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A B S T R A C T   

Shallow eutrophic lakes contribute disproportional to the emissions of CO2 and CH4 from inland waters. The 
processes that contribute to these fluxes, their environmental controls, and anthropogenic influences, however, 
are poorly constrained. Here, we studied the spatial variability and seasonal dynamics of CO2 and CH4 fluxes 
across the sediment-water interface, and their relationships to porewater nutrient concentrations in Lake 
Ulansuhai, a shallow eutrophic lake located in a semi-arid region in Northern China. The mean concentrations of 
CO2 and CH4 in porewater were 877.8 ± 31.0 µmol L− 1 and 689.2 ± 45.0 µmol L− 1, which were more than 50 
and 20 times higher than those in the water column, respectively. The sediment was always a source of both 
gases for the water column. Porewater CO2 and CH4 concentrations and diffusive fluxes across the sediment- 
water interface showed significant temporal and spatial variations with mean diffusive fluxes of 887.3 ±124.7 
µmol m− 2 d− 1 and 607.1 ± 68.0 µmol m− 2 d− 1 for CO2 and CH4, respectively. The temporal and spatial variations 
of CO2 and CH4 concentrations in porewater were associated with corresponding variations in dissolved organic 
carbon and dissolved nitrogen species. Temperature and dissolved organic carbon in surface porewater were the 
most important drivers of temporal variations in diffusive fluxes, whereas dissolved organic carbon and nitrogen 
were the main drivers of their spatial variations. Diffusive fluxes generally increased with increasing dissolved 
organic carbon and nitrogen in the porewater from the inflow to the outflow region of the lake. The estimated 
fluxes of both gases at the sediment-water interface were one order of magnitude lower than the emissions at the 
water surface, which were measured in a companion study. This indicates that diffusive fluxes across the 
sediment-water interface were not the main pathway for CO2 and CH4 emissions to the atmosphere. To improve 
the mechanistic understanding and predictability of greenhouse gas emissions from shallow lakes, future studies 
should aim to close the apparent gap in the CO2 and CH4 budget by combining improved flux measurement 
techniques with process-based modeling.   

1. Introduction 

Carbon dioxide (CO2) and methane (CH4) are the two most impor
tant greenhouse gases with the increase in their atmospheric concen
trations accounting for nearly 80% of the current radiative forcing 
(Myhre et al., 2014). In relation to their relatively small areal extent, 
inland waters contribute disproportionately to CO2 and CH4 emissions 

(Downing, 2010; Rosentreter et al., 2021). Yet, current estimates of CO2 
and CH4 emissions from aquatic ecosystems are not well constrained due 
to reasons that include the limited number of observations and un
certainties of field measurement (Davidson et al., 2015b; Holgerson and 
Raymond, 2016; Rosentreter et al., 2021). Quantification of greenhouse 
gas emissions from various aquatic ecosystems and improved under
standing of their environmental drivers are key to improving the 
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accuracy of current CO2 and CH4 budgets and their response to climate 
change and human activities. 

Lakes are a vital component of the inland water system regarding 
carbon cycling and climate regulation, because they store, transport, 
and transform large quantities of carbon (Tranvik et al., 2009b). Shallow 
lakes cover the largest surface area globally (Downing et al., 2006; 
Verpoorter et al., 2014), and are hot spots of CO2 and CH4 emissions. It 
has been demonstrated that sediments in shallow water are particularly 
important because the CH4 produced is much more likely to reach the 
atmosphere, than CH4 produced in deeper, profundal sediments (Bast
viken et al., 2008). Shallow lakes are more vulnerable to eutrophication 
due to high nutrient input (Anderson et al., 2014; Sinha et al., 2017), 
and poor self-cleaning capacity (Havens et al., 2001; Sun et al., 2021). 
Eutrophication plays a critical role in regulating lake CO2 and CH4 
emissions (Davidson et al., 2015a; Sun et al., 2021). 

Lake sediments are the primary site for biogeochemical trans
formation and can act as a sink or a source of nutrients for the overlying 
water; therefore, sediments influence the availability of nutrients in 
lakes (Huang et al., 2017). Both CO2 and CH4 can be produced in lake 
sediments during the microbial degradation of organic carbon by mi
croorganisms (Schimel and Gulledge, 1998; Wang et al., 2017) and is 
affected by the quantity and quality of organic matter (OM). Eutrophi
cation results in higher OM deposition rates (Hayes et al., 2017), which 
can cause an increase in carbon burial rates (Heathcote and Downing, 
2012; Knoll et al., 2014), or serve as a substrate supporting microbial 
activity, with the potential to increase CO2 and CH4 production (Ber
berich et al., 2020). Sediment temperature, extent of anoxia, pH, and 
substrate quantity and quality affect the methanogenesis rate in lake 
sediments (West et al., 2015). Shallow lakes are inherently heteroge
neous over spatiotemporal scales due to changes in topographic features 
and environmental conditions, resulting in large uncertainties in as
sessments of their CO2 and CH4 budgets and emissions. Although being 
an important component of basin-scale carbon budgets, spatial and 
temporal variations of CO2 and CH4 concentrations in sediment pore
water and fluxes at the sediment-water interface have rarely been 
studied. Moreover, the linkages between spatio-temporal variability of 
organic carbon and nutrient availability and sediment – water fluxes 
have not been studied in shallow eutrophic lakes. Knowledge about the 
variability and dynamics of diffusive CO2 and CH4 fluxes at the 
sediment-water interface of eutrophic lakes and their main environ
mental drivers, provides important insights into the lake carbon dy
namics and improves the accuracy of carbon and greenhouse gas 
budgets. 

