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ABSTRACT:  

Coastal reservoirs are potentially CH4 emission hotspots owing to their biogeochemical role 

as the sinks of anthropogenic carbon and nutrients. Yet, the fine-scale spatial variations in 

CH4 concentrations and fluxes in coastal reservoirs remain poorly understood, hampering an 

accurate determination of reservoir CH4 budgets. In this study, we examined the spatial 

variability of diffusive CH4 fluxes and their drivers at a subtropical coastal reservoir in 

southeast China using high spatial resolution measurements of dissolved CH4 concentrations 

and physicochemical properties of the surface water. Overall, this reservoir acted as a 

consistent source of atmospheric CH4, with a mean diffusive flux of 16.1 μmol m–2 h–1. The 

diffusive CH4 flux at the reservoir demonstrated considerable spatial variations, with the 

coefficients of variation ranging between 199 and 426% over the three seasons. The shallow 

water zone (comprising 23% of the reservoir area) had a disproportionately high contribution 

(56%) to the whole-reservoir diffusive CH4 emissions. Moreover, the mean CH4 flux in the 

sewage-affected sectors was significantly higher than that in the nonsewage-affected sectors. 

The results of bootstrap analysis further showed that increasing the sample size from 10 to 

100 significantly reduced the relative standard deviation of mean diffusive CH4 flux from 

73.7 to 3.4%. Our findings highlighted the role of sewage in governing the spatial variations 

in reservoir CH4 emissions and the importance of high spatial resolution data to improve the 

reliability of flux estimates for assessing the contribution of reservoirs to the regional and 

global CH4 budgets. 
 

Introduction 
Atmospheric greenhouse gas (GHG) concentrations have increased markedly since Industrial 

Revolution as a result of the ever-increasing anthropogenic GHG emissions.(1,2) Methane 

(CH4) is one of the major potent atmospheric GHGs, being 34 times more efficient in 

trapping heat than carbon dioxide (CO2) on a per unit mass basis over a 100 year time 

horizon.(2) In 2018, the global mean atmospheric CH4 concentration reached a record level 

of 1869 ppb, exceeding the preindustrial levels by about 150%.(3) Thus, quantifying the 

strength of CH4 emissions from various ecosystems has become a top priority in evaluating 

global climate change and its associated effects on the environment and human society. 

Reservoirs are widely distributed in different parts of the world and represent an important 

component of surface water ecosystems. They receive large amounts of organic matter and 

nutrients from the catchments, with a considerable fraction being subsequently returned to the 

atmosphere as GHGs (e.g., CO2, CH4, and N2O). Concerns about CH4 emissions from 

reservoirs have increased in recent decades,(4−9) with the suggestion that reservoirs serve as 

a globally significant source of atmospheric CH4.(10−13) Hydropower reservoirs around the 

world are estimated to release about 9.7 Tg CH4 yr–1,(10,14) while a synthesis study showed 

that total CH4 emission from global reservoirs amounted to 13.3 Tg yr–1, which was 

equivalent to approximately 20% of the global inland water CH4 budget.(12) Meanwhile, a 

paucity of the CH4 flux data from reservoirs with varying degrees of human perturbations 

over a broad range of geographic regions has limited our confidence in constructing reliable 

reservoir CH4 budgets. 

In continuously flooded reservoirs, microbial CH4 production is supported by the steady 

supply of carbon substrates arising from the input of allochthonous organic matter and 

pelagic primary production,(15−17) as well as the presence of a strongly anoxic 

environment.(18) Previous studies showed that CH4 emissions increased initially following 

the establishment of reservoirs and large dams owing to the decomposition of a large amount 

of vegetation and organic soil accumulated at the bottom of the reservoir.(19) Yet, 
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CH4 emissions would subsequently diminish over time owing to the exhaustion of 

mineralizable organic matter.(10) At the later stage, allochthonous materials from the 

watershed become increasingly important as a sustainable source of biogenic substrates for 

reservoir CH4 production.(9,17,20−21) Although extremely high levels of CH4 emissions 

have been reported from some highly polluted inland freshwater reservoirs, particularly those 

in close proximity to wastewater discharge sites and influenced by high levels of human 

activities,(7,9,20,22) these studies were based on field measurements from a limited number 

of sites without a good spatial coverage across the entire reservoir. Moreover, because these 

studies were conducted at inland reservoirs only, the magnitude of CH4 emissions from 

coastal reservoirs remains a critical gap in the estimation of global reservoir CH4 budgets. As 

coastal reservoirs often experience a higher salinity than inland ones, CH4 production and 

emission rates might differ between the reservoirs in these two zones. 

Continual increase in population size coupled with rapid economic growth and urbanization 

in the coastal zones have caused drastic changes in the trophic status of coastal aquatic 

ecosystems, especially in developing countries.(23,24) Anthropogenic wastewater inputs 

have been shown to substantially increase CH4 emissions from coastal estuaries, 

embayments, and lagoons.(1,25−27) Coastal reservoirs are characterized by complex 

interactions between the terrestrial and marine processes and may act as biogeochemical 

sinks of terrestrial pollutants. While it is possible that coastal reservoirs are significant 

CH4 sources owing to the high inputs of anthropogenic carbon and nutrients, there is 

currently a lack of empirical data to test this hypothesis and advance our understanding of 

CH4 cycling in the coastal zone. 

