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A B S T R A C T   

Aquatic ecosystems are globally significant sources of greenhouse gases (GHG) to the atmosphere, offsetting the 
terrestrial sinks. A one-year field study was carried out in a shallow eutrophic Lake Wuliangsuhai, Inner 
Mongolia (draining waters from one of the largest irrigation areas in China), to estimate diffusive GHG fluxes and 
their relative importance in global warming potential (GWP). Our results showed high spatiotemporal variation 
in dissolved CO2, CH4 and N2O concentrations, while they did not differ significantly between the bottom and 
surface layers of the shallow waterbody. In general, GHG concentrations and diffusive fluxes were higher in the 
north part of the lake than in the south. GHG concentrations in the water under the ice were significantly higher 
than those during the open-water period. Spatial variability of GHG concentrations varied with the bathymetry of 
the lake. The location of study sites relative to the main inflow and abundance of submerged macrophytes were 
the main controlling factors of GHG concentrations, as indicated by the consistency of GHG concentrations at the 
sampling sites, particularly for N2O. The total diffusive GHG emission from Lake Wuliangsuhai was 76.9 ± 5.4 
Gg CO2 equivalents yr− 1, with CO2, CH4 and N2O contributing 16 %, 83 %, and 1 %, respectively. Overall, the 
results suggest that shallow lakes in mid-latitude arid areas with cold winters can be potentially important GHG 
sources. However, those lakes are insufficiently represented in the scientific literature, and therefore they deserve 
more research attention.   

1. Introduction 

Freshwater ecosystems have been recognized as significant sources 
of greenhouse gases (GHG) to the atmosphere (Cole et al., 1994; Ciais 
et al., 2013; Raymond et al., 2013; Sanches et al., 2019). A vast number 
of studies have focused on GHG fluxes out of lakes and reservoirs during 
the last two decades (Deemer et al., 2016; DelSontro et al., 2018; Xiao 
et al., 2020). Global carbon dioxide (CO2) and methane (CH4) fluxes 
from freshwater ecosystems have been estimated at 2.1 Pg C (CO2 eq) 
yr− 1, which is equivalent to approximately 79 % of terrestrial carbon 
sink (Bastviken et al., 2011; Tranvik et al., 2009). Global nitrous oxide 

(N2O) emissions, in turn, have been estimated at 148–277 Gg N yr− 1. 
However, there is still a large uncertainty, especially concerning the 
global N2O emissions from freshwaters. The relative contribution of the 
emissions to the global warming impact can be quantified using CO2- 
equivalent (Grasset et al., 2020) which accounts for the differences be-
tween the three gases concerning their heat absorption efficiency and 
lifetime in the atmosphere, known as global warming potential (GWP). 
The GWP of CH4 and N2O are 34 and 298 times greater than CO2, 
respectively, over a 100-year timescale (Myhre et al., 2013), and 
therefore, it is of great importance to know not only CO2 but also CH4 
and N2O emissions of the studied ecosystem. 
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CO2 and CH4 in freshwater ecosystems are primarily produced via 
the degradation of organic matter (OM) through aerobic and anaerobic 
processes (Li et al., 2021). N2O, in turn, is mainly produced as a by- 
product of nitrification and as an intermediate form of denitrification 
(Galloway et al., 2008), and increased concentrations are often con-
nected to the increased availability of N. However, other environmental 
factors affect the production rates as well (e.g., organic matter avail-
ability, dissolved oxygen concentration, temperature, and pH). Thus, gas 
dynamics are related to multiple factors, including weather conditions 
and eutrophication (Beaulieu et al., 2019; Xiao et al., 2021), but also to 
the bathymetry of the lakes, as shallow lakes usually release significantly 
greater amount of CH4 than deep lakes (Li et al., 2020). Shallow lakes 
are sensitive to high nutrient loading, and a short distance from the 
sediment to the water surface supports gas release to the atmosphere 
(Zhu et al., 2016). In addition, the experimental means and geostatistical 
methods application (Fabijańczyk et al., 2016) also impact the GHG 
dynamics. 