Here we test the hypothesis that porewater CO2 and CH4 concen
trations and sediment – waters fluxes in shallow eutrophic lakes are 
characterized by large spatial and seasonal variability in response to 
temperature and nutrient availability. Using field measurements in an 
arid, eutrophic, and shallow lake, we evaluated the spatial and seasonal 
variations of CO2 and CH4 porewater concentrations and diffusive fluxes 
across the sediment-water interface, and identified the main influencing 
factors of their within-lake variability. 

2. Materials and methods 

2.1. Study area and sampling sites 

Lake Ulansuhai (sometimes translated as Lake Wuliangsuhai) is the 
largest freshwater lake in the Yellow River basin located in the arid 
region of the Inner Mongolia Autonomous Region, China (Liu et al., 
2017). It is a typical oxbow lake with a surface area of 293 km2 and a 
water volume of 2.5-3 × 108 m3 (Fig. 1). Lake Ulansuhai is the main 
receiving water body for local agricultural wastewater, domestic 
sewage, and industrial wastewater, resulting in severe eutrophication. 
The trophic level in the water column of Lake Ulansuhai is characterized 
by large spatial heterogeneity and temporal dynamics (Sun et al., 2021). 
The sampling sites were selected to cover the primary lake areas. Site S1 

is located in the northern part of the lake adjacent to the main water 
inlet, whereas sites S2–S4 are located in the upstream and middle stream 
regions of the lake. Sites S5 and S6 are close to each other, but the 
trophic level at site S5 was found to be higher than that at site S6. Site S7 
is located near an aquafarm and the outlet of the lake. The highest 
trophic state occurred at S1, and the lowest occurred at S2 among seven 
sites (Sun et al., 2021). 

2.2. Experimental methods 

2.2.1. CO2 and CH4 concentrations in water column 
Sampling campaigns were conducted in January, May, July, and 

October in the year 2020. The lake was covered by ice during the 
campaign in January. During each sampling campaign, the water tem
perature, pH, and dissolved oxygen concentration (DO) were measured 
at different water depths using a Multi 3420 analyser (WTW GmbH, 
Weilheim, Germany) with accuracies of ± 0.2 ◦C, ±0.004, and ± 1.5%, 
respectively. The concentrations of CO2 and CH4 in the water column 
were measured and calculated using the headspace equilibrium method 
(Roland et al., 2010). 300 mL of ambient air was sampled 1 m above the 
lake surface and equilibrated with 800 mL of lake water, which was 
collected throughout the water column at 0.25 m depth increments 
using a 2-L organic glass hydrophore (HT-800, Haiter, China). Addi
tional sample was collected at 0.10 m above the sediment. To ensure 
equilibration, the sample bottle with the headspace was vigorously 
shaken for 3 min. The equilibrated air was then injected into a 
pre-vacuumed sampling bag made of gastight aluminum foil and 
analyzed in a lab using gas chromatography (Shimadzu gas chromato
graph GC2030, Kyoto, Japan, equipped with an electron capture 

Fig. 1. Map showing the geographic location of Lake Ulansuhai and the loca
tions of the sampling sites (the red points represent sampling points S1-S7). 
Blue lines show inflow canals and the black line delineates the lake shore. 
Green areas within the lake indicate emergent aquatic vegetation, while dark 
green color indicates open water areas. (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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detector (ECD) and flame ionization detector (FID)). The dissolved CO2 
and CH4 concentrations in the sample CW were calculated using the 
following Eq. (1) (Hu et al., 2020; Yang et al., 2019a): 

Cw = [(CT − CA)×VT + α×CT ×VW ]/VW (1) 

Where CT is the CH4 or CO2 concentration (μmol⋅L− 1) in the bottle 
headspace; CA is the corresponding atmospheric concentration 
(μmol⋅L− 1) at the sampling site; VT is the volume of headspace gas (L) 
and VW is the volume of water (L) in the sampling bottle. The temper
ature dependent Bunsen coefficient α of both gases was calculated ac
cording to (Wanninkhof, 1992). 

2.2.2. Collection and analysis of porewater samples 
Sediment cores were collected from the sampling sites using a gravity 

sediment corer (tube length 60 cm and inner diameter 9 cm). In total, 28 
cores were collected from the 7 sampling areas. To minimize systematic 
sampling bias, various sites in each sampling area were sampled on each 
sampling day. The cores were cut to a length of 35 cm, sealed at the top 
and bottom with silicone plugs, and stored and transported vertically for 
analysis in the laboratory. From the four cores collected at each point, 
three cores were used as replicates to determine the dissolved gas con
centration and physicochemical variables in pore water. The fourth core 
was used for the determination of sediment porosity (in triplicates). 
Porosity (φ) was calculated based on the water content of the sediment, 
which was determined by weight loss after drying at 105◦C for 24 h 
(Zhang et al., 2013). 

In the laboratory, the sediment porewater was extracted from 5, 10, 
15, 20, 25, 30 cm depth below the sediment-water interface. The 
porewater was extracted through drilled holes in the core side wall holes 
using rhizon tubes (pore size of 0.15 μm, Rhizosphere Research Products 
B.V., Netherlands) connected to pre-evacuated vials (40 ml volume). 
This approach causes minimal cross sampling of different sediment 
layers (Alberto et al., 2000; Bodmer et al., 2020). 20 mL of the extracted 
porewater was removed using a syringe with a three-way valve and 
replaced by a headspace filled with air. The samples were shaken 
vigorously for 1 min to equilibrate porewater and headspace gases 
before measuring the partial pressures of CO2 and CH4 in the headspace 
using a gas chromatograph (Shimadzu gas chromatograph GC2030, 
Kyoto, Japan). The porewater concentrations of CO2 and CH4 were 
calculated using Eq. (1) as described above. 

