 

provide stable carbon sources for CO2 production, but with large spatial heterogeneity 80 
(Hertwich, 2013; Kemenes et al., 2011; Zhou et al., 2017). On the other hand, some eutrophic 81 
waters with higher primary productivity can fix a large amount of CO2, and even serve as a 82 

carbon sink for a certain period (Pacheco et al., 2015). Previous studies suggested several 83 

possible conditions for the dominance of autotrophic processes: (1) relatively enclosed and 84 

stagnant water environment (van Bergen et al., 2019); (2) warm and humid climate 85 
(Barros et al., 2011; Xiao et al., 2017); and (3) excessive import and accumulation of 86 

nutrients and organic matter in the reservoirs (Dodds and Cole, 2007; Outram and 87 
Hiscock, 2012). Furthermore, compared with inland areas, coastal reservoirs trend to have a 88 
higher salinity (Domingues et al., 2016; Hodson et al., 2019). CO2 production and emission 89 

may also exhibit some spatial differences owing to variations in salinity. 90 

With rapid urbanization and land use change in the coastal areas, various biogeochemical 91 

processes in the coastal aquatic ecosystems have been increasingly disturbed by municipal 92 
and agricultural activities in the catchment (Pérez et al., 2015; Williams et al., 2016), leading 93 
to the creation of critical “hotspots” of GHG emission (Yang and Flower 2012). High 94 

CO2 production and emission in some river and lake systems have been shown to closely 95 
relate to the exogenous supply of sewage-derived organic matter from the watershed (e.g., 96 

Kaushal et al., 2018; Pugh et al., 2015). Coastal reservoirs, which can be affected by both 97 
terrestrial and marine ecosystems, are likely to exhibit unique CO2 dynamics. Given that most 98 
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of the existing studies on CO2 fluxes in reservoirs are mainly devoted to inland hydroelectric 99 
reservoirs only (e.g., Abril et al., 2005; Shi et al., 2017) but rapid urbanization occurs widely 100 
in the catchment of coastal reservoirs, particularly in the developing countries (Yang et al., 101 
2017). Therefore, a deeper understanding about the influence of land use change and 102 

urbanization on CO2 fluxes in the coastal reservoirs is needed. 103 

Given the knowledge gap above, we measured CO2 concentrations and fluxes in a subtropical 104 
coastal reservoir in Min River Estuary, Southeast China, from November 2018 to June 2019. 105 
The goals of this study were: (1) to assess the spatial variability of CO2 concentration and 106 
flux in the subtropical coastal reservoir system, and (2) to determine the response of reservoir 107 

CO2 release to the adjacent land use types. We hypothesized a large spatial heterogeneity in 108 
reservoir CO2 fluxes because of the different land use types and urbanization levels in the 109 

catchment. 110 

1. Materials and methods 111 

1.1. Site description 112 

This study was conducted in Wenwusha Reservoir (25°49′36″−25°54′00″N, 113 
119°35′12″−119°38′11″E), which was located at the southern tip of the Min River Estuary, 114 
Southeast China (Fig. 1). The reservoir catchment is influenced by a subtropical monsoon 115 

climate with high temperature (annual average: 19.3 °C) and abundant precipitation (annual 116 
average: 1390 mm). Nearly 75% of the annual precipitation occurs from May to September 117 
(Yang et al., 2020). The reservoir water meets China's Class III water quality standard 118 

(suitable for centralized drinking water source protection zone, fish protection zone and 119 

swimming zone), and the reservoir is mainly used for irrigation, aquaculture and flood 120 
control (Fuzhou Municipal Water Authorities, 2019). Different species of fish, 121 
including Lateolabrax japonicus, Oreochromis mossambicus, Carassius auratus 122 

auratus and Cyprinus carpio, grow in the reservoir. The main land uses adjacent to the 123 
reservoir are urban area (5.99%), aquaculture pond (9.80%), forest (15.04%), farmland 124 

(3.34%), sand (2.14%) and wetland (14.41%) (Fig. 1 and Table 1). 125 

https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0002
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0064
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https://www.sciencedirect.com/topics/earth-and-planetary-sciences/estuary
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0001
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0084
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquaculture
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 126 

Fig. 1. Location of the Wenwusha Reservoir and land use distribution in the catchment. 127 
There are 11 sample transects (47 sampling sites) in the south reservoir area (SRA) and 10 128 
sampling transects (56 sampling sites) in the north reservoir area (NRA). 129 

  130 



6 
 

Table 1  131 

Summary of main characteristics and land use types in the Wenwusha Reservoir 132 

 Surface area  

(ha) 

Total volume 

(×108 m3) 

Water depth 

(m) 

Bank typea Sampling Site Land use type (%) 

Urban Pond Farmland Wetland Forest Sand 

NRA 190 1.4 2.6 N/C 56 23.93 6.30 2.01 0.01 0.34 1.41 

SRA 330 1.69 1.2 N 47 0.00 10.96 3.78 10.96 19.94 2.39 

a“N” and “C” represent natural and concreted banks. NRA and SRA are north reservoir area and sour reservoir area.  133 