The research on lake ecosystem GHG emissions has concentrated in 
Europe and North America, i.e., northern temperate, boreal, and arctic 
lakes (Juutinen et al., 2009; Sanches et al., 2019). Relatively few studies 
have focused on GHG fluxes from lakes and wetlands located in the mid- 
latitudes of central Asia, central and northwestern parts of China (Li 
et al., 2018). A considerable amount of the lakes in China are situated in 
high-altitude areas where arid and semiarid climate predominates and 
lakes are ice-covered for 5–7 months each year (Sun et al., 2021). The 
area of the lakes in Inner Mongolia accounts for 21.2 % of the total lakes 
area of the Yellow River Basin (Shang et al., 2021), their contribution to 
GHG emissions both at the regional and the global scale is essential in-
formation. Yet only a few GHG flux estimates of wetlands and lacustrine 
ecosystems are available from Inner Mongolia. Lake Wuliangsuhai is the 
largest freshwater lake in the Yellow River basin, which is an 
impoundment mainly collecting drainage water from Hetao Irrigation 
District, has experienced eutrophication due to high nutrient loading 
resulting from the use of fertilizers and inflowing sewage (Sun et al., 
2013). As an integral part of the district, the study lake has an important 
role in governing the regional GHG budget. 

Only a few previous GHG studies of Lake Wuliangsuhai exist, and 
they are based on rather few measurement sites (Duan et al., 2005; Sun 
et al., 2021). In Lake Wuliangsuhai, dense reed stands create a great 
spatial heterogeneity, and variable sizes patchy open water areas are 
connected with canals. Combined with unevenly distributed nutrient 

loading and abundant submerged vegetation in many places, these 
factors may potentially result in spatial heterogeneity in GHG produc-
tion and fluxes, which can only be covered by the adequate number of 
sampling sites. In order to address concerns about global climate change 
and GHG emissions, a more comprehensive understanding on the 
importance of GHG fluxes into the atmosphere and the global warming 
potential of Lake Wuliangsuhai is needed. This is the first joint analysis 
of all the main GHG (CO2, CH4, N2O), focusing on simultaneous con-
centration measurements and diffusive flux modeling in any lake in 
Inner Mongolia. The objective of this study is to assess the spatiotem-
poral dynamics of GHG concentrations and emissions in the open-water 
areas of the whole lake with highly abundant, but patchy, submerged 
vegetation. In addition, the global warming potential of GHG is esti-
mated to assess the relative importance of the three gases to the total 
diffusive GHG emissions. 

2. Material and methods 

2.1. The study lake 

Lake Wuliangsuhai is located in the western part of Inner Mongolia 
(Fig. 1; 40◦36′–41◦03′N, 108◦41′–108◦57′E), an altitude of about 1019 
m, and it is the eighth largest freshwater lake in China, with a total area 
approximately of 337 km2 (2021 data). It situates in a cold arid region 
with a regional annual mean air temperature of 7.5 ◦C and precipitation 
of 225 mm. It is ice-covered for about 5 months each year and a major 
part of precipitation takes place during June-September. Lake 
Wuliangsuhai is a shallow lake with a mean water depth of 1.7 m. The 
basic characteristics of the lake are summarized in Table S1. Only 38 % 
of the lake is an open water area with plenty of submerged macrophytes 
(mainly Potamogeton pectinatus L. and Myriophyllum verticillatum L.) in 
many places, especially in the northern areas. The rest of the lake is 
covered with dense stands of emergent macrophytes, mostly reed 
(Phragmites australis). 

The lake water originates from the Yellow River and flows through 
the Hetao Irrigation District before entering Lake Wuliangsuhai, thus 
collecting irrigation drainage and wastewater through a drainage 
channel system discharging to the lake on the northwestern side of the 
lake (Liu et al., 2017). The main drainage channel consists of > 90 % of 
the total inflow into the lake (Fig. 1). The outflow is on the south side of 
the lake and connects back to the Yellow River. 

Fig. 1. Location of Lake Wuliangsuhai (a) with the sampling sites (red dots) and main drainage channel into the lake (b). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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2.2. Field measurements and laboratory analyses 

In total, 20 sampling sites were selected covering the whole lake 
from north to south (Fig. 1), except the northernmost part of the lake, 
’Xiaohaizi’, which is almost completely covered by reeds and has a 
limited connection with the rest of the lake due to division by an 
embankment. Seven sampling campaigns were conducted from January 
2020 to January 2021. Samples were taken on June 19th, July 18th, and 
August 25th (summer), on September 26th and November 12th 
(autumn), and on January 9th 2020, and January 18th 2021 (winter). 
Springtime samples were missing due to the difficulties in arranging the 
sampling because of the ice cover thawing and the impact of COVID-19. 