The pH value was measured in a porewater aliquot using a Multi 
3420 analyser (WTW GmbH, Weilheim, Germany). A 5 mL porewater 
aliquot was diluted two times and stored frozen prior to analysis of 
dissolved organic carbon and dissolved total nitrogen (DOC and DTN in 
mg L− 1) using a total organic carbon analyser (Elementar Analyse Sys
tem GmbH, Langenselbold, Germany) and a multi-N/C analyzer. Each 2 
mL porewater aliquot was diluted five times for spectrophotometric 
measurements (Shimadzu, UV-2600 PC) of the concentrations of 
ammonium (NH4

+), nitrite (NO2
− ), nitrate (NO3

− ), and dissolved total 
phosphorous (DTP). 

The diffusive CO2 and CH4 flux across the sediment-water interface 
(SWI) (FS-W, µmol m− 2 d− 1) was calculated using Fick’s first law (Bou
dreau, 1997; Donis et al., 2017; Lerman, 1979; Zhang et al., 2021): 

FS− W = − φ
Ds

θ2
dc
dz

(2)  

where φ is the sediment porosity, θ2 the tortuosity correction (we used 
θ2 = 1 − ln(φ), (Boudreau, 1997)); Ds (m2 s− 1) the temperature 
dependent diffusion coefficient of CO2 and CH4 in water (Broecker and 
Peng, 1974) and dc

dz (mmol m− 4) is the vertical gradient of dissolved gas 
concentration below the SWI. For the calculation of the gradient of 
dissolved CO2 and CH4 at the SWI, we considered the gas concentration 
in overlying water (measured at 10 cm above surface sediment depth) as 
being representative for the concentration at the SWI and included the 
first two sampling depths in the sediment. The gradient was determined 

by linear regression and estimated local diffusive fluxes at the SWI are 
summarized in Supporting Information Figure S1 and Figure S2. Our 
approach for estimating fluxes (Eq. (2)) is based on the assumption of 
steady-state diffusive transport in porewater and is neglecting the effects 
of gas production and consumption, as well as the possible effect of the 
water-side concentration boundary layer (Lorke et al., 2003). 

2.3. Data analysis 

All statistical analyses were performed using SPSS for Windows 
version 18.0 (SPSS Inc., Chicago, USA). Three-way analyses of variance 
(ANOVA) were conducted to analyse the influence of sampling month, 
sampling site, and depth on the concentrations of nutrients and dis
solved CO2 and CH4 in porewater. Two-way ANOVA were conducted to 
analyse the influences of sampling month and sampling site on the 
diffusive fluxes of CO2 and CH4. Tukey’s post hoc tests were used to 
identify significant differences (p<0.05) between months, sites, and 
depths. Principal component analysis (PCA) was performed to analyse 
relationships among the CO2 and CH4 concentrations and porewater 
environmental parameters. Furthermore, a stepwise regression analysis 
was used to determine the major influential factors for the variability of 
CO2 and CH4 diffusive fluxes across the SWI. The threshold for statistical 
significance was set to p<0.05. Unless otherwise stated, the results are 
presented as mean value ± standard deviation. 

3. Results 

3.1. Temporal and spatial variations of nutrients in porewater 

Porewater nutrient concentrations (DOC, DTN, DTP, NH4
+, NO3

− and 
NO2

− ) differed significantly between seasons (Fig. 2) and among the 
seven sites (Fig. S4), whereas the concentrations were similar between 
different depths below the SWI (the ANOVA results are presented in 
Table S1 and S2). The concentrations of DOC were lowest in January and 
slightly higher during the remaining sampling campaigns. In addition, 
DTN was also lowest in January, but showed more pronounced seasonal 
variations, with about twofold higher concentrations in July. The ma
jority of DTN was in the form of NH4

+, which however was less variable 
in comparison to NO3

− and NO2
− . There was no significant difference in 

DTP concentrations measured in different months. 
In addition to seasonal variations, the porewater chemical variables 

showed some systematic differences among the seven sampling sites 
(Fig. S4, Table S1 and S2). Most pronounced, sixfold higher DTP con
centrations in deeper sediments were observed near the main inflow 
(S1). Porewater DOC concentrations were highest in the midstream area 
(S4-S6), where DTN was lowest. The highest and lowest concentrations 
of DTN and NH4

+ which were measured near the aquafarm (S7) and site 
S4, respectively. Sediment porosity was consistently lower in the inflow 
region (S1) than at the other sites, where it showed similarly low vari
ability among sites and between seasons (Fig. S3). 

3.2. Water quality parameters in the water column 

Water temperature, pH, and DO in the water column varied signifi
cantly among seasons (p<0.05) (Fig. 3, Table S3). pH was lowest in 
January (8.1 ± 0.1) and highest in October (8.9 ± 0.1). Water temper
ature ranged from -0.3 to 29.7 ◦C, lowest in winter and highest in 
summer. DO was highest in October and lowest in July with mean values 
of 6.9 ± 0.3 and 11.6 ± 0.3 mg L− 1, respectively. Spatially, pH varied 
significantly among different sites (p<0.05, Table S3), with the highest 
and lowest pH values at sites S2 and S4, respectively. The average pH at 
S4 was nearly one pH unit higher (9.0 ± 0.1) than at S2 (8.2 ± 0.1). 
Water temperature and DO, in contrast, did not show significant dif
ferences between sites. Generally, there were no significant variations in 
the three variables with water depth (Fig. 3, Table S3), indicating 
frequent vertical mixing of the water column. 
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3.3. Temporal and spatial variations of dissolved CO2 and CH4 
concentrations 