  134 
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The total reservoir water area and mean water depth are 520 ha and 1.5 m, respectively. Two 135 
dams were built in 1957 and 2004, respectively, which divided the reservoir into two main 136 
reservoir areas: north reservoir area (NRA) and south reservoir area (SRA) (Fig. 1). The 137 
NRA, with a surface area of 190 ha, is connected to the Nanyang River network. Influenced 138 

by urbanization and human activities, the NRA and its upstream receive effluent discharge 139 
from domestic, industrial and aquacultural activities (Table 1). The construction of the 140 
southern seawall resulted in the SRA, with a surface area of 330 ha. Trees were planted in the 141 
east of SRA, while extensive wetlands were formed along the west bank of SRA with some 142 
agricultural landscapes (e.g., aquaculture ponds and farmlands) (Table 1). Water in the whole 143 

reservoir is supplied by precipitation and upstream river discharge, with almost no exchange 144 
with sea. 145 

1.2. Water sampling and CO2 measurement 146 

Considering the possible spatiotemporal variations in dissolved CO2 concentration and flux, 147 
three sampling campaigns (November 2018, March and June 2019) were carried out across 148 

21 sampling transects (103 sites) at the Wenwusha reservoir, including 10 sampling transects 149 
in NRA (56 sites) and 11 transects in SRA (47 sites). Moreover, according to different levels 150 
of urbanization along the reservoir bank in the catchment, the reservoir was further divided 151 

into four water areas (I, II, III, and IV) (Appendix A Table S1). The sampling points 152 
basically covered all the water areas with the dominating land use types in the catchment 153 
(Fig. 1). The coordinates of each sampling site were recorded so that the same sites were re-154 

visited in all three sampling campaigns. Water samples were collected using 55-mL 155 
borosilicate serum bottles (~0.2 m below the water surface), which were then sealed with 156 

butyl stoppers and aluminum caps without including any bubbles. In addition, 150-mL of 157 
water sample was collected at each site using a polyvinylchloride sampling bottle for the 158 

measurement of other auxiliary parameters (see below). 159 

CO2 concentration was determined using the headspace extraction technique (Bellido et al., 160 

2009). Specifically, 25 mL of water sample and equal volume of N2 were added into a bottle 161 
and the bottle was then violently shaken for 10 min to reach an equilibrium in 162 
CO2 concentration. 5 mL of headspace air sample was collected and subsequently injected 163 

into a gas chromatograph (GC-2010, Shimadzu, Kyoto, Japan) with flame ionization 164 

detection (FID) for determining the CO2 concentration. Four CO2 standard gases, i.e. 100, 165 
500, 1000 and 10,000 ppm, were used to calibrate the FID. The injection port, column and 166 
detector temperature were set at 100, 45 and 240 °C, respectively. Dissolved 167 

CO2 concentration in water was calculated following the method of Wanninkhof (1992), 168 

based on the CO2 concentration in the headspace air in the serum bottle and the Bunsen 169 
solubility coefficient. 170 

The CO2 flux (FCO2) across the water-air interface was estimated using the thin-boundary 171 

layer model based on gas diffusion between two media (e.g., Crawford et al., 2013) as 172 
follows:(1)FCO2=k*(Cwater−Catm)where FCO2 (mmol/m2/h) refers to the CO2 flux from 173 
water to air; k is the gas transfer velocity of CO2 (m/hr); Cwater is the CO2 concentration in the 174 
water column (mmol/L), and Catm is the CO2 concentration in the atmosphere (mmol/L). In the 175 
lentic system, according to the empirical function driven by wind speed and temperature 176 

(Crusius and Wanninkhof, 2003), the k value can be calculated 177 
as:(2)k=(1.68+0.228*U102.2)*(600SC)n(3)SC=1991.1−118.11t+3.4527t2−0.04132t3where 178 

U10 (m/sec) is the wind speed at 10 m above the water surface, which is approximated by U10= 179 
1.14 U, where U is the wind speed at 2 m height; SC is the CO2 Schmidt number for water 180 
temperature (t, °C) (Wanninkhof, 1992); and n is the proportionality coefficient (value is 0.5). 181 

https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0001
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0001
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https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0001
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0008
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0008
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1.3. Field and laboratory measurement of water physico-chemical properties 182 

During the sampling period, various physio-chemical properties of surface water were also 183 
measured in situ. Water temperature (TW) and pH were measured by a portable 184 
pH/mV/temperature meter system (IQ150 Scientific Instruments, USA). Dissolved oxygen 185 
(DO) and salinity were determined by a portable water quality analyzer (HORIBA, Japan) 186 
and a salinity meter (Eutech Instruments-Salt6, USA), respectively. The relative standard 187 

deviations of pH, DO, and salinity analyses were ≦1.0%, ≦2.0% and ≦1.0%, respectively. 188 
All equipment probes were calibrated following the manufacturer's specifications prior to 189 
deployment. Meteorological conditions (including wind speed, air pressure and temperature) 190 
were measured by a meteorological meter (NK3500, Kestrel, USA), and long-term 191 

precipitation data were obtained from the weather stations in Min River Estuary. 192 