The GHG samples were collected from two different depths (surface 
and bottom), i.e., the uppermost 30 cm water layer and approximately 
10 to 40 cm above the sediment. Meanwhile, water temperature (WT), 
pH and dissolved oxygen (DO) were measured using YSI meter (pro-
fession plus, USA). In addition, water depth was measured using a 
weighted measuring tape. All samples were taken by a 30 cm long 
Limnos sampler (volume 2 L) during each sampling campaign between 
10 am – 2 pm (local time UTC + 8:00). Water was introduced gently into 
the bottom of a 250-mL BOD (biochemical oxygen demand) bottle 
through a silicone tube and allowed to overflow approximately 3 times 
the bottle volume to prevent the sample from being contaminated by the 
atmosphere. To inhibit biological activities, 150 μL of saturated HgCl2 
solution was injected into the samples immediately followed by the 
greased ground stopper inserted and fastened (Butler and Elkins, 1991). 
The samples were stored in a refrigerator keeping them in dark at 4 ◦C 
until measurements were carried out. 

2.3. Carbon dioxide, methane, and nitrous oxide concentration 
measurements and flux estimates 

Detailed methodology of gas concentration measurements and 
diffusive flux estimates can be found in Supplementary Material. In 
short, the CO2 concentration was derived from dissolved inorganic 
carbon (DIC), pH, and temperature according to Butler (1982). DIC was 
measured using a gas diffusion flow analysis combined with an electrical 
conductivity technique (Yan et al., 2020). Dissolved CH4 and N2O con-
centrations were determined by gas chromatography and the automated 
static headspace analysis modified after Butler and Elkins (1991) (Zhan 
et al., 2020). 

The flux of GHG between the lake water surface and the atmosphere 
was calculated from the air–water gas concentration difference and the 
gas transfer velocity according to Vachon et al. (2013) adjusted for in situ 
temperatures and gas specific differences according to commonly 
accepted procedures detailed in Supplementary Material. The model 
takes into account the wind speed and the fetch length that was obtained 
through measuring the straight-line distance between the sampling sites 
to the nearest reed stand edge from the mean wind direction measured at 
the meteorological station west shore of the lake. 

The waterbody was supposed to be isolated from the atmosphere by 
the ice cover during the winter period when the greenhouse gases were 
accumulated in the water column and released into the atmosphere 
during the spring overturn following ice melt (Striegl et al., 1998). 
Therefore, only the GHG fluxes between the ice-free water surface and 
the atmosphere were estimated. 

We assumed a gas accumulation rate under ice and the accumulated 
mass of gases subsequently emitted during spring turnover were linearly 
extrapolated based on the concentrations in November and January, and 
taking into account the decrease in water volume due to ice formation. 
Since there is no measured data for spring concentrations, we further 
estimated April-May fluxes assuming that the spring concentrations 
were equal to those in June and lasted for almost 1.5 months. For the 
summer (3 months) and autumn (2.5 months), the fluxes were estimated 
by the mean fluxes integrated over the open water area and respective 
time period. Seasonal fluxes were summed up to represent annual 

emissions during the open-water season of approximately 7 months. The 
inverse distance weighting model was applied to estimate the concen-
tration and fluxes in an evenly spaced grid 10 m × 10 m (i.e., pixels) over 
the open water area: 

Zj =
∑

i

Zi

d2
ij
÷
∑

i

1
d2

ij
(1)  

Where Zj is the predicted value at pixel j,Zi is the measured value at point 
i, d2

ij is the distance between pixel j and measurement point i. Integration 
of the concentration and flux data was performed using the ArcMap 
module of the ArcGIS 10.8 software package (ESRI). 

2.4. Statistical analyses 

The Shapiro-Wilk test was used to examine the normal distribution of 
the GHG concentrations and the GHG fluxes. An independent sample t- 
test was used to determine the difference in GHG concentrations and 
fluxes amongst the different layers and different seasons. One- 
dimensional linear regression analysis was used to examine the rela-
tionship between the GHG concentrations. A significance level of p <
0.05 were set for all statistical analyses, carried out with the IBM SPSS 
statistics 26. 