The dissolved CO2 concentrations in Lake Ulansuhai varied over 
three orders of magnitude from 16.3 to 4905.0 µmol L− 1 (Fig. 4a and 4c; 
the results of the ANOVA are presented in Table S4 and S5). Generally, 
the vertical profiles showed a steep increase in dissolved CO2 concen
tration across SWI, with the mean concentration in porewater (877.8 ±
31.0 µmol L− 1) being substantially higher than that in the water column 
(39.4 ± 1.8 µmol L− 1). Overall, the dissolved CO2 concentrations were 
higher than atmospheric equilibrium concentrations, except for July, 
when the water column at site S2 was undersaturated in CO2 (39.7% 
saturation). The CO2 concentrations measured in January were quite 
different from the other months by being exceptionally low in the 
porewater, and higher in the water column than in the porewater 
(Fig. 4a). 

In the water column, CO2 concentrations were highest in July (50.7 
± 2.9 µmol L− 1) and lowest in October (28.2 ±0.3 µmol L− 1). Spatially, 
the highest and lowest water-column concentrations were observed at 
site S5 (46.9 ± 2.9 µmol L− 1) and S2 (26.7 ± 1.2 µmol L− 1). No signif
icant differences in CO2 concentrations were observed among different 
sampling depths. 

The porewater CO2 concentrations varied significantly between 
months (Fig. 4a), among sites (Fig. 4c), and generally increased with 
increasing depth below the SWI (Fig. S5a, the results of the ANOVA are 
presented in Table S6 and S7). The mean porewater CO2 concentrations 
were highest in July (2006.1 ± 144.8 µmol L− 1) and lowest in January 
(24.8 ± 0.4 µmol L− 1). Spatially, the mean porewater CO2 concentra
tions at S5 and S6 (1448.4 ±156.6 µmol L− 1) were higher than those 
observed at other sites, and about threefold higher than the lowest 
concentrations, which were observed at S1 (462.7 ± 46.0 µmol L− 1). 
From site S2 to S5, porewater CO2 concentration gradually increased, 
although not all sites were significantly different from others (Fig. 4c 
and Table S7). In all measurements, the porewater CO2 concentrations 
gradually increased with increasing depth below the SWI with signifi
cantly different concentrations at all sampling depths. 

Dissolved CH4 concentrations in the water column varied 

temporarily over one order of magnitude with the highest concentration 
in July (17.8 ± 3.0 µmol L− 1) and the lowest in April (1.8 ± 0.4 µmol 
L− 1) Fig. 4b). In April and in October, when the concentrations were 
low, dissolved CH4 concentrations were similar at all depth, while the 
concentrations increased towards the water surface in July and had a 
near-bottom maximum in January (Fig. 4b). The seasonally averaged 
CH4 water column concentration was highest at site S3 and lowest at S1, 
but there were no significant differences among the other sampling sites 
(S4 to S7, Fig. 4d). 

Porewater CH4 concentrations were approximately 15 times higher 
than in the water column (Fig. 4b and 4d) and varied over five orders of 
magnitude from 0.16 to 2297.1 µmol L− 1, with an overall mean value of 
689.2 ± 45.0 µmol L− 1. Similar to CO2, CH4 concentrations in the 
porewater generally increased with increasing depth below the SWI with 
significant differences between sampling depths (p<0.01, Fig. S5b and 
Table S7). The porewater CH4 concentrations also showed significant 
temporal and spatial variations among the four months and seven sites 
(p<0.01), as well as at different sampling depths (Fig. 4b and d and 
Fig. S5b) (the results of the ANOVA are presented in Table S6 and S7). 
Temporally, the porewater CH4 concentrations showed strong seasonal 
variations among the four sampling months (p<0.01), with the lowest 
value in January (76.4 ± 10.6 µmol L− 1), and the highest value in July 
(1222.9 ±53.2 µmol L− 1). Spatially, the mean porewater CH4 concen
trations was highest near the aquafarm (site S7, 952.9 ± 79.9 µmol L− 1) 
and lowest at site S4 (371.3 ± 38.8µmol L− 1). From sites S3 to S7, the 
CH4 concentrations increased gradually from the inflow to the outflow 
region of the lake. The spatial variations in porewater CH4 concentra
tions differed from those in the water column (Fig. 4d). The highest 
concentrations in water column were observed at S3 (13.3 ± 2.5 µmol 
L− 1), where the porewater concentrations was lowest (371.3 ± 35.6 
µmol L− 1), whereas the opposite was observed at S2. It is worth noting 
that the CH4 concentration in the water column was very small near the 
main inflow (site S1). 

3.4. Fluxes of CO2 and CH4 across sediment-water interface 

CO2 fluxes across SWI in Lake Ulansuhai varied from -1.7 to 5209.0 

Fig. 2. Temporal variations of water quality variables in sediment porewater. The panels (a) – (f) show the concentrations of DOC, DTP, DTN, NH4
+, NO3

− and NO2
−

measured at different depth below the sediment water interface (SWI) during four seasonal sampling campaigns (indicated by different color). Symbols show mean 
values of the measurements conducted at different sampling sites and error bars show their standard deviation (n = 21). 
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µmol m− 2 d− 1 (Fig. 5a and 5c), with an overall mean CO2 flux of 887.3 ±
123.7 µmol m− 2 d− 1 (negative fluxes denote CO2 uptake of the sedi
ment). The fluxes showed remarkable temporal and spatial variations 
(p<0.01) (Table S8 and S9). Temporally, the CO2 fluxes were largest in 
July (2241.5 ± 300.3 µmol m− 2 d− 1) and lowest in January (1.7 ± 0.6 
µmol m− 2 d− 1). Spatially, the CO2 fluxes at S6 (1516.4 ± 423.9 µmol 
m− 2 d− 1) were significantly higher than those at S1, S3, S4 and S7, but 
similar to S2 and S5. The lowest mean flux was estimated near the inflow 
at S1 (362.1 ± 110.2 µmol m− 2 d− 1), but was not significantly different 
from mean fluxes estimated at S3 and near the outlet at S7 (Table S8 and 
S9). 