Laboratory analyses were conducted to determine the nutrient concentrations in reservoir 193 
water. Before the analysis of dissolved nutrients, water samples were filtered through 0.45–194 

μm GF/F glass millipore filters. Dissolved organic carbon (DOC) concentration was analyzed 195 
by a total organic carbon analyzer (TOC-VCPH/CPN, Shimadzu, Japan) with a detection 196 
limit of 0.4 μg/L and a relative standard deviation (RSD) of ≤1.0% in 24 h. Nitrogen (total 197 
dissolved nitrogen (TDN), NO3

–, and NH4
+) and phosphorus (total phosphorus (TP) and PO4

3–) 198 

nutrients were detected using flow injection analyzer (Skalar Analytical SAN++, Netherlands). 199 
The detection limits for nitrogen and phosphorus were 6 μg/L and 3 μg/L, respectively, and 200 

the measurement reproducibilities were within 3.0% and 2.0%, respectively. 201 
Chlorophyll a (Chl-a) was extracted using ethanol solution (90%) for 24 h and analyzed by a 202 
UV–VIS spectrophotometer (Shimadzu UV-2450, Japan). 203 

1.4. Statistical analysis 204 

All measured variables were checked for normality using the Kolmogorov-Smirnov's test. 205 
When necessary, the original data were transformed by the natural logarithm to meet the 206 
assumptions of normality and homoscedasticity. To fully consider the correlation between 207 

spatial variables, as well as the randomness and structural characteristics of the spatial 208 
distribution of samples, the Kriging method in ArcGIS 10.2 (Esri, Redland, CA, USA) was 209 

employed for the spatial interpolation. Significant differences in CO2 concentration, flux and 210 
environmental variables among different water areas were tested by analysis of variance 211 
(ANOVA). Spearman correlation and simple regression analysis were conducted to explore 212 
the relationships between CO2 concentration (or flux) and the physio-chemical properties of 213 

water. Statistical significance was examined at the level of 0.05. The key factors influencing 214 
the CO2 concentration and flux in the two reservoir areas were further investigated using 215 

redundancy analysis (RDA) in CANOCO 5.0 (Ithaca, NY, USA). Statistical results and 216 
graphics were generated by using SPSS 17.0 (IBM, Chicago, IL, USA) and Origin 2017 217 
(OriginLab Corporation, USA), separately. 218 

2. Results 219 

2.1. Meteorological conditions and physico-chemical properties of reservoir 220 

water 221 

The general spatiotemporal variations of surface water physico-chemical properties have 222 
been reported in Yang et al. (2020) (Table 2 and Appendix A Fig. S2), while in this study, 223 

we focused on the effects of urbanization. Daily temperature, atmospheric pressure, wind 224 
speed, water salinity and Chl-a concentration showed small spatial variations, and the mean 225 
difference was less than 4 °C, 10 hPa, 3 m/s, 2‰ and 9 μg/L, respectively, during the 226 

research period. Spatially, water DO, TOC, TDN, NH4
+, and PO4

3− concentration varied 227 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/salinity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dissolved-organic-carbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/total-organic-carbon
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0084
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0002
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/water-salinity
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/total-organic-carbon


9 
 

considerably among the four areas. TOC, NH4
+ and TDN in Areas I and Area-II showed 228 

much higher concentrations than those in Area-III and Area-IV (p < 0.05 or 229 
0.01; Table 2 and Appendix A Fig. S2), with the highest values usually observed in Area-I. 230 
In most of the time, DO concentrations increased in the order: Area-I < Area-III < Area-II < 231 

Area-IV. However, in March, DO concentrations in Area-II were higher than those in other 232 
three areas (Table 2 and Appendix A Fig. S2). 233 

  234 
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Table 2 235 

Summary of the two-way ANOVA results determining the effect of sampling water areas, seasons, and their interactions on water environmental variables in 236 

Wenwusha Reservoir 237 

 df pH DO TOC NH4
+ TDN PO4

3- 

Sampling area 3 17.00** 201.52** 1078.99** 22.02** 85.31** 7.368** 

Season 2 1046.31** 1046.16** 2.37 32.65** 19.91** 14.953** 

Sampling area × Season 6 11.64** 115.55** 4.78** 1.14 29.72** 9.012** 

Symbols * and ** indicate significant differences at 0.05 and 0.01, respectively. 238 
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In general, sampling sites around human-dominated landscapes (residential 239 
area, aquaculture pond, and farmland) in NRA in the Wenwusha reservoir had higher nutrient 240 
levels (i.e. TOC, TDN, and NH4

+ concentration), pH value and Chl-a concentrations but 241 
lower DO concentrations than those near the natural landscapes, such as wetland and forest in 242 