3. Results 

3.1. Vertical variation in CH4, CO2 and N2O concentrations 

A strong linear relationship was found between surface and bottom 
GHG concentrations (CO2: R2 = 0.86, P < 0.001; CH4: R2 = 0.84, P <
0.001; N2O: R2 = 0.93, P < 0.001) (Fig. 2). However, near the bottom 
CO2 samples were slightly more concentrated than in the surface, 
especially in winter, whereas the concentrations of CH4 were lower near 
the bottom than that in the surface. The rather similar GHG concen-
trations in the entire water column were supported by water tempera-
ture (WT), pH, and dissolved oxygen (DO) results (Fig S1), which 
showed only minor differences between the surface and bottom. How-
ever, lower DO concentrations were occasionally observed near the 
bottom at the certain sampling sites. 

3.2. Temporal patterns in CH4, CO2 and N2O concentrations 

GHG concentrations exhibited a rather clear temporal variation 
amongst the sampling months (Fig. 3). The highest mean monthly 
concentration of CO2 (272 ± 82 µmol/L) and N2O (61.4 ± 42.6 nmol/L) 
were significantly higher in January in comparison with the other 
months, and lowest were observed in June (19.8 ± 19 µmol/L and 8.3 ±
5.4 nmol/L, respectively). CH4 concentrations did not vary as distinct as 
that of CO2 and N2O, and the highest CH4 (5.7 ± 6.3 µmol/L) were found 
in January as well, whereas the lowest (0.8 ± 0.5 µmol/L) in November. 
The mean concentrations of CO2 and CH4 were slightly higher in August 
than other months during the open water period, whereas N2O gradually 
increased from June to November. 

CH4 concentrations were always higher than the atmospheric equi-
librium, whereas CO2 and N2O concentrations were below the equilib-
rium at some sampling sites throughout the open-water period 
(Table S2). In June and September, up to 70 % and 65 % of all sampling 
sites with unsaturated concentrations of N2O and CO2 were observed, 
respectively. Wintertime GHG concentrations were supersaturated in all 
but one site in the case of N2O. 

3.3. Spatial patterns in CH4, CO2 and N2O concentrations 

GHG concentrations showed high spatial heterogeneity in each sea-
son (Fig. 4). The CO2 and N2O concentrations below equilibrium with 
the atmosphere were most commonly observed in the south as well as in 
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the northeast. High CH4 concentrations occurred in both the northeast in 
the winter and the south in the summer, although in other seasons the 
south exhibited the lowest CH4 concentrations. CH4 was rather evenly 
distributed in autumn. The highest N2O concentrations were always 
measured northwest close to the main inlet and in general, N2O grad-
ually decreased from the north to the south. Patterns in GHG concen-
trations were rather coherent over the seasons, especially in the case of 
N2O (Fig. S2). 

3.4. Temporal and spatial patterns in GHG fluxes 

The GHG fluxes varied remarkably both spatially and temporally. In 
general, the lake was a source of GHG to the atmosphere, although some 
areas acted as a sink of CO2 and N2O during the open water period. The 
springtime GHG fluxes estimated from accumulation under winter ice- 
cover (see “Materials and methods”) were 20.5 ± 8.1 mmol m2/d for 
CO2, 5.0 ± 2.1 mmol m2/d for CH4, and 1.5 ± 1.3 µmol m2/d for N2O. 
On average, CO2 and CH4 fluxes in summer were substantially higher 
than in autumn (Fig. S3), i.e., 15.9 ± 18.6 mmol m2/d and 4.1 ± 18.5 
mmol m2/d for CO2, 5.7 ± 4.2 mmol m2/d and 1.3 ± 0.9 mmol m2/d for 
CH4, respectively. On the contrary, the N2O flux rates in autumn (3.5 ±
6.7 µmol m2/d) were greater than in summer (2.7 ± 8.8 µmol m2/d). 