The diffusive CH4 fluxes across the SWI ranged from -2.4 to 2271.7 
µmol m− 2 d− 1, with a mean value of 607.1 ± 68.0 µmol m− 2 d− 1 for the 
whole sampling period (Fig. 5b and 5d). The CH4 fluxes showed distinct 
temporal variations (p<0.01) (Table S8 and S9), with the lowest flux in 
January (43.0 ± 10.0 µmol m− 2 d− 1) and the highest flux in July 
(1337.0 ± 124.2 µmol m− 2 d− 1). In addition, the CH4 fluxes also showed 
significant spatial differences, with the lowest at site S3 (306.5 ± 80.1 
µmol m− 2 d− 1) and an about threefold higher flux at S7 (920.9 ± 167.4 
µmol m− 2 d− 1). 

3.5. Effects of environmental variables on porewater concentrations and 
diffusive fluxes 

Dissolved CO2 and CH4 concentrations in porewater were positively 

correlated to each other, and with DOC, DTN, NH4
+ and NO2

− concen
trations (p<0.05), and negatively correlated with pH (p<0.05) (Table 1). 
DTP was negatively correlated with CO2 concentrations (p<0.05), but 
not correlated with CH4 concentrations (p>0.05). The principal 
component analysis (PCA) showed that the variations in porewater CO2 
and CH4 concentrations were primarily related to variations in DOC, 
NO2

− and DTN (Fig. 6a). 
The dissolved gas concentrations in porewater were positively 

correlated with the diffusive fluxes (p<0.05, Table 2). Moreover, the 
diffusive fluxes of CO2 and CH4 were positively correlated with each 
other and increased with increasing concentrations of DOC, DTN, NH4

+, 
NO2

− and sediment temperature (p<0.05, Table 2, Fig. 6b). Additionally, 
the CH4 flux was higher from sediments with higher porosity. To explore 
the main controlling factors of the estimated fluxes, a stepwise multiple 
linear regression analysis was used. The results showed that the surface 
sediment temperature, DOC, NH4

+ and NO2
− were the main influencing 

factors for the CO2 fluxes (p<0.001), whereas the CH4 fluxes were 
mainly influenced by sediment surface temperature and DOC (p<0.001) 
(Table 3). 

4. Discussion 

4.1. Temporal and spatial variability of CO2 and CH4 concentrations 

In lakes, especially in shallow lakes, the system metabolism mainly 

Fig. 3. Temporal and spatial variations of water quality variables in the water column. The panels (a)-(c) show depth profiles of means values of pH, water tem
perature and DO measured during the seasonal sampling campaigns with error bars showing the standard deviation of measurements taken at seven sampling sites 
(n=21). (d)-(f) show mean depth profiles observed at the different sampling sites (S1 to S7) with error bars showing the standard deviation of measurements taken at 
four sampling campaigns (n=12). 
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occurs in sediments (Bergström et al., 2010). Heterotrophic sediment 
respiration is the primary source of CO2 production (Gudasz et al., 2010; 
MacIntyre et al., 2018; Tranvik et al., 2009a). In this study, measure
ments in a large, shallow and eutrophic lake revealed large seasonal 
variations of porewater CO2 concentrations (Fig. 4a, Table S6), with the 
mean porewater CO2 concentrations in July being 80 times higher than 
in January. The porewater CO2 concentrations followed a similar tem
poral dynamic as the concentrations of DOC, DTN, and NO2

− in the 
sediment porewater (Fig. 2, and Table 1). The seasonal variations of 
DOC, DTN, and NO2

− concentrations explained the majority of the sea
sonal variations in porewater CO2 concentrations across all study sites 
(Fig. 6a). Excess organic carbon (DOC) and nitrogen input potentially 
provides additional substrate for heterotrophic activity (Kristensen 
et al., 2008), which causes an increase of the CO2 concentration in 
porewater and emission from the sediment to the water. The observed 
positive effect of NO2

− on CO2 concentration may be explained by the 
production of CO2 during nitrification and denitrification in the sedi
ment (Hamersley and Howes, 2003). We also found significant spatial 
variations in porewater CO2 concentrations, with twofold higher con
centration near the lakeshore (S6) compared to the lowest concentration 
near the inflow (S1, Fig. 4c). The similarity to spatial patterns in nutrient 
concentration in porewater, and their positive relations with CO2 con
centrations (Table 1 and Fig. 6a), indicate that high nutrient concen
trations (DOC, DTN, and NO2

− ) are a crucial determinant for high 

porewater CO2 concentration. 
Porewater CH4 concentrations also showed significant temporal and 

spatial variations in lake Ulansuhai (Fig. 4b and d, Table S6). Tempo
rally, the porewater CH4 concentrations showed strong seasonal varia
tions, with 15 times higher concentration in summer than in winter. 
Higher CH4 production rates at higher temperature (Yvon-Durocher 
et al., 2014) and increased organic carbon availability from autoch
thonous production (Fig. 2) are likely promoting the higher CH4 con
centration in summer. 