SRA. 243 

2.2. Spatial variation in CO2 dynamics across four water areas 244 

During the sampling period, large spatial variations in CO2 concentrations were observed 245 
across different areas. Dissolved CO2 concentrations in Area-I, Area-II, Area-III, and Area IV 246 
varied over the ranges of 1.80–178.26 µmol/L, 0.07–239.74 µmol/L, 3.21–59.17 µmol/L, and 247 
1.02–64.91 µmol/L, respectively. Dissolved CO2 concentrations decreased significantly in the 248 

order: Area-I (52.89 ± 3.64 µmol/L) > Area-II (49.22 ± 2.95 µmol/L) > Area-III (29.51 ± 249 
2.88 µmol/L) > Area-IV (22.03 ± 1.53 µmol/L) (p < 0.001, Fig. 2 and Fig. 4a). 250 

 251 

Fig. 2. Spatial distribution of dissolved CO2 concentrations in surface water (~0.2 m depth) 252 
of Wenwusha Reservoir from November 2018 to June 2019. 253 

Across the three sampling campaigns, CO2 fluxes across the water-air interface decreased in 254 

the order: Area-I (5.05 ± 0.87 mmol/m2/hr) > Area-II (2.22 ± 0.27 mmol/m2/hr) > Area-IV 255 

(1.62 ± 0.33 mmol/m2/hr) > Area-III (1.46 ± 0.34 mmol/m2/hr) (Fig. 3 and Fig. 4b). With the 256 

exception of March 2019, mean CO2 fluxes across the water-air interface show large 257 

differences among the four water areas (p < 0.05, Fig. 4b). 258 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquaculture
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0002
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0004
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0004
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0004
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 259 

Fig. 3. Spatial distribution of CO2 fluxes across the water-air interface in Wenwusha 260 
Reservoir from November 2018 to June 2019. 261 

 262 

Fig. 4. Variations in mean CO2 concentrations (a) and fluxes (b) among the four water areas 263 
in Wenwusha Reservoir from November 2018 to June 2019. Different letters denote 264 
significant differences across water areas (p<0.05) based on the results of one-way ANOVA. 265 
Area I, mainly surrounded by urban land (n = 28); Area II, mainly surrounded by 266 
agricultural land (n = 40); Area III, mainly surrounded by wetland and sporadic agricultural 267 
land (n = 12); Area IV, mainly surrounded by forest and sand (n = 22). Data were shown with 268 
mean ± SE. 269 

2.3. Spatial variation in CO2 dynamics between two reservoir areas 270 

Significant spatial differences of CO2 dynamics were also observed between NRA and SRA. 271 
Mean CO2 concentration and flux in NRA (51.32 ± 3.19 µmol/L and 3.72 ± 0.47 mmol/m2/hr) 272 

were significantly higher than those in SRA (29.71 ± 1.87 µmol/L and 1.64 ± 273 
0.22 mmol/m2/hr) (p < 0.01, Appendix A Fig. S3). Larger CO2 concentration and emission 274 

were often obtained in the water areas with higher urbanization level around, mainly in NRA 275 
(Fig. 2 and Fig. 3). 276 

https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0002
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0003
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2.4. Spatial variation in CO2 dynamics between different microtopographic 277 

zones 278 

CO2 concentration and flux were compared between different microtopographic zones 279 
(Appendix A Fig. S4). The mean dissolved CO2 concentration in narrow waters (52.25 ± 280 

4.62 µmol/L) was significantly higher than that in the open waters (37.58 ± 2.09 µmol/L) 281 
(p < 0.05, Appendix A Fig. S4a). No significant difference in mean dissolved 282 
CO2 concentration was found between the shallow water zone and deep water zone (41.51 ± 283 
3.09 and 42.09 ± 2.68 µmol/L, respectively, p > 0.05, Appendix A Fig. S4b). 284 
The mean CO2 fluxes across the water-air interface in the narrow and open waters were 2.63 285 

± 0.50 mmol/m2/hr and 2.83 ± 0.34 mmol/m2/hr, respectively. The mean CO2 fluxes in the 286 
shallow water zone and deep water zone were 2.33 ± 0.37 mmol/m2/hr and 3.07 ± 287 

0.40 mmol/m2/hr, respectively (Appendix A Fig. S4c and Fig. S4d). All sampling sites 288 
showed no significant spatial differences of mean CO2 flux between different reservoir 289 
microtopographic zones (p > 0.05, Appendix A Fig. S4). 290 

2.5. Temporal variation in CO2 concentration and flux 291 

There were clear seasonal variations in dissolved CO2 concentration throughout the reservoir 292 
(Fig. 2), with the highest concentration in Nov-2018 (66.11 ± 3.97 µmol/L), followed by Jun-293 

2019 (40.77 ± 2.11 µmol/L) and Mar-2019 (18.67 ± 2.44 µmol/L). CO2 undersaturation of 294 
water samples (i.e. saturation < 100%) were found in Mar-2019 and Jun-2019 (Fig. 2). 295 
There were also seasonal variations in CO2 fluxes across the water-air interface. CO2 fluxes 296 

during the whole period ranged from −4.09 to 33.63 mmol/m2/hr. More than half of the 297 

measurements made in the spring (Mar-2019) exhibited net CO2 uptake (Fig. 3). Seasonal 298 
mean CO2 fluxes were 5.19 ± 0.70 mmol/m2/hr in Nov-2018, 0.13 ± 0.15 mmol/m2/hr in Mar-299 
2019, and 2.99 ± 0.29 mmol/m2/hr in Jun-2019, respectively. The four water areas showed 300 

similar seasonal patterns of CO2 concentrations and fluxes: Mar-2019 < Jun-2019 < Nov-301 
2018 (p < 0.001, Figs. 2–4). 302 