The sites with the highest and lowest seasonal mean fluxes during 
June to November were L11 (4.1 ± 12.7 mmol m2/d)and K12 (− 22.6 ±
9.8 mmol m2/d) for CO2, L11 (21.4 ± 13.3 µmol m2/d) and Q10 (− 8.9 
± 3.8 µmol m2/d) for N2O, in autumn and summer, respectively. On the 
contrary, the highest mean CH4 fluxes were found in the southern part of 
the lake at R7 (16.5 ± 12.7 mmol m2/d) in summer, whereas the lowest 

emissions were found at I12 (0.4 mmol ± 0.3 m2/d) in autumn. 
A remarkably similar spatial distribution of CO2 and N2O fluxes were 

observed in both summer and autumn, the fluxes being higher in the 
northern part than the southern part of the lake (Fig. S3). During both 
seasons, negative fluxes were located especially in the southern areas, 
but also in the northeast. The highest fluxes were found in the northwest 
near the main inlet. The highest CH4 fluxes, in contrast, were in the 
southern part of the lake in summer while in the northeast in autumn. 

The estimate of average k from June to November was 1.89 m/d, 
which is equivalent to the whole water column could reach the atmo-
spheric equilibrium in less than two days, assuming no gas consumption 
or production in the lake. The k values in the southern part of the lake 
were higher than in the northern part (Fig. S4), which was contrary to 
the spatial GHG flux patterns (except CH4 in summer). Fluxes of CO2 and 
N2O had better correlations with corresponding concentrations (CO2: R2 

= 0.7, P = 0.003; N2O: R2 = 0.9, P < 0.001) than that of k values (CO2: 
R2 = 0.4, P = 0.35; N2O: R2 = 0.3, P < 0.004). 

3.5. Annual flux estimates and GWP 

The total annual diffusive GHG emissions from open-water areas to 
the atmosphere were 12.0 Gg CO2 yr− 1, 1.9 Gg CH4 yr− 1, and 2.0 Ton 
N2O yr− 1. As a result, the total annual carbon emissions to the atmo-
sphere were 3.3 ± 0.8 Gg C-CO2 yr− 1 and 1.4 ± 0.4 Gg C-CH4 yr− 1, 
whereas 1.2 Ton N-N2O yr− 1 was emitted as N2O. The total GHG 
emission expressed as CO2 equivalent amounts to 76.9 ± 5.4 Gg CO2 eq 
yr− 1, with CH4, CO2, and N2O contributing to 83 %, 16 %, and 1 %, 
respectively (Table 1). 

Fig. 2. Relationships between surface and bottom CO2, CH4 and N2O concentrations during the sampling times (with adjusted R2 and P-value), Red dashed lines 
represent 1:1 relationship. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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4. Discussion 

The results clearly emphasized major seasonal and spatial differences 
in GHG concentrations in Lake Wuliangsuhai. GHG flux estimates were 
within the range of lake ecosystem GHG fluxes published from China 
and elsewhere (Table S3). In comparison with 310 Chinese lakes, our 
mean CH4 flux was higher than in 75 % of the lakes, whereas, by 
contrast, the fluxes of CO2 and N2O were lower than that in most lakes 
(Li et al., 2018). Compared with the northern lakes, however, the CO2 
flux was approximately at the same level whereas CH4 flux was greater 
than in most lakes (Table S3). Regarding the CO2 equivalents, N2O 
emissions from Lake Wuliangsuhai were small in comparison with CO2 
and CH4, and corresponded < 2 % to the total, while CH4 played the 
most significant role and made up to 83 % of the total GWP (Table S3). 
Our estimates are close to those for lakes and impoundments globally, i. 
e., 75 %, 23 %, and 2 % for CH4, CO2, and N2O, respectively (DelSontro 
et al., 2018). However, previous studies reported that in some lakes CO2 
might also be the main contributor to the GWP (Huttunen et al., 2003; 
Liu et al., 2013; Xiao, 2014). The estimated value of CH4 emissions from 
Lake Wuliangsuhai varied significantly (Table S3), presumably because 
of the different methods applied and the difficulties in estimating GHG 
fluxes over a long period in a spatially heterogenic lake with the high 
variability of the abiotic (i.e., chemistry and physical) and biotic (i.e., 
vegetation and microbial communities) conditions. 