To fill these knowledge gaps, we conducted high spatial resolution measurements of 

dissolved CH4 concentrations in a subtropical coastal reservoir in southeast China over three 

seasons of a year to estimate the diffusive CH4 fluxes across the water–atmosphere interface. 

The specific objectives of this study were to: (1) quantify the magnitude of diffusive 

CH4 fluxes from a subtropical coastal reservoir; (2) assess the spatial variability and potential 

hotspots of reservoir CH4 emissions; and (3) examine the drivers of the spatial variations in 

reservoir CH4 emissions, in particular the role of anthropogenic wastewater inputs. 

Materials and Methods 
Study Area 

This study was carried out at the Wenwusha Reservoir (25°49′36″–25°54′00″ N, 119°35′12″–

119°38′11″ E) in Fujian Province situated in the coastal area of southeast China (Figure 1). 

The area is influenced by a humid subtropical monsoonal climate, with an annual mean air 

temperature and precipitation of 19.3 °C and 1390 mm, respectively. Approximately 75% of 

precipitation falls in the wet season between May and September. Wenwusha Reservoir is 

mainly used for irrigation water diversion and flood mitigation, with the total surface area, 

total volume, and catchment area being 5.2 km2, 3.20 × 108 m3, and 275 km2, respectively. 

The reservoir was created by constructing two dams at different times at the Nangyangdong 

River estuary. We divided the reservoir into two zones according to the time of dam 

construction, land cover types, and trophic status (Figure 1). The northern reservoir zone 

(NRZ) was established in 1957, with a surface area of 1.9 km2 and a total volume of 1.40 × 

108 m3. Its catchment comprises of mostly farmlands (including aquaculture) as well as cities 

and towns with a total area of 277 km2 (Figure 1). Some small drainage channels are directly 

connected to the municipal and industrial sewage discharge points that are located at the 

margins of the NRZ. In contrast, the southern reservoir zone (SRZ) was constructed in 2004 
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and has a larger surface area (3.3 km2) and total volume (1.69 × 108 m3) than NRZ. 

Approximately 70% of its catchment comprises of agricultural land, such as aquaculture 

ponds and croplands, while its immediate surroundings are forest and wetland habitats 

(Figure 1). Water salinity in NRZ (0.4–1.3‰) was lower than that in SRZ (0.4–3.7‰), as a 

result of dilution by freshwater surface runoff. 

Sample Collection 

Surface water samples were collected at a depth of 20 cm from 103 sites (NRZ = 56; SRZ = 

47) distributed along 21 transects (T1–T11 for NRZ and T12–T21 for SRZ) around the 

reservoir on three occasions (mid-November 2018, and mid-March, and mid-June 2019) 

(Figure 1). These sites were distributed in five different sewage loading sectors, namely the 

industrial effluent loading sector (Sector-I), town sewage loading sector (Sector-T), river 

input sector (Sector-R), aquaculture sewage loading sector (Sector-A), and nonwastewater 

loading sector (Sector-N). All the transects were accessed using a small motor vessel. Further 

details about the sampling transects are presented in Figure 1. 

Dissolved CH4 Concentration and Physicochemical Properties 

of Surface Water 

Surface water samples for dissolved CH4 analysis were collected using a gas-tight water 

sampler and transferred into 55 mL gas-tight glass serum bottles that were flushed two to 

three times with the site water thoroughly prior to filling.(28) Then, we injected 0.2 mL of the 

saturated HgCl2 solution into each sample bottle to kill the microbes(9,29) and immediately 

sealed the bottle with a butyl rubber stopper without any headspace or bubbles. The samples 

were stored in an ice box and transported to the laboratory within 6 h. Within 2 d of 

collection, the dissolved CH4 concentration of the water samples was determined using the 

headspace equilibration method.(1,30) Briefly, 25 mL of ultrapure N2 was injected via a 

syringe into the glass serum bottle to create a headspace, while 25 mL of the water sample 

was discarded from the bottle via another syringe that was inserted through the 

stopper.(31) Then, the bottle was shaken vigorously for 10 min to achieve an equilibrium in 

the CH4 concentration between the dissolved and gaseous phases. Subsequently, 5 mL of the 

headspace air sample was drawn from the bottom using a 5 mL plastic syringe, and injected 

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

ionization detector for CH4 measurements. The detection limit for the CH4 concentration was 

0.3 ppm, and the relative standard deviation (RSD) of CH4 analyses was ≤2.0% in 24 h. 