2.6. Relationship between CO2 concentration / flux and water physio-303 

chemical properties 304 

Spearman correlations were conducted to examine the relationships between 305 
CO2 concentration (or flux) with the physio-chemical properties of water 306 

(Fig. 5, 6 and Table 3). Dissolved CO2 concentrations were positively correlated with pH, 307 

NH4
+, TDN and TOC, but negatively correlated with water temperature and DO 308 

(p < 0.01, Table 3). CO2 fluxes were positively correlated with TOC and NH4
+, but negatively 309 

correlated with DO (p < 0.05, Table 3). Notably, the significance and strength of correlations 310 
were different among four water areas. CO2 concentrations and fluxes were significantly and 311 
negatively correlated with DO concentrations in three water areas except Area-III 312 
(Fig. 5a and 6a). CO2 concentrations were positively correlated with NH4

+ and TOC 313 

concentrations, with stronger relationships found in Area-I and Area-II (Fig. 5b and 5c). 314 

https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0002
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0002
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0002
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0004
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0005
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0006
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0005
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0006
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0005
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0005
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 315 

Fig. 5. Relationships of CO2 concentration against DO (a), NH4
+ (b), and TOC (c) in the four 316 

water areas. Letter A in the legend denotes all water areas combined. 317 

 318 

Fig. 6. Relationships of CO2 flux against DO (a), NH4
+ (b), and TOC (c) in the four water 319 

areas. Letter A in the legend denotes all water areas combined. 320 

 321 

  322 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/total-organic-carbon
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/total-organic-carbon


15 
 

Table 3 323 

Spearman correlation coefficients of CO2 concentration (flux) with environmental variables in the 324 

whole Wenwusha Reservoir during the research period. 325 

Environmental variables CO2 concentration CO2 flux 

Water temperature (Tw) -0.226** NS 

pH 0.195** NS 

Dissolved oxygen (DO) -0.732** -0.573** 

Total organic carbon (TOC) 0.381** 0.137* 

Ammonia (NH4
+) 0.471** 0.323** 

Total dissolved nitrogen (TDN) 0.151** NS 

Phosphate (PO4
3-) NS NS 

NS means “nonsignificant correlation”. Symbols * and ** indicate significant correlations at 0.05 and 0.01 levels, 326 
respectively. 327 

  328 
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Redundancy analysis (RDA) was performed for the two reservoir areas, NRA and SRA, with 329 

CO2 concentration and flux as the response variables and water physio-chemical properties as 330 

the explanatory variables. In NRA, axis I explained 55.1% of the variations in 331 

CO2 concentration and flux, with DO and TOC being the most powerful predictors (Fig. 7). 332 

In SRA, axis I explained 44.9% of the variations in CO2 concentration and flux, with NH4
+, 333 

DO, and TOC being the major controlling factors (Fig. 7). 334 

 335 

Fig. 7. Results of redundancy analysis (RDA) showing the relations between 336 
CO2 concentration (or CO2 flux) and water physico-chemical properties including TW (water 337 
temperature), pH, EC (conductivity), DO (dissolved oxygen), NO3

– (nitrate nitrogen), 338 
NH4

+ (ammonia nitrogen), PO4
3– (phosphate), and TP (total phosphorus), in the north 339 

reservoir area (NRA) (a) and the south reservoir area (SRA) (b) in Wenwusha Reservoir. 340 

3. Discussion 341 

3.1. Effects of watershed urbanization and land use types on CO2 dynamics 342 

Land use change in the catchment can disturb the biogeochemical cycling on land and in 343 
adjacent waters (Lai et al., 2016; Zhang et al., 2015), resulting in large spatial variations in 344 
CO2 fluxes (Kamjunke et al., 2013; Pacheco et al., 2015). In our study, the concentrations of 345 
carbon and nitrogen substrates (TOC, NH4

+and TDN) in Area-III and Area-IV were 346 

substantially lower than those in Area-I and Area-II where waters were close to municipal 347 
and agricultural lands (Table 2 and Appendix A Fig. S3). The CO2 concentrations and fluxes 348 
increased with TOC and NH4