4.1. Temporal variability 

GHG concentrations in Lake Wuliangsuhai were significantly higher 

under the ice in winter than during summer and autumn, the pattern 
usual in ice-covered lakes (Jansen et al., 2019; Loken et al., 2019). 
Because ice is an efficient barrier between water and the atmosphere, it 
does not allow gas to escape from the lake (Striegl et al., 2001). This can 
be seen in Lake Wuliangsuhai by numerous bubbles trapped in and 
under the ice (Fig. S5). Over time, under-ice gas concentrations 
increased to supersaturation due to the pending microbial processes and 
accumulation of the GHG. However, Sun et al. (2021) reported pCO2 in 
January similar levels to those in July and October, pCO2 was highest in 
April. On average, our measured CO2 and CH4 values were almost 8 
times higher in comparison with values in winter, which means more 
observations are needed for an accurate assessment. Under-ice physical, 
chemical, and biological conditions were suitable not only for the pro-
duction of GHG but also for the uptake of CO2 by algae and macrophytes 
due to active photosynthesis (Song et al., 2019). Light conditions control 
under-ice biological processes in Lake Wuliangsuhai with the key role of 
ice and snow (Huang et al., 2021). Besides, methanotrophic bacteria 
near the bottom sediment took up CH4 and influenced its concentration 
(Kankaala et al., 2006; Wand et al., 2006). In winter, a major proportion 
of methane ebullition may dissolve in the water column, and some of it 
can be subsequently oxidized (Greene et al., 2014). Thus, both 
increasing and decreasing processes can influence CH4 and CO2 con-
centrations under the ice in Lake Wuliangsuhai. 

The conditions for increased N2O concentrations were more favor-
able in winter than in summer with higher photosynthetic activity and 
efficient water mixing, and consequently higher dissolved oxygen con-
centration in the water column. The accumulation in winter was resul-
ted not only by ice cover and ceased atmospheric flux, but also a large 

Fig. 3. Box-plots of the GHG concentrations with their equilibrium concentrations (black dots) during the sampling times. For each sampling site the data has 
calculated as an average of both surface and bottom concentrations, and the variation during each sampling time represents the variation of the sampling sites. 
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part of the lake acted as a sink of N2O implying effective consumption of 
N2O by denitrification during the open water period (Fig S3). Increased 
N2O concentrations from Lake Wuliangsuhai in winter are consistent 
with the results of Finnish lakes (Kortelainen et al., 2020). The negative 
relationship between N2O and water temperature has often been con-
nected to the decrease in the activity of N2O reductase rather than to the 

activity of other reductases in denitrification (Holtan-Hartwig et al., 
2002). Moreover reduced quality of organic carbon may hinder the last 
step of denitrification and result in increased production of N2O in 
winter and autumn, a situation which may have been the case in Lake 
Wuliangsuhai with senescing macrophytes (Uusheimo et al., 2018). 
Anthropogenic N loading (e.g., agricultural irrigation or wastewater) 

Fig. 4. Spatial variation of CO2, CH4 and N2O concentrations in Lake Wuliangsuhai. For each season, average concentration for each sampling site was calculated and 
information was used for the maps. Notice the different scales for summer-autumn and winter. 
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accelerates lake eutrophication and increases N2O emissions (Maavara 
et al., 2019). Therefore, further investigations with more detailed 
measurements are needed to assess the contribution of nitrification and 
denitrification in Lake Wuliangsuhai. 

During the open-water period, CH4 concentrations weakly correlated 
with temperature (r = 0.30, P < 0.01), whereas the correlation between 
N2O and temperature was slightly significant (r = − 0.54, P < 0.001) and 
the concentrations increased with the decrease in temperature towards 
autumn (Miao et al., 2020). A small difference between summer and 
autumn concentrations indicated that CO2, CH4, and N2O production 
and consumption processes were essentially at the same level over the 
whole open-water period. Another explanation is that gas transfer be-
tween water and atmosphere was efficient enough to “stabilize” the 
concentrations, which seems to be based on the homogeneous vertical 
gas profile of this shallow lake (see below) and implies that there is no 
persistent barrier between sediment and atmosphere, thus flux estimates 
integrate the sediment and water processes. 