Dissolved CH4 concentrations in the water samples were then calculated based on the 

volumes of water and headspace in the bottle as well as the Bunsen solubility coefficient for 

CH4 as a function of temperature and salinity.(32) 

For the determination of the concentrations of total organic carbon (TOC), nitrate nitrogen 

(N–NO3
–), and ammonium nitrogen (N–NH4

+), the surface water sample was collected at 

each site using a 5 L organic glass hydrophore and transferred into a 150 mL polyethylene 

bottle. All samples were filtered through a 0.45 μm filter (Biotrans nylon membrane), and the 

filtrates were stored in 30 mL precombusted glass bottles prior to analysis. The concentration 

of TOC was measured using a TOC analyzer (TOC-VCPH/CPN, Shimadzu, Japan) with a 

detection limit of 0.4 μg L–1 and a repeatability RSD of ≤1.0% in 24 h. The concentrations of 

N–NO3
– and N–NH4

+ were measured with a flow injection analyzer (Skalar Analytical 

SAN++, The Netherlands), with a detection limit of 0.6 μg L–1 and a repeatability RSD of 

≤3.0% in 24 h. We also measured various physicochemical parameters of surface water in 
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situ at a depth of 20 cm at each site. Water temperature (WT) and pH were determined using a 

portable pH/mV/temperature meter system (IQ150, IQ Scientific Instruments, USA), while 

electrical conductivity (EC), salinity, and dissolved oxygen (DO) were measured using an EC 

meter (2265FS EC, Spectrum Technologies, USA), a salinity meter (Eutech Instruments-

Salt6, USA), and a multiparameter water quality checker (HORIBA, Japan), respectively. Air 

temperature (AT), atmospheric pressure (AP), and wind speed (WS) were measured at 2 m 

above the water surface using a portable weather meter (Kestrel-3500, USA). Water depths 

were measured using a portable ultrasonic water depth sensor (GAMICOS, China). 

Calculation of Diffusive CH4 Fluxes 

Diffusive CH4 fluxes (FD, μg CH4 m
–2 h–1) across the water–atmosphere interface were 

calculated using the thin boundary layer method,(1,8,20,31,33) according to the following 

equation 

 (1) 

where k is the gas transfer velocity (m h–1), Cobs is the dissolved CH4 concentration in surface 

water (μmol L–1), and Ceq is the equilibrium dissolved CH4 concentration relative to 

atmospheric concentration at in situ temperature and salinity (μmol L–1), and M is the molar 

mass of CH4 (16 g mol–1). 

The gas transfer velocity of lentic systems (e.g., lakes, reservoirs, and ponds) is mainly 

governed by wind speed because of negligible surface water flow.(34) In this study, 

the k value was calculated using the relationship with wind speed formulated by Cole and 

Caraco (1998)(35) 

 (2) 

where Sc is the Schmidt number for CH4 calculated as a function of water temperature (see 

Wanninkhof, 1992),(36) and U10 is the frictionless wind speed at 10 m above the water 

surface (m s–1), which is calculated using(8,37) 

 (3) 

where Uz (m s–1) is the wind speed at height z (m) above the water surface (2 m in this study), 

and Cd10 is the drag coefficient at 10 m above the water surface (0.0013 m s–1), and K is the 

von Karman constant (0.41). 

Statistical Analysis 

We applied ANOVA to test for significant (p < 0.05) effects of the reservoir zone, sewage 

sector, and water depth on diffusive CH4 fluxes and surface water physicochemical properties 

using Statistica 8.0 (StatSoft, Inc. Tulsa, USA). Principal component analysis (PCA) was 

used to examine the relationships between water physicochemical parameters and 

CH4 concentrations/fluxes using IBM SPSS statistics 22.0 (IBM, Armonk, NY, USA). To 

examine the influence of sample size on the estimation of whole-reservoir CH4 emissions, we 

conducted a bootstrap analysis of seasonal mean CH4 fluxes by selecting a subset of the 103 

sites (n = 10, 20, 30, ..., 100) without replacements and calculating an average value. This 

process was then repeated 1000 times and the overall mean and standard deviation of 

CH4 emissions were calculated for each sample size. More details about the statistical 

analysis can be found in the Supporting Information. 
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Results 
Effects on Surface Water Physicochemical Properties 

Reservoir Zone 

Surface water physicochemical properties varied significantly between the two reservoir 

zones on all three sampling occasions, with higher levels of EC, salinity, and DO and lower 

concentrations of N–NO3
– and TOC in SRZ than in NRZ (p < 0.05) (Table 1). 

Sewage Sector 

The mean TOC, N–NH4
+, DO, and salinity differed significantly among the five sewage 

loading sectors over the three sampling campaigns (Figure 2). Mean TOC and N–

NH4
+ concentrations were significantly lower in Sector-N than the other sectors (p < 0.05), 

and were generally highest in Sector-R. In contrast, mean DO concentration was significantly 

greater in Sector-N than in the other four sectors (p < 0.05). 

Water Depth 

Mean concentrations of TOC and N–NH4
+ varied significantly with water depth (p < 0.05), 

with higher concentrations being observed in the shallow zone (<1 m) than in deeper zones 

(Figures S1a,b). In contrast, the mean DO concentrations were significantly lower in the 

shallow zone than in the other two deeper zones across all sampling campaigns (p < 

0.01; Figure S1c). No significant differences in water salinity were detected among the three 

depth zones (p > 0.05; Figure S1d). 