+ concentrations across the whole reservoir (p < 0.05, Table 3). 349 
Our results revealed that the spatial variation in CO2 flux in the subtropical Wenwusha 350 
reservoir was affected by anthropogenic activities (e.g., urbanization and land use change) in 351 

the catchment, which were similar to previous findings (Marescaux et al., 2018; Wang et al., 352 
2017) that CO2 production and emission in the waters increased with the levels of 353 

urbanization and sewage discharge. Two underlying processes may account for this: (1) the 354 
large TOC load from municipal and aquaculture effluents provides more substrates for in 355 
situ heterotrophic respiration (Almeida et al., 2016; Crawford et al., 2013); (2) additional 356 
nitrogen loading in water areas with high organic carbon concentrations (e.g. Area I) can 357 

https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0007
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0007
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/land-use-change
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0040
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0088
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0033
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0055
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0002
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/total-organic-carbon
https://www.sciencedirect.com/science/article/pii/S1001074221001431#tbl0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0048
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0072
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0072
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/aquaculture
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0004
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0013
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/organic-carbon
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ameliorate nitrogen limitation on microbial decomposition and promote net CO2 production 358 
(Bodmer et al., 2016; Marescaux et al., 2018;). 359 

The highest mean CO2 flux observed in Area-I provided additional evidence for the impact of 360 
urbanization on CO2 emission from our reservoir. In general, urban and agricultural sewage 361 

carries abundant dissolved CO2 (Webb et al., 2016; Yang et al., 2018; Yu et al., 2017). The 362 
spatial variation in reservoir CO2 flux adjacent to urban areas is thus often affected by sewage 363 
discharge. In this study, we observed that the dissolved CO2 concentrations in the sewage 364 
drainage channels, aquaculture ponds, and rivers adjacent to the reservoir were about three 365 
times higher than those in the reservoir surface water. This resulted in the direct input of 366 

dissolved CO2 into the Wenwusha Reservoir, and subsequently a larger CO2 diffusive flux 367 
because of the steeper CO2 concentration gradient between the surface water and the 368 

atmosphere. Therefore, the discharge of CO2-rich wastewater can directly contribute to 369 
CO2 oversaturation in some polluted waters and lead to high CO2 emissions from reservoir 370 
water to the atmosphere (Li et al., 2020a; 2020b). 371 

Topography can also influence the transport and distribution of pollutants. Pollutants tend to 372 
accumulate in the narrow coastal waters due to their low water exchange and dilution effect 373 

(e.g. Arneth et al., 2017; Li et al., 2013; Ni et al., 2019). For instance, Natchimuthu et al. 374 
(2017) reported that small and narrow lakes had higher pCO2 and CO2 fluxes in a Swedish 375 
catchment. Similar observations have been found in other aquatic ecosystems with 376 
varying microtopography (Raymond and Cole, 2003; Schilder et al., 2013; Wang et al., 377 

2017). Across the entire Wenwusha Reservoir, the mean CO2 concentrations and fluxes from 378 
the shallow water zone to deep water zone showed no significant difference (p > 0.05, 379 

Appendix A Fig S4c and S4d). The reservoir was shallow, with mean and maximum depths 380 
of 1.5 and 4.0 m, respectively. The reservoir bottom was quite flat with little variations in 381 

sediment-to-water volume ratio among reservoir areas (Gruber et al., 2019; Roland et al., 382 
2010; Wilson et al., 2015), which resulted in limited effects of depth on DOC concentration 383 
and sediment respiration. Moreover, CO2 concentrations increased significantly from the 384 

open water areas to the narrow areas (p < 0.05, Appendix A Fig S4a), which might be related 385 
to the coupling of high pollution load and topography (Kortelainen et al., 2006; Roland et al., 386 

2010; Zhang et al., 2019). On one hand, narrow waters have relatively lower velocity and a 387 
more enclosed environment than other parts of the reservoir (Holgerson, 2015; Xiao et al., 388 
2017), providing favorable conditions for the accumulation of fresh sediments and thus 389 
respiratory CO2 production. On the other hand, the narrow waters adjacent to aquaculture 390 

ponds and ditches can receive abundant non-point source sewage. Similar to the spatial 391 
patterns of CO2 concentration, TOC, NH4

+, and TDN concentrations at the narrow waters 392 

were approximately 28%, 100%, and 27% larger than those at the open areas, which 393 
supported the above hypothesis. 394 

3.2. Temporal variation in CO2 emission 395 

During the study period, mean CO2 concentrations in Wenwusha Reservoir exhibited 396 
prominent seasonal fluctuations with higher value in autumn (Nov-2018) and lower value in 397 
spring (Mar-2019) (Fig. 4a). Correspondingly, CO2 flux followed the same temporal pattern 398 
(Fig. 4b). In general, net CO2 flux (release / uptake) in aquatic ecosystems reflects the 399 

balance between CO2 production and consumption (Jonsson et al., 2003; Bellido et al., 400 
2009; Pacheco et al., 2015). Some researches attributed the variability of CO2 flux to organic 401 

matter decomposition (Wang et al., 2017), primary productivity (Sobek et al., 2005), and 402 
meteorological conditions (Butman and Raymond, 2011; Natchimuthu et al., 2014). 403 