4.2. Spatial variability 

Although our results showed thermally and chemically rather ho-
mogenous in the water column (Fig S1), a common feature in polymictic 
shallow water bodies. However, there were minor vertical differences in 
CO2 and CH4 concentrations in Lake Wuliangsuhai, which was also 
suggested by the research results of Zhang (2021). During the periods of 
snow-free ice, a diurnal pattern in water temperature was found under 
the ice, the water column above the sediment was warmed up whereas 
after snowing water temperature declined (Huang et al., 2021; Song 
et al., 2019). During the open-water period, short-term diurnal thermal 
stratification may exist, although convection at night easily disturbs a 
shallow waterbody and homogenize any possible stratification. On a 
daily scale, when the wind increases, an existing thermal stratification 
was mixed (Yang et al., 2018). 

Our results indicated GHG concentrations had high spatial hetero-
geneity between the northern parts of the lake and those in the south. 
First, the northern part of the lake is very shallow and especially rich 
with submerged macrophytes (Fig. S6). Species such as Potamogeton 
pectinatus L. and Myriophyllum verticillatum L. are extremely abundant. In 
addition, the open water area is much smaller and more fragmented in 
the north than in the south and shorelines with dense emergent 
macrophyte communities (composed of Phragmites australis Trin. and 
Typha latifolia Presi.) are closer to the sampling sites than in the south. 
Submerged macrophytes affect GHG concentrations in several possible 
ways. On one hand, they provide organic carbon for secondary pro-
duction and decomposer food web that increases GHG concentrations. 
On the other hand, they may reduce GHG concentrations through 
photosynthesis, subsequently transporting oxygen to the sediment and 
thus enhancing CH4 oxidation and reducing methanogenesis. They also 
transport CH4 from the sediment to the water column and same time 
provide suitable habitats for methanotrophic bacteria on their surfaces, 
increasing CH4 oxidation in the water column (Heilman and Carlton, 
2001). The Dense growth of submerged macrophytes may also reduce 
the ebullition of CH4 from the sediment (Davidson et al., 2018; Xiao 
et al., 2017). 

Second, higher gas concentrations in the north might be the prox-

imity of the main inflow, which discharges nutrient rich water and 
organic matter from the Hetao Irrigation District to the lake. The 
inflowing water enters the northwestern edge of the lake through a 
canal, thus particularly enriching this part of the lake, and nutrient 
levels are declined towards the south (Sun et al., 2013). N2O concen-
tration gradually decreased with distance from the main inlet and the 
same general pattern has been visible with N fractions, which is 
consistent with the literature that N load and trophic state increase N2O 
emissions (Zhou et al., 2021). N2O influxes are somewhat unexpected 
for a shallow eutrophic lake, though studies had also reported N2O sinks 
in eutrophic lakes and agricultural reservoirs elsewhere (Webb et al., 
2019). Our annual N2O-N emission estimate corresponds to 0.12 % of 
the annual N loading estimate to the lake (Mao et al., 2014), emission 
factor little lower than that reported e.g., Lake Taihu, at 0.18 % (Xiao 
et al., 2019). Finally, during the ice-free period gas transfer velocity 
affected the gas concentrations and fluxes in the lake, because the larger 
southern basin k could be twice as high in comparison to the northern 
areas. This may partially explain the lower gas concentrations in the 
south. 

4.3. Challenges and further research 

In a large and shallow eutrophic lake with complex morphometric, 
physical and biogeochemical properties, spatially and temporally 
comprehensive data sets, especially important for annual flux estimates, 
can be challenging to gather, as our study clearly shows. Such a sam-
pling program demands enormous resources, which are not usually 
available, and because of harsh conditions particularly in late winter and 
spring before and after ice-out, those periods are not often adequately 
covered (Striegl and Michmerhuizen, 1998; Sun et al., 2021), which 
creates probably the largest uncertainty in our estimates. Our spring flux 
estimates based on accumulated gases (see Material and methods) can 
be slightly overestimated in case of CO2, in addition, ebullition should 
be considered, more detailed discussion in Supplementary Material. 

The diurnal variability of biological production and consumption 
processes affecting GHG concentrations creates a challenge for selecting 
a representative sampling time of the day. Our samples were taken 
around noon, which should quite well reflect diurnal average concen-
trations or slightly overestimate in the case of N2O (Zhang, 2021), 
whereas CO2 may be slightly underestimated due to the time of sampling 
(Huotari et al., 2009). Stratification patterns and weather events, among 
others, may also affect the diurnal GHG cycle, which is impossible to 
take into account in sporadic sampling schemes. 