Spatially, we observed persistent gradients with increasing CH4 
concentrations from inlet to the outlet. Relatively higher CH4 concen
trations were found near the lake outlet and the aquafarm (S7), which 
coincides with higher dissolved nitrogen concentration at this site. It is 
interesting to note, that this longitudinal gradient is opposing the gra
dients typically found in deeper lakes and reservoirs, were allochthones 
organic matter preferably settles near the inflow, leading to higher 
emissions from these areas (Linkhorst et al., 2021). Indeed, previous 
studies in Lake Ulansuhai have reported increasing total organic carbon 
and nutrient content in the sediments from the inflow towards the 
outflow (Fu et al., 2013; Guo et al., 2014), that results mainly from 
autochthonous production (Xie et al., 2015). 

The spatial pattern observed in Lake Ulansuhai and the results of the 
correlation analyses suggest that the spatio-temporal variation of pore
water CH4 concentration are mainly driven by different nutrient 

Fig. 4. Staggered concentration profiles of dissolved CO2 ((a) and (c)) and CH4 ((b) and (d)) in the water column (measured at different height above the sediment- 
water interface (SWI) and in porewater (at different depths below the SWI). (a) and (b) show spatially averaged concentration profiles observed during the four 
seasonal sampling campaigns (error bars show the standard deviation of measurements taken at different sampling sites, n=21). (c) and (d) show the temporarily 
averaged profiles observed at the different sampling sites (S1 to S7), with error bars showing the standard deviation of four sampling campaigns (n=12). The location 
of the SWI is indicated by the dashed horizontal line; note the axis break and different axis scaling of the concentration axis at the SWI. The light blue and pink dotted 
vertical lines indicate the atmospheric equilibrium concentrations of CO2 and CH4 (4-month average), respectively. (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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concentrations. Moreover, the PCA results further indicated that the 
spatio-temporal variations of CH4 concentrations were primarily 
controlled by the same environmental variables that control porewater 
CO2 concentrations (DOC, DTN and NO2

− , Fig. 6a). Excess nutrients can 
enhance CH4 production, leading to the increase of the CH4 concentra
tions in porewater (Sepulveda-Jauregui et al., 2018), which were posi
tively correlated with porewater DOC, DTN, and NO2

− (Table 1). The 
organic matter content is an important factor facilitating methano
genesis in sediments (Reshmi et al., 2014). Previous studies have shown 
that the porewater CH4 concentration is positively influenced by the 
amount of organic matter, especially its dissolved fraction (Berberich 
et al., 2020). The mean DOC concentrations in the porewater of Lake 
Ulansuhai was 16.5 ± 0.2 mg L− 1, which can provide sufficient substrate 
for CH4 production and in turn increases CH4 concentrations. In addi
tion, the significant positive effect of DTN on CH4 concentration is 
consistent with previous studies (Isidorova et al., 2019). Total nitrogen 

concentration in sediment can differ and depend on the organic matter 
source, with N-rich autochthonous organic matter being more biode
gradable and produces more CH4 (Grasset et al., 2018; Meyers, 2003; 
West et al., 2012). In this study, NO2

− concentration was an important 
driver of variations in CH4 concentrations. NO2

− is usually considered to 
be a microbial inhibitor (Tugtas and Pavlostathis, 2007), and it can 
promote the oxidation of CH4 at certain concentrations (Nie et al., 
2020). However, the results of this study contradict this. One possible 
explanation for this result is that nitrite can enhance the acidogenic 
phase resulting in large amounts of low molecular weight organic matter 
(i.e., acetate), which can be directly utilized by methanogens, resulting 
in a high methane production rate (Lu et al., 2020). 

In addition to quantity, also the quality of organic carbon present in 
lakes is a key factor controlling CH4 production under anoxic conditions. 
The extent to which aquatic vegetation as a source of organic matter 
leads to the emission of greenhouse gases, or gets buried in the sediment, 
varies considerably between different vegetation types (Grasset et al., 
2018). There are large differences in aquatic plants among the different 
zones of Lake Ulansuhai, which may be an additional reason for the 
spatial variations of CH4 concentrations. 

We found that porewater pH had a negative effect on the CO2 and 
CH4 concentrations (Table 1). The accumulation of CO2 in sediment 
porewater can alter the carbonate geochemistry resulting in decrease of 
pH (Taylor et al., 2015). CH4 is primarily produced by methanogens, 
which are sensitive to the porewater pH (Chang and Yang, 2003). In 
Lake Ulansuhai, the pH in surface sediment ranged from 8.0 to 9.4 which 
may be out of the optimal range for methanogenic archea and partially 
inhibit their activity (Chang and Yang, 2003; Schrier-Uijl et al., 2011; 
Yang et al., 2019c). 

Furthermore, we found positive correlations between CO2 and CH4 
concentrations (Table 2). This suggests acetoclastic CH4 production, 
where CO2 is produced in equal molar amounts as CH4. Interestingly, the 

Fig. 5. Temporal and spatial variations of diffusive fluxes of CO2 and CH4 across the sediment water interface. The box plots in (a) and (b) show spatial variations 
estimated from concentration profiles during the four seasonal sampling campaigns. (c) and (d) show temporal variations of flux estimates for the different sampling 
sites (S1 to S7). Boxes represent the 25th and 75th percentiles, and error bars show the 90th percentiles. The square symbol inside the box, and the horizontal line 
denote the mean value and the median value, respectively. 

Table 1 
Pearson correlation coefficients of CO2 and CH4 concentrations in porewater 
with dissolved carbon and nutrient concentrations and pH in the uppermost 
sediment layer for all sediment cores.  