Biodegradation of organic carbon is regarded as an important source of CO2 production 404 
(Barros et al., 2011; Crawford et al., 2013; Demarty et al., 2009). However, our 405 
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measurements showed no significant seasonal change in TOC (Table 2), which was different 406 
from the temporal patterns of CO2 concentrations and fluxes in the reservoir. Therefore, 407 
substrate supply was likely not a key factor affecting the temporal dynamics of CO2 in 408 
Wenwusha Reservoir. Algal photosynthesis consumes CO2, which can play an important role 409 

in governing the temporal variation in CO2 flux (Kutzbach et al., 2007; Scofield et al., 410 
2016; Yao et al., 2007). Chl-a is an important parameter characterizing algal primary 411 
production. Despite the lack of significant correlation observed between Chl-a and CO2 flux 412 
in the current research, the seasonal pattern of mean water Chl-a concentration was opposite 413 
to that of CO2 (Fig. 4 and Appendix A Fig. S5). Limited by the low temperature, relatively 414 

lower Chl-a concentration and the highest CO2 emissions were seen in November 2018. 415 
Higher Chl-a concentration coincided with rising temperature in spring, accounting for the 416 

lower CO2 concentration and flux in March 2019 (Appendix A Fig. S5). It should be noted 417 
that precipitation and its dilution effect on Chl-a in water could also influence the seasonal 418 
variation in CO2 flux (Holgerson, 2015; Zhang et al., 2019). In addition, on rainy days, 419 
photosynthesis could be constrained by lower solar radiation. Frequent rainfall events 420 
between April and June 2019 (total precipitation of 625.6 mm) (Appendix A Fig. S1) reduced 421 

Chl-a concentration in the reservoir to some extent. Thus, the higher CO2 flux detected in 422 
summer (June-2019) than in spring (Mar-2019) was probably in part due to the greater 423 
number of rainy days and the subsequent decline of sunlight-driven photosynthesis. In the 424 
subtropical coastal reservoir, therefore, our findings demonstrated that primary productivity 425 

could exert an impact on the seasonal variation in CO2 fluxes between seasons, which in turn 426 
would be related to precipitation and temperature. 427 

3.3. CO2 fluxes in comparison with previous estimates 428 

The average CO2 flux from Wenwusha Reservoir was 2.77 ± 0.28 mmol/m2/h, which was 429 

lower than those reported in some tropical waters (e.g. Abril et al., 2005; Dos Santos et al., 430 
2006; Guérin et al., 2006) (Table 4). However, we noticed that the CO2 fluxes from our 431 

reservoir were markedly higher than those in most temperate and subtropical reservoirs 432 
worldwide, such as Lake Lynch in Chile (Gerardo-Nieto et al., 2017), Eagle Creek reservoir 433 
in the USA (Jacinthe et al., 2012), cascade reservoirs on Maotiao river in China (Wang et al., 434 

2011), and Danjiangkou reservoir in China (Li and Zhang, 2014) (Table 4). Our results of 435 
flux upscaling to the whole-reservoir scale based on our high spatial resolution data showed 436 

that Wenwusha reservoir emitted approximately 3.91 Gg CO2 per year. The total CO2 flux 437 
from Wenwusha reservoir would hence account for approximately 0.0241% of the annual 438 

total from all the reservoirs in China (Li et al., 2018). The results of this study showed that 439 

the subtropical coastal reservoir such as Wenwusha reservoir could be potential sources of 440 
atmospheric CO2 and therefore would deserve more attention. 441 

  442 
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Table 4 443 

Ranges of CO2 fluxes (mmol m−2 h−1) from different types of reservoirs in the world. 444 

Climate Site  Main land use in the catchment FCO2 (mmol m−2 h−1) Reference 

Temperate Lake Lynch, Chile Forest 0.49 – 0.57 (0.52) Gerardo-Nieto et al., 2017 

L.Skinnmuddselet, Sweden Forest, mire ------- (0.83) Áberg et al., 2004 

Porttipahta, Finland Forest, pond 0.83 – 2.17 (1.46) Huttunen et al., 2003 

Lokka, Finland Peatland 0.46 – 3.04 (1.44) Huttunen et al., 2003 

Eagle Creek, USA Agriculture, grassland, forest -1.28 – 15.10 (1.90) Jacinthe et al., 2012 

Subtropical Danjiangkou, China Forest, grassland, farmland -0.34 – 1.31 (0.38) Li & Zhang, 2014 

Xiuwen, China ------- -0.25 – 3.71 (1.96) Wang et al., 2011 

Chongqing, China Urban -0.42 – 21.25 (5.73) Wang et al., 2017 

Chongqing, China Agriculture -0.48 – 7.20 (2.01) Wang et al., 2017 

Al-Wihdeh, King Talal, Wadi , Al-Arab, Jordan ------- -1.10 – 16.52 (3.12) Alshboul et al., 2015 

Wenwusha, China Urban, agriculture, forest, wetland -4.09 – 33.63 (2.77) This study 

Tropical Petit Saut, French Guiana Tropical forest -0.42 – 15.42 (5.54) Abril et al., 2005 