Effects on Surface Water CH4 Fluxes 

Reservoir Zone 

Across all sampling sites in the reservoir, diffusive CH4 fluxes in November 2018, March 

2019, and June 2019 ranged from −4.54 to 178, 1.20 to 724, and 0.55 to 578 μmol m–2 h–

1 (Figure 3), respectively, with mean CH4 emission rates of 13.7 ± 2.68, 16.9 ± 7.08, and 17.7 

± 5.69 μmol m–2 h–1 in the three sampling campaigns. The mean diffusive CH4 fluxes were 

significantly greater in NRZ (21.1 ± 5.65 μmol m–2 h–1) than in SRZ (10.1 ± 1.39 μmol m–2 h–

1) (p < 0.05; Figure 4) across the three sampling campaigns. 

Sewage Sector 

Across the three sampling campaigns, significant differences in mean diffusive CH4 fluxes 

were observed among the five sewage loading sectors (p < 0.01; Figure 5). Sector-N had 

significantly lower mean CH4 fluxes (5.45 ± 0.77, 5.68 ± 0.88, and 7.36 ± 0.57 μmol m–2 h–1) 

than the other four sectors over the whole study period, while Sector-R had significantly 

higher mean CH4 fluxes (68.09 ± 27.69, 130.16 ± 99.27, and 96.02 ± 80.43 μmol m–2 h–1) 

than other sectors (p < 0.05; Figure 5). 

Water Depth 

https://pubs.acs.org/doi/full/10.1021/acs.est.0c03431#tbl1
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Over the study period, diffusive CH4 fluxes in depth zones of <1 m, 1–3 m, and >3 m ranged 

from 23.8 ± 6.16 to 33.3 ± 17.1, 6.79 ± 1.23 to 9.16 ± 0.78, and 4.34 ± 0.57 to 6.12 ± 0.82 

μmol m–2 h–1, respectively, with mean fluxes of 29.8 ± 3.03, 8.35 ± 0.78, and 4.98 ± 0.57 

μmol m–2 h–1, respectively (Figure 6). Significantly higher diffusive CH4 fluxes were 

observed in the shallow water zone (<1 m deep) than the other two deeper zones (p < 

0.05; Figure 6). 

Physicochemical Drivers of Variations in CH4 Fluxes 

Over the whole study period, diffusive CH4 fluxes in the reservoir were positively correlated 

with air temperature, N–NH4
+, and TOC, and negatively correlated with EC, salinity, and DO 

(p < 0.05; Table 2). Within each sampling occasion, the spatial variation in diffusive 

CH4 fluxes was also positively correlated with that of TOC (r = 0.63–0.79, p < 0.01) and N–

NH4
+ (r = 0.23–0.47, p < 0.05), and negatively correlated with that of DO (r = −0.34 to 

−0.74, p < 0.05) and salinity (r = −0.26 to −0.47, p < 0.01, except June 2019) (Table 2). 

Surprisingly, air temperature was significantly correlated with CH4 flux only in November 

2018 but not March and June 2019. The results of PCA between the surface water 

physicochemical properties and CH4 concentrations and fluxes showed that principal 

component (PC) I, which represented water quality with positive eigenvectors for N–NO3
–, 

N–NH4
+, and TOC, explained 78–98% of the variance, while PC II, which reflected water 

biochemical processes with negative eigenvectors for EC, salinity, and DO, explained another 

2–12% of the variance (Figure 7). 

Effects on Estimated Whole-Reservoir CH4 Fluxes 

Sample Size 

The results of bootstrap analysis showed that the reliability of mean diffusive CH4 flux across 

the whole reservoir increased considerably with the number of sampling sites included in flux 

estimations (Figure 8). The estimated mean diffusive flux varied largely over the 1000 

simulations when only 10 samples were selected, with a standard deviation of 12.2 μmol m–

2 h–1 and a RSD of 73.7% (Figure 8b). The simulations produced a large number of flux 

estimates that were much larger than the average flux of 16.1 μmol m–2 h–1 obtained from all 

the 103 sites combined (Figure 8a). Meanwhile, the standard deviation of estimated diffusive 

flux was shown to decrease continually with sample size to less than 5 μmol m–2 h–1 and a 

minimum of 0.6 μmol m–2 h–1 at a sample size of 40 and 100, respectively (Figure 8b). The 

RSD of mean diffusive flux was reduced to 3.4% at a sample size of 100, indicating the 

estimated whole-reservoir CH4 emissions were less variable and closer to the overall mean. 