Parameter CO2 Concentration  CH4 Concentration 

DOC  0.36**  0.32** 
TIN  0.20**  0.38** 
DTP  -0.18**  -0.03 
NH4

+ 0.13**  0.25** 
NO3

− -0.05  -0.01 
NO2

− 0.44**  0.35** 
pH  -0.16**  -0.17** 
CO2 Concentration  1.00  0.73** 
CH4 Concentration  0.73**  1.00 

Note: the * indicates a significant level at 0.05, ** at 0.01; n=504. 
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ratio of CH4 to CO2 fluxes at the SWI in Lake Ulansuhai are close to unity 
(FS-WCO2/FS-WCH4 108±13%), suggesting that a large share of the 
sediment C emissions is in the form of CH4 and that acetoclastic meth
anogenesis could be the main process for the production of both gases. 
CH4 to CO2 flux ratios smaller than unity indicate contributions of 
additional aerobic and anaerobic production pathways of CO2 produc
tion. Also anaerobic oxidation of CH4 can contribute to the production of 
CO2 (Ettwig et al., 2008). Denitrification dependent anaerobic methane 
oxidation can be a major pathway for anaerobic oxidation of CH4 in 
freshwater sediments (Raghoebarsing et al., 2006). The occurrence of 
this oxidation pathway in Lake Ulansuhai is suggested by the positive 
correlation of CO2 concentrations with porewater NO2

− (Table 1). 

4.2. Drivers of CO2 and CH4 diffusive fluxes 

In Lake Ulansuhai, the sediment was a source of CO2 and CH4 to the 
water column. The mean diffusive fluxes of CO2 (887.3 ± 124.7 µmol 
m− 2 d− 1) and CH4 (607.1 ± 68.0 µmol m− 2 d− 1) across the SWI add up to 
annual CO2 and CH4 diffusion emissions of 3.89 and 2.66 g C m− 2 y− 1, 
respectively. Compared to measurements of surface fluxes reported in 
our previous study (Sun et al., 2021), which was performed with the 
same spatial and temporal resolution, the diffusive fluxes across the 
sediment - water interface account for only 1/40th and 1/10th of the CO2 
and CH4 fluxes emitted at to the atmosphere, respectively. This 
mismatch indicates that the diffusive fluxes across SWI may not be the 
main source of CO2 and CH4 emitted at the water-air interface. Several 
studies have found that diffusive fluxes at the SWI are not the main 
pathway for atmospheric emission, with production in the water column 
and ebullition being the main additional sources of CO2 and CH4, 
respectively (Abe et al., 2005; Gruca-Rokosz et al., 2011). In Lake 
Ulansuhai, ebullition has been found to be a minor emission pathway, 
accounting for only 1% of the water-air CH4 fluxes with a mean value 
0.15 mmol m− 2 d− 1 (Sun et al., 2021). Alternatively, lateral advection of 
dissolved CO2 and CH4 from zones of enhanced sediment production, 
such as the vegetated areas or riparian zones, can account for the 
mismatch between the fluxes across the sediment and air – water in
terfaces (McGinnis et al., 2016; Sand-Jensen et al., 2019). 

Our results were consistent with previous studies, in which signifi
cant temporal and spatial variations of diffusive fluxes of CO2 and CH4 at 
the sediment - water interface were found in ponds and lakes (Lange
negger et al., 2019; Yang et al., 2019a). Temporally, the diffusive fluxes 
of CO2 and CH4 were of three and two orders of magnitude higher in July 
compared to January, respectively. The results of stepwise multiple 
linear regression analysis and PCA between the diffusive fluxes, sedi
ment properties, and nutrient concentrations showed that the surface 
sediment temperature and concentrations of DOC, NH4

+ and NO2
− in 

porewater were the main controlling factors for variations in CO2 fluxes, 
whereas the variations of CH4 fluxes were mostly related to variations in 
sediment temperature and DOC (Table 3 and Fig. 6b). Higher 

Fig. 6. Principal component analysis bi-plots for the CO2 (a) and CH4 (b) concentrations in the porewater, diffusive fluxes of CO2 (c) and CH4 (d) across sediment- 
water interface, and various environmental factors. The graphs show the loadings of environmental factors (arrows) and the scores of observations in different 
months (symbols with different color). 

Table 2 
Pearson correlation coefficients of the sediment-water fluxes of CO2 (FS-WCO2) 
and CH4 (FS-WCH4) and dissolved carbon and nutrient concentrations, sediment 
temperature (ST), porosity (Por), pH, and dissolved gas concentration in the 
uppermost sediment layer of each core.  

Parameter FS-WCO2  FS-WCH4 

DOC  0.55**  0.42** 
DTN  0.48**  0.40** 
DTP  0.04  -0.05 
NH4

+ 0.40**  0.30** 
NO3

− -0.12  -0.11 
NO2

− 0.53**  0.48** 
ST  0.66**  0.70** 
Por  0.19  0.25* 
pH  -0.04  0.02 
CO2 Concentration  0.50**   
CH4 Concentration    0.47** 
FS-WCO2  1.00  0.82** 
FS-WCH4  0.82**  1.00 

Note: 
* indicates a significant level at 0.05 
** at 0.01; n=84. 