Tucurui, Brazil Tropical forest ------- (7.92) Dos Santos et al., 2006 

Samuel, Balbina, Brazil Tropical forest 10.58 – 16.33 Guerin et al., 2006 

Cerrado, Brazil ------- -0.34 – 16.62 Roland et al., 2011 

------- China's reservoirs ------- ------- (1.85) Li et al., 2018 

Global reservoirs ------- ------- (1.14) Deemer et al., 2016 

Figures in brackets are averages. “-------” means no data. 445 
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Notably, the average CO2 flux in waters adjacent to the urban area (Area-I, 5.05 ± 446 
0.87 mmol/m2/hr) was 1.72 − 3.46 times of that in other water areas in Wenwusha Reservoir 447 
(Fig. 3 and Fig. 4b). Moreover, the mean CO2 flux in Area-I was close to the level seen in 448 
some tropical reservoirs (Barros et al., 2011) and urban reservoirs in Chongqing, Southwest 449 

China (5.73 ± 3.38 mmol/m2/hr) (Wang et al., 2017), where urban pollution was the major 450 
contributor to CO2 production. In contrast with the findings from several reservoirs in 451 
Chongqing (Wang et al., 2017), our results showed that the influence of urbanization on 452 
CO2 emission from adjacent waters could also exist in different areas within a single reservoir 453 
ecosystem. These results together indicated the crucial role of urbanization in carbon 454 

biogeochemical cycling in reservoir waters. 455 

3.4. Uncertainties and further outlook 456 

There are several limitations in our study that are worthy addressing. Firstly, our results have 457 
shown large spatiotemporal variations in CO2 concentration and flux in the reservoir. In 458 
future studies, field sampling with a greater frequency over multiple years can provide more 459 

detailed information about the temporal variations in CO2 dynamics at multiple scales. 460 
Secondly, the diel fluctuations of GHG flux have been reported in various aquatic ecosystems 461 
(Natchimuthu et al., 2014; Xiao et al., 2013; Xing et al., 2004). Photosynthesis is typically 462 

strong during the day, while respiration dominates CO2 exchange with markedly higher 463 
CO2 emission at night (Hirota et al., 2007). Therefore, aquatic ecosystems can be a net carbon 464 
sink during the daytime due to the strong phytoplankton photosynthesis, but change to a net 465 

carbon source when considering a complete 24-hour cycle owing to the strong carbon 466 
emission at night (Natchimuthu et al., 2014). Similar diel patterns can also occur in the 467 

reservoir on top of the seasonal variation. A greater number of in situ measurement of the 468 
diurnal CO2 fluxes in different seasons will further improve our development of annual 469 

CO2 budgets in the aquatic ecosystems. Furthermore, some studies have shown the important 470 
role of meteorological variables in affecting CO2 emission (Li and 471 

Lu, 2012; Natchimuthu et al., 2014; Zhao et al., 2013). Although the effect of extreme 472 
weather events, such as heavy rain and typhoon, on CO2 flux was not examined in this study, 473 
we found some clear impacts of continuous precipitation on reservoir CO2 fluxes. The 474 

impacts of meteorological events deserve more attention in future studies. Due to the 475 
limitation of equipment, we did not measure sewage discharge and nutrient concentrations in 476 

this study. In future work, quantifying the rates of water and nutrient inputs from sewage can 477 
provide useful information to improve the understanding of the impact of urbanization and 478 

land use on carbon cycling in reservoirs. Lastly, we focused our investigation of the controls 479 

of CO2 concentration and flux on various environmental parameters (e.g. water quality, 480 
weather condition, and reservoir morphology). Future research can quantify the 481 
biogeochemical processes of CO2 using molecular biotechnology and isotope methods to 482 

yield a better mechanistic understanding of the spatiotemporal dynamics of CO2 in aquatic 483 
ecosystems. 484 

4. Conclusions 485 

With the worsening climate change, GHG emission from reservoirs have received increasing 486 
attention. In this study, dissolved CO2 concentration and flux were investigated at high spatial 487 
resolution from a subtropical coastal Wenwusha Reservoir, Southeast China. Overall, our 488 

results showed that CO2 concentrations in the reservoir were supersaturated (average: 489 

24.25 mol/m2/y) in most periods, varying over a wide range from −35.82 to 294.60 mol/m2/y. 490 
CO2 concentrations and fluxes from waters adjacent to regions with intensive human activity 491 
were much higher than those in other areas, due to larger input of allochthonous carbon and 492 
nitrogen via municipal sewage, aquaculture wastewater and upstream runoff. Urbanization 493 

https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0003
https://www.sciencedirect.com/science/article/pii/S1001074221001431#fig0004
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0007
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0072
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/urban-pollution
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0072
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0050
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0079
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0080
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0028
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0050
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0041
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0041
https://www.sciencedirect.com/science/article/pii/S1001074221001431#bib0050
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and agricultural activities in the catchment appeared to create CO2 emission hotspots in some 494 
parts of the reservoir. Apart from the spatial differences across the reservoir, reservoir 495 
CO2 emissions also exhibited clear seasonal variations that were related to primary 496 
productivity, temperature, and rainfall events. Our results highlighted that subtropical coastal 497 

reservoir was a net source of atmospheric CO2 with high spatiotemporal heterogeneity. 498 
Considering the rapid urbanization in coastal areas around the world, proactive measures are 499 
needed to mitigate the large GHG emission from coastal reservoirs arising from human 500 
activities. 501 
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