Spatial Coverage 

We upscaled the diffusive CH4 fluxes obtained from our field measurements to the whole-

reservoir scale based on four scenarios of sample site selection, and compared the upscaled 

fluxes to the best flux estimate (i.e., 0.012 Gg CH4 yr–1) derived from the spatially averaged 

flux from all our 103 sites and the total reservoir area (5.2 km2). Table 3 summarizes the 

results of total annual diffusive CH4 fluxes from the reservoir obtained from different 

scenarios. The first scenario involved the extrapolation of mean flux from a single reservoir 

zone to the entire reservoir. It was shown that the total CH4 emissions upscaled from the 

averages in SRZ and NRZ were 0.007 and 0.016 Gg CH4 yr–1, respectively, leading to biases 

in flux estimates by 42 and 33%. In the second scenario, total fluxes were derived from the 
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mean fluxes in the sewage discharge and nonsewage discharge sectors over the three 

sampling occasions. Results showed that total CH4 fluxes were overestimated by 142% based 

on the data from sewage discharge sectors only (0.029 Gg CH4 yr–1) but underestimated by 

67% based on the data from nonsewage discharge sectors only (0.004 Gg CH4 yr–1). In the 

third scenario, the total fluxes were extrapolated from the mean emissions from the shallow 

(<1 m) or deep water zones alone, leading to an overestimation by 83% (0.022 Gg CH4 yr–1) 

and an underestimation by 58% (0.005 Gg CH4 yr–1), respectively. In the last scenario, the 

average flux obtained from two different transects was used to estimate the total reservoir 

CH4 fluxes. This approach resulted in the greatest bias in estimated whole-reservoir flux, with 

an underestimation of 83% (0.002 Gg CH4 yr–1) based on the low mean flux value in Transect 

2 but an overestimation of 692% (0.095 Gg CH4 yr–1) based on the high mean flux in 

Transect 12. 

Discussion 

Subtropical Coastal Reservoirs as Net Sources of Atmospheric 

CH4 

Although CH4 dynamics in coastal reservoirs were relatively understudied, the magnitude of 

dissolved CH4 concentrations found in this study was comparable to those previously 

reported in the inland reservoirs in the tropical,(4,38) subtropical,(8,9) and 

temperate(20,22,39) regions (Table 4). The dissolved CH4 concentrations in our subtropical 

coastal reservoir were supersaturated with respect to atmospheric equilibrium, indicating that 

this reservoir acted as a net source of atmospheric CH4. The magnitude of mean diffusive 

CH4 emissions observed in this study (16.1 μmol m–2 h–1) was similar to that observed in 

other tropical,(4,38,40) subtropical,(8,9,41,42) and temperate(20,39,43) reservoirs, but was 

considerably lower than those reported in the reservoirs in Furnas in Brazil(40) and Harsha in 

the USA(22) (104–608 μmol m–2 h–1; Table 4). 

Although the average CH4 fluxes from our studied reservoir were not particularly high among 

the world’s reservoirs on a per unit area basis, the role of subtropical coastal reservoirs in the 

regional CH4 budget should not be overlooked. When the measured fluxes were upscaled to 

the entire reservoir surface, the total CH4 emissions from the 5.2 km2 Wenwusha Reservoir 

were estimated to be 0.012 Gg CH4 yr–1. The total diffusive CH4 flux from coastal reservoirs 

would account for approximately 1.5% of the annual total from all reservoirs in 

China.(44) Our findings suggested that CH4 emissions from coastal reservoirs should be 

quantified more widely for an accurate assessment of regional and global reservoir 

CH4 budgets and an improved estimation of GHG emission inventories. 

Role of Sewage Inputs in CH4 Emissions 

Results from our spatially intensive sampling showed that the coastal reservoir represented a 

consistent source of atmospheric CH4 that could be intensified by human activities, 

particularly the inputs of human wastes to water (Figure 3). Considerable small-scale spatial 

variability of CH4 emissions has been reported from other inland freshwater 

reservoirs(4,8,40,45) and lakes(31,46) that could be attributed to the effects of organic matter 

and nutrient availability. Among the environmental variables recorded in this study, wind 

speed, water temperature, and atmospheric pressure were relatively constant across the 

reservoir, while the concentrations of TOC, N–NO3
-, N–NH4

+, and DO showed large spatial 
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variations (Figure 2). Located in a catchment with intensive human activity, the Wenwusha 

Reservoir is directly affected by sewage inputs from domestic and industrial effluents, 

aquaculture pond drainage, as well as river and stormwater runoff (Figure 1). Our results 

showed that the river input sector had the highest mean TOC and N–NH4
+ concentrations, 

suggesting the key influence of the upstream area in sustaining the supply of carbon and 

nitrogen. In addition, the nonwastewater loading sector had significantly lower TOC and N–

NH4
+ concentrations and significantly higher DO concentration than all other wastewater 

loading sectors, indicating a better water quality in the absence of sewage influence. The 

large spatial variation in nutrient status in the surface water across the reservoir as a result of 

varying extents of sewage inputs was likely one of the factors influencing CH4 emissions 

(Figure 3). 