Due to the great morphometric heterogeneity caused by reed stands, 
we covered the lake with so far the greatest number of sampling sites 
and used a model for gas transfer velocity taking into account the spatial 
variability of wind-based turbulence at the water surface stemming from 
differences in fetch lengths and therefore the effect on wave formation 
(Vachon et al., 2013). Our flux estimates for the three gases were 1.4–2.3 
times larger in comparison with those calculated by the widely used 
model of Cole and Caraco (1998). Thus, the choice of the model is also a 
source of error, due to the influence of lake area, shape, and wind speed, 
the k value has spatial variation and uncertainty (Holgerson and Ray-
mond, 2016; Vachon et al., 2013; Schilder et al., 2016). However, the 
mean k600 of our study is at the same level as two independent estimates 
with comparable wind speeds from northern lakes based on CO2 flux 
estimates with eddy covariance and continuous pCO2 measurements 
(Huttunen Huotari et al., 2011; MacIntyre et al., 2010). The same 
discrepancy with models was also suggested with CH4 flux estimates 
from a Swiss lake, based on a comparison with the eddy covariance 
technique, floating chambers, inverted funnels for ebullition estimate, 
and boundary model calculations (Vesala et al., 2012). 

The method we used focused on dissolved gas concentrations and 
diffusive fluxes, while ebullition and plant-mediated transport were not 
taken into account, although they also contribute to GHG emissions of 
the lakes and can be especially important in Lake Wuliangsuhai. 

Table 1 
Diffusive GHG emissions from Lake Wuliangsuhai.   

CO2 CH4 N2O 

Annual flux (mg m-2d-1) 271.3 ±
68.2 

42.7 ±
12.1 

0.044 ± 0.013 

Annual emissions (Gg C or N yr− 1) 3.3 ± 0.8 1.4 ± 0.4 0.0012 ±
0.0004 

Annual CO2 equivalents (Gg yr− 1) 
(GWP100) 

12.0 ± 3.0 64.4 ±
18.2 

0.6 ± 0.2 

GWP100 denotes global warming potential for the 100-year metric. 
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Ebullition, in particular, has been shown to be an important pathway for 
CH4 emissions from aquatic ecosystems (Bastviken et al., 2011), and its 
importance can be seen in numerous bubbles trapped in the ice of Lake 
Wuliangsuhai (Fig. S5). It was estimated for a lake in Alaska that 80 % of 
CH4 in the bubbles trapped by ice dissolved into the lake water, and 
about half of that was oxidized. Moreover, only 7 % of annual ebullition 
CH4 was trapped in ice and later emitted as the ice melted, and the ice 
growth rate and the magnitude of the CH4 ebullition flux were important 
controlling factors of bubble dissolution (Greene et al., 2014). Also in 
the Swiss lake, only 25 % of the potential CH4 emission took place due to 
effective methane oxidation (Schubert et al., 2012). Therefore, the role 
of both CH4 oxidation and ebullition of Lake Wuliangsuhai should be 
better studied. Mean CH4 fluxes from reed stands of Lake Wuliangsuhai 
from April to October have been estimated to be an order of magnitude 
higher than our estimates for diffusive fluxes (Duan et al., 2005), which 
shows plant-mediated fluxes are of great importance for GHG exchange 
in the whole lake as well. 

5. Conclusions 

This study gives a comprehensive estimate of diffusive GHG emis-
sions from a shallow Lake Wuliangsuhai in Northwest China spanning 
one year, which can be used as a basis for a future study when the total 
GHG budget of the lake will be estimated. Our results showed high 
spatiotemporal variation in dissolved CO2, CH4 and N2O concentrations 
in Lake Wuliangsuhai, which stands on the bathymetry, relative location 
to the main inflow, and abundance of the submerged macrophytes in the 
shallow lake. CH4 is the main contributor to the GWP. Furthermore, the 
results are profitable to understand the variation of GHG in eutrophic 
shallow in cold arid and semi-arid regions. Due to the great spatial and 
temporal variability of the physical and biogeochemical conditions of 
the lake, Thus, a flux measuring technique should be applied, which can 
cover larger areas with high frequency, to assess the role of the whole 
lake in the regional GHG budget including all GHG flux pathways. 
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