Table 3 
Results of stepwise multiple linear regression analysis between diffusive fluxes across the sediment-water interface of CO2 (FS-WCO2) and CH4 (FS-WCH4) and envi
ronmental parameters (ST sediment temperature, DOC dissolved organic carbon, NH4

+ ammonium concentration, and nitrite concentration) in the surface sediment  

Flux Regression equations F R2 p N 

Fs-wCO2 Y=64.70ST+52.30DOC+42.21NH4
++

10664.47NO2
− -1573.21 

25.19 0.639 <0.001 84 

Fs-wCH4 Y=47.96ST+29.83DOC-486.95 32.76 0.526 <0.001 84  
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temperature stimulates carbon mineralization rates and the production 
of CO2 (Gudasz et al., 2010), resulting in higher CO2 porewater con
centrations and higher fluxes from the sediments to the overlying water 
(Xiong et al., 2017; Yang et al., 2019a) (Table 2, Fig. 6b). Similarly, rates 
of methanogenesis increase with increasing temperature (Grasset et al., 
2018; Sepulveda-Jauregui et al., 2018), which contributes to the sea
sonal variations of the diffusive fluxes also in Lake Ulansuhai. The CO2 
and CH4 fluxes were both influenced by DOC (Tables 2 and 3, Fig. 6b), 
which demonstrates that excess carbon availability in the sediment 
promotes higher CO2 and CH4 fluxes, and supports findings from pre
vious studies (Sobek et al., 2012; Xiong et al., 2017; Yang et al., 2019b). 
The spatial variations of the CO2 and CH4 fluxes were relatively small in 
comparison to the temporal variations. Similar spatial variations were 
observed in the CO2 and CH4 fluxes and in porewater concentrations, 
which indicates that spatial variations in local CO2 and CH4 production 
rates were the main cause for the observed differences in sediment – 
water fluxes. The spatial variations in production rates were related to 
variations in dissolved organic carbon and nitrogen concentrations in 
the porewater of surface sediment, which, besides temperature, were the 
main controlling factors for CO2 and CH4 fluxes (Table 3 and Fig. 6b). 
The trophic status of the water and the sediment has been previously 
reported as an important factor regulating CH4 emissions at the basin 
scale (Beaulieu et al., 2019; Schrier-Uijl et al., 2011; Sepulveda-Jaur
egui et al., 2018). Our results demonstrate, that spatial variations in the 
availability of organic carbon and nitrogen in the sediment porewater 
can results in large variability of CO2 and CH4 fluxes within individual 
aquatic ecosystems. 

4.3. Limitation and future research 

The large spatial and temporal variability of dissolved gas concen
trations and fluxes at the SWI observed in our measurements, demon
strate that robust basin-scale estimates of carbon cycling and greenhouse 
gas emissions in Lake Ulansuhai would require more sampling sites and 
higher frequency sampling. While such measurements became feasible 
for resolving the spatial variations in surface water concentrations and 
diffusive emissions at the air-water interface (Liu et al., 2021; Xiao et al., 
2020), no appropriate method exists for mapping porewater concen
trations and sediment-water fluxes. Moreover, our results rely on indi
rect estimates of the fluxes from measured porewater concentration 
profiles. For the calculation of sediment-water fluxes, we assumed 
steady-state diffusive transport in porewater and neglected the effects of 
gas production and consumption. Moreover, the concentration at the 
SWI had to be approximated by the concentration measured in the 
overlying water, thereby neglecting the influence of the concentration 
boundary layer above the SWI. The existence of a water-side concen
tration boundary layer would cause a lower concentration at the SWI 
and lower fluxes. Our flux estimates can therefore be considered as 
upper bounds. 

The flux estimates can be improved by direct measurements under in 
situ conditions. Such measurements could be obtained by applying the 
aquatic eddy correlation technique (Donis et al., 2015), which, however 
requires fast-response sensors for concentration measurements and has 
been nearly exclusively used for measuring oxygen fluxes at the SWI in 
lakes and rivers. A variant of the eddy-correlation technique, that would 
allow flux estimates at the SWI for a larger group of compounds, 
including nutrients, and dissolved CO2 and CH4 concentrations, has been 
proposed recently (Lemaire et al., 2017), but not yet successfully 
implemented in aquatic research. Besides in-situ measurements, flux 
estimates can be improved by estimating production rates in different 
sediment layers in ex situ incubations in future studies. These rates can 
be used to extent the diffusive transport model (Equation 2) to include 
reactions (Sabrekov et al., 2017; Tang et al., 2010), and eventually 
become integrated in larger-scale models that can additionally assist in 
upscaling the findings to the basin scale. 

5. Conclusions 

In this study, we investigated the diffusive fluxes of CO2 and CH4 
across the SWI in relation to nutrient concentrations in the shallow 
eutrophic Lake Ulansuhai at different seasons. The study explored the 
dynamics of CO2 and CH4 in a hypereutrophic lake sediment, demon
strating large spatial and temporal variations in concentrations and 
diffusive fluxes of both greenhouse gases in the porewater and at the 
SWI. The sediment was a source of CO2 and CH4 to the water column, 
yet, the diffusive fluxes of CO2 and CH4 at the SWI were one order of 
magnitude smaller than the corresponding fluxes at the water-air 
interface, showing that the diffusive fluxes were not the major emis
sion pathway of CO2 and CH4 to atmosphere. Seasonal variations in 
surface sediment temperature were an important driver of temporal 
changes in CO2 and CH4 fluxes at the SWI. In addition, we found that 
higher organic carbon and nitrogen concentrations in the sediment 
porewater were associated with higher CO2 and CH4 concentrations and 
promoted higher CO2 and CH4 fluxes to the water column. In contrast to 
deeper lakes and reservoirs, the concentration of organic carbon and 
nutrients in sediment porewater and the diffusive fluxes of CO2 and CH4 
at the sediment – water interface increased from the inflow to the 
outflow region of Lake Ulansuhai. Our results show that the trophic 
status is an important driver of CO2 and CH4 fluxes from sediments and 
their spatial variations within heterogeneous aquatic ecosystems. We 
suggest that efforts to reduce excess nutrient input to inland waters 
should be accelerated to reduce the climatic impact of cultural 
eutrophication. 
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