In aquatic ecosystems, CH4 production is mainly driven by the anaerobic decomposition of 

organic matter in sediments.(31,47,48) An increase in nutrient loading not only will enhance 

CH4 production by stimulating autochthonous production and substrate supply, but also 

suppress aerobic CH4 oxidation by intensifying oxygen consumption associated with organic 

matter degradation.(31,49,50) Although CH4 production data were not available in this study, 

our observation of greater CH4 emissions from the sewage loading sectors than the 

nonwastewater loading sector lent support to the hypothesis of an enhanced methanogenesis 

under higher nutrient loads. Our results showed that CH4 fluxes were positively correlated 

with TOC and N–NH4
+ concentrations (Table 2), as reported similarly in other aquatic 

ecosystems,(7,9,51,52) indicating the influence of carbon and nutrient supply on microbial-

mediated CH4 production and emission. 

The differences in mean CH4 fluxes between the two reservoir zones provided additional 

evidence for the role of sewage drainage in governing CH4 emissions from this coastal 

reservoir. Over the study period, mean CH4 fluxes were consistently found to be greater in 

NRZ than SRZ (Figures 2 and 4). This could be attributed to the significantly higher N–

NO3
– and TOC concentrations found in NRZ in supporting methanogenic activities (Table 1), 

as a result of the inflow of nutrient-enriched river runoff and sewage effluents. Previous 

studies have also demonstrated the positive effect of sewage discharge on CH4 emissions 

from streams and a coastal bay.(1,53) At the same time, we observed a significantly lower 

mean water salinity in NRZ than in SRZ (Table 1) and a significant negative correlation 

between salinity and CH4 fluxes over the whole study period (Table 2). Yet, salinity was 

likely not a dominant factor in governing the spatial variations in CH4 fluxes in this reservoir 

because the difference in mean salinity between the two reservoir zones was actually small 

(<2 ppt) and the spatial heterogeneity of water salinity within each zone was also very low 

(Table 1). Our findings suggested that salinity would have a limited influence on the spatial 

variations in CH4 emissions from coastal reservoirs that do not have direct and open 

exchange of water with the coastal zone. 

We found that the dissolved CH4 concentrations in the aquaculture ponds, rivers, and 

municipal sewage drainage channels adjacent to Wenwusha Reservoir were approximately 

three to eight times higher than those in the reservoir surface water, which could lead to a 

direct input of dissolved CH4 into the reservoir and subsequently a steeper CH4 concentration 

gradient between the surface water and atmosphere for diffusive emissions. Given a mean 

river discharge of 54.3 m3 s–1 and a mean dissolved CH4 concentration of 6.16 μmol L–1 in 

river water over the study period (unpublished data), we estimated that the direct input of 
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dissolved CH4 from river runoff into the reservoir was 0.169 Gg CH4 yr–1, which was over 14 

times greater than the annual total amount of CH4 released from the whole reservoir. Hence, 

the impacts of river and sewage discharge on the direct introduction of dissolved CH4 into the 

reservoir should not be ignored because this external CH4 addition could well sustain 

substantial CH4 emissions from the reservoir surface into the atmosphere even without any 

internal CH4 production within the reservoir system. Further studies should be conducted to 

evaluate the influence of other sewage sources on the direct import of dissolved CH4 into the 

reservoir, as well as the relationships between sewage discharge and socioeconomic 

characteristics of the watershed (e.g., population) to improve our understanding and 

prediction of reservoir CH4 dynamics. 

Contribution of Shallow Water Zone to Reservoir 

CH4 Emissions 

We found that diffusive CH4 fluxes consistently decreased along the hydrologic gradient 

from the shallow water zone (<1 m) to deeper water zone (>3 m) in the core part of the 

reservoir (Figures 3 and 6). Previous studies have also reported a negative relationship 

between CH4 fluxes and water depth.(8,46,54−57) In the Wenwusha Reservoir, the three 

hydrologic zones with water depths of <1, 1–3, and >3 m occupied 23, 45, and 32%, 

respectively, of the total reservoir area. Yet, the area-weighted fluxes from the above three 

hydrologic zones accounted for 56, 31, and 13%, respectively, of the total reservoir 

CH4 emissions, implying that the shallow water zone had a disproportionally large 

contribution to the overall CH4 release from this subtropical coastal reservoir. 

The shallow water zone near the shore often directly receives sewage discharge, catchment 

runoff, and river inflows, leading to greater deposition of fresh sediments and organic matter 

that could potentially increase CH4 production as compared to the deeper interior 

zone.(16,31,58) Indeed, greater CH4 fluxes from the shallow zones have been widely reported 

in freshwater reservoirs and lakes.(31,46,54,59,60) In this study, the shallow water zone had 

significantly higher mean TOC (Figure S1a) and N–NH4
+ concentrations (Figure S1b) than 

the deeper zones, respectively, which corresponded well to the spatial variations in 

CH4 fluxes with water depths (Figure 5). Interestingly, we observed high CH4 emission rates 

from the unpolluted shallow zones of SRZ, which was possibly related to the continuous 

inputs of organic matter from nearby wetlands that supported CH4 production. 

The magnitude of net CH4 release from aquatic systems is determined by methanogenic 

CH4 production, methanotrophic CH4 oxidation, and various CH4 transport processes. The 

rate of CH4 emission from the water surface into the atmosphere can be reduced by 

CH4 oxidation,(61) which is partly regulated by the DO level in the water 

column.(62,63) High rates of CH4 oxidation have been observed under high concentrations of 

both dissolved CH4 and DO.(61−64) It has been suggested that CH4 oxidation rates are 

greater in deeper water because of a longer distance for CH4 transport and thus a higher 

chance for methanotrophs to take actions.(65) In this study, we found significantly lower 

mean DO concentrations in the shallow water (<1 m) zone than the two deeper zones (Figure 

S1c) and a significant and negative correlation between CH4 fluxes and water DO 

concentrations (Table 2). These results suggested that high CH4 emissions from the shallow 

water zone could also be a result of low rates of CH4 oxidation arising from the low 
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O2 availability and a short CH4 transport pathway. Further studies in the field and laboratory 

are needed to test this hypothesis of mechanistic control of net CH4 fluxes. 

Implications of High Spatial Resolution Measurements of 

CH4 Fluxes 

Our results of flux upscaling to the whole-reservoir scale based on different scenarios of 

sample site selection showed that the annual flux estimates derived from low spatial 

resolution measurement in previous studies were subjected to potentially large 

biases.(8,40,45) We found that the total reservoir CH4 emissions estimated from the data 

from single transects were highly unreliable with a bias of up to 692%, probably owing to the 

low number of sampling sites included in calculating a spatially representative mean flux 

(Table 3). On the other hand, the estimation of whole-reservoir CH4 fluxes based on data 

from the nonwastewater loading sectors only without considering the emission hotspots in the 

sewage loading sectors could cause a 67% underestimation of total CH4 emissions (Table 3). 

Thus, high spatial resolution flux measurements that adequately capture the spatial 

heterogeneity of the source area are essential for an accurate upscaling of reservoir 

CH4 emissions and the development of regional and global reservoir CH4 budgets.(8,40) 

We further evaluated the effect of sample size on the reliability of the estimated mean 

diffusive CH4 flux across the whole 5.2 km2 large reservoir with bootstrap analysis by 

selecting a subset out of our 103 sites without replacements and repeating this sampling for 

1000 simulations. Our results showed that the RSD of mean CH4 flux decreased continually 

from 73.7% at a sample size of 10 to 3.4% at a sample size of 100 (Figure 8). Thus, 

increasing the sample size could effectively reduce the uncertainty and bias of the estimation 

of whole-reservoir CH4 emissions. The relationship established between the standard 

deviation of diffusive CH4 fluxes and the number of samples as shown in Figure 8 could be 

used to determine an optimal sample size that could produce a reasonably good flux estimate 

while keeping the sampling effort to an acceptable level. Similar analysis should be done for 

reservoirs with varying areas and degrees of human influence for evaluating an appropriate 

number of sampling sites in quantifying a representative estimate of whole-reservoir 

CH4 emissions. 

Study Limitations and Recommendations for Future Research 

As in most studies, there were some limitations to this study. First, a thorough understanding 

of the spatial variations in CH4 concentrations in coastal reservoirs is still lacking, in 

particular the vertical patterns of dissolved CH4 along the water column. Future studies 

should quantify the vertical profile of CH4 concentrations in the coastal reservoirs in order to 

improve the estimation of diffusive fluxes. Second, ebullition is often considered an 

important pathway of CH4 emissions in reservoirs with high levels of spatial 

variability.(4,5,45,66) Although previous studies have suggested that shallow water zones are 

hotspots of CH4 ebullition in freshwater reservoirs,(4,46,67) we were unable to confirm these 

patterns owing to the lack of CH4 ebullition measurements in the Wenwusha Reservoir. 

Future studies should utilize advanced technologies such as hydroacoustic echosounders to 

measure CH4 ebullition directly in coastal reservoirs. Finally, this study did not assess the 

contribution of individual mechanistic processes, for example CH4 production and oxidation, 
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as well as the abundance and activity of various microorganisms, for example methanogens, 

methanotrophs, and sulfate-reducing bacteria, that are important in CH4 dynamics. More 

detailed investigations of the microbial processes involved in CH4 metabolism can help 

enhance our understanding of the controls of spatial variations in CH4 emissions from coastal 

reservoirs. 
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Table 1. Physicochemical Variables of the Surface Water (20 cm Depth) at Two Reservoir 

Zones from the Wenwusha Reservoir During Each Sampling Campaign a 

 

 
 
a WT, EC, DO, and TOC represent the water temperature, conductivity, dissolved oxygen, and 

total dissolved carbon, respectively. Lowercase letters within the same row indicate 

significant differences at p < 0.05 level between two reservoir zones during each sampling 

campaign. 
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Table 2. Spearman Correlation Coefficients between Diffusive CH4 fluxes and 

Environmental Variables at the Wenwusha Reservoir a 

 
a n = 103 for environmental variables and CH4 fluxes of the reservoir during each sampling 

campaign. The symbols * and ** denote significant correlations at p < 0.05 and p < 0.01, 

respectively. NS means “not significant”. Bold numbers denote statistically significant 

correlation coefficients. 

 

  

https://pubs.acs.org/doi/full/10.1021/acs.est.0c03431#t2fn1
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Table 3. Mean and Total Diffusive CH4 Fluxes for Different Upscaling Scenarios a 

 
a The total fluxes were calculated from the products of the mean flux and total reservoir area 

(5.2 km2). The asterisk represents our best flux estimate derived from spatially averaged flux 

from all 103 sites across all the sampling campaigns. 

  

https://pubs.acs.org/doi/full/10.1021/acs.est.0c03431#t3fn1
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Table 4. Range of Dissolved CH4 Concentrations (nmol L–1), Saturations (%), and Diffusive 

Fluxes (μmol m–2 h–1) in Reservoirs a 

 
a Notes: the numbers within parentheses refer to average value. 

  

https://pubs.acs.org/doi/full/10.1021/acs.est.0c03431#t4fn1
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Figure 1. Geographical location of the Wenwusha Reservoir and the sampling sites in Fujian, 

Southeast China. SRZ and NRZ represent the southern and northern reservoir zones, 

respectively. A total of 21 transects were selected for sampling across the whole reservoir, 

with 11 transects in SRZ (T1–T11), and 10 in NRZ (T12–T21). I, T, R, A, and N represent 

industrial effluent, town sewage, river input, aquaculture sewage, and nonsewage discharge 

points, respectively. 
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Figure 2. Variations in (a) surface water TOC, (b) N–NH4

+, (c) DO, and (d) salinity at the 

different sewage loading areas across the whole Wenwusha Reservoir during each sampling 

campaign. The various lowercase letters on the bars indicate significant differences at the p < 

0.05 level because of the varying sewage loading areas during each sampling campaign. 

Sector-I, Sector-T, Sector-R, Sector-A, and Sector-N represent the industrial effluents loading 

sectors (n = 4 sampling sties), town sewage loading zone (n = 6 sampling sties), river input 

zone (n = 7 sampling sties), aquaculture sewage loading zone (n = 22 sampling sties), and 

nonwastewater loading zone (n = 64 sampling sties), respectively. Bars represent mean ± SE. 
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Figure 3. Spatial variations in the CH4 diffusion flux across the water–atmosphere interface 

from the Wenwusha Reservoir in November 2018 (a), March 2019 (b), and June 2019 (c). 
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Figure 4. Variations in diffusive CH4 flux at the different reservoir zones from the Wenwusha 

Reservoir during each sampling campaign. Different lowercase letters above the bars indicate 

significant differences at the p < 0.05 level between the SRZ (n = 47) and NRZ (n = 56). 
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Figure 5. Variations in diffusive CH4 flux among different sewage loading areas across the 

whole Wenwusha Reservoir during each sampling campaign. The various lowercase letters 

on the bars indicate significant differences at the p < 0.05 level because of the varying 

sewage loading areas during each sampling campaign. Sector-I, Sector-T, Sector-R, Sector-

A, and Sector-N represent the industrial effluents loading sectors (n = 4 sampling sties), town 

sewage loading zone (n = 6 sampling sties), river input zone (n = 7 sampling sties), 

aquaculture sewage loading zone (n = 22 sampling sties), and nonwastewater loading zone 

(n = 64 sampling sties), respectively. Bars represent mean ± SE. Bars represent mean ± SE. 
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Figure 6. Variations in diffusive CH4 flux at the different water depth zones across the whole 

Wenwusha Reservoir during each sampling campaign. Different lowercase letters above the 

bars indicate significant differences at the p < 0.05 level between the different water depth 

zones. n = 42, 30, and 31 for < 1 m depth zone, 1–3 m zone, and >3 m zone, respectively. 
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Figure 7. PCA biplots of the CH4 concentration (or CH4 fluxes) and surface water 

characteristics of the Wenwusha Reservoir, showing the loadings of ancillary water quality 

parameters (arrows) and the scores of observations in three sampling campaigns [Nov-2018 

(a), Mar-2019 (b), and Jun-2019 (c)] and in all sampling campaign all together (d). WT, DO, 

EC, CCH4, and FCole98 represent the water temperature, dissolved oxygen, conductivity, 

dissolved CH4 concentration, and CH4 diffusive flux, respectively. 
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Figure 8. (a) Box and whisker plots and (b) standard deviation of estimated whole-reservoir 

CH4 diffusive fluxes as a function of the number of sampling sites selected from a total of 

103 sites without replacements based on 1000 simulations. The margins of the boxes 

represent the upper and lower quartiles, and the line in the box is the median value. The 

whiskers represent the extreme values that fall within 1.5 times the interquartile range from 

the box. The circles present the extreme values that are over 1.5 times the interquartile range. 

The red line represents the overall mean CH4 flux based on the data from all 103 sites. 


