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Abstract: Clarifying the role of sulfate and dissolved oxygen (DO) in methane production may 22 

allow for precise and accurate modeling of methane emissions in eutrophic lakes. We conducted 23 

field observations of sulfate, methane, and DO concentrations in Lake Abashiri, a typical 24 

brackish and eutrophic lake in a cold region, to develop a DO-based method for quantitively 25 

estimating methane production in a eutrophic lake and analyzed the results. We found that 26 

sulfate concentrations decreased rapidly from 900.0 mg/L in water overlying the sediments to 27 

nearly 0.0 mg/L in the bottom sediment. Methane production was almost uniform across 28 

sediment depths of 0.05 to 0.25 m, ranging from 1,400 to 1,800 µmol/m2/day. Also, methane 29 

production was found to be a function of DO concentrations in water overlying the bottom and 30 

could be modeled by a logistic function: constant production at 1,400 µmol/m2/day for DO 31 

concentrations of 0.0 to 3.0 mg/L, rapidly decreasing to 0 µmol/m2/day for DO concentrations 32 

of 3.0 to 6.0 mg/L. This methane model was verified using a simple one-dimensional numerical 33 

model that showed good agreement with field observations. Our results thus suggest that the 34 

proposed methane model reduces uncertainty in estimating methane production in a eutrophic 35 

lake. 36 
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 48 

Introduction 49 

The Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) has 50 

stated that global sea levels and air temperatures have increased and will continue to increase 51 

due to climate change (IPCC, 2013). The incidence of natural disasters such as extensive 52 

flooding appears to be increasing, which may be due to changes in precipitation patterns due to 53 

climate change (e.g., Komori et al., 2012).   54 
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Greenhouse gases, such as carbon dioxide (CO2) and methane (CH4), play an essential role 55 

in climate change. The lifetime of CO2 is 5–200 years, whereas the lifetime of CH4 is shorter, 56 

about 10 years, as CH4 is likely to react with labile molecules and OH radicals. However, since 57 

the greenhouse effect of CH4 is about 25 times greater than that of CO2, the increase in CH4 58 

may enhance global warming to a greater extent (IPCC, 2007). 59 

The IPCC (2007) estimated that global CH4 emissions amount to 582 Tg CH4/year, of 60 

which natural CH4 emissions from wetlands, tidal flats, and lakes account for 110–240 Tg 61 

CH4/year (IPCC, 2007; Reeburgh, 2003; Bastviken et al., 2011). CH4 emissions from lakes have 62 

been estimated to be 8–48 Tg CH4/year (Bastviken et al., 2004). Several studies have also 63 

investigated CH4 ebullition and diffusive CH4 emissions from lakes in cold regions (Walter et 64 

al., 2006; Sasaki et al., 2009; Sasaki et al., 2010). Collectively, these studies suggest that current 65 

and future increases in CH4 emissions will intensify climate change. Therefore, it is necessary 66 

to clarify the specific processes related to CH4 production and emissions from lakes to predict 67 

changes in the global environment. 68 

Among the processes contributing to CH4 emission from lakes, i.e., ebullition, diffusive 69 

emission, water column storage, and plant-mediated emission, ebullition accounts for 50%–60% 70 

of total emissions, and diffusive emission and water column storage together account for 40%–71 

50% of total emissions (Bastviken et al., 2004). Bastviken et al. (2008) conducted field 72 

observations in three different lakes, and confirmed that ebullition accounted for the largest 73 

portion of emissions (52%–74%) with a significant contribution from diffusive emissions 74 

(26%–48%). CH4 concentrations increase in the bottom layer during summer stratification 75 

because CH4 is produced in hypoxic layers by methanogenic archaea (Cicerone and Oremland, 76 

1988; Kiene, 1991; Bastviken et al., 2002). The release of diffusive CH4 flux is significantly 77 

greater during autumn and spring than in winter or summer, since overturn collapses 78 

stratification (Rudd and Hamilton, 1978; Striegl and Michmerhuizen, 1998; Schubert et al., 79 

2012; Fernández et al., 2014). 80 

CH4 is produced in sediments under anaerobic conditions due to methanogenic archaea 81 

decomposing organic matter. The terrestrial water inflow and oceanic water intrusion in 82 

brackish lakes connected to the ocean enhance a two-layer stratification system. Therefore, the 83 

exchange time between the upper and lower layers tends to be longer than in freshwater lakes, 84 

leading to enhanced organic matter accumulation and CH4 production from the sediment. CH4 85 

emissions from freshwater lakes are different from those of brackish lakes, even if the lake sizes 86 

are the same, because CH4 production is associated with water quality parameters such as DO 87 

(Roulet et al., 1997). Additionally, Capone and Kiene (1988) and Minami et al. (2012) showed 88 
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that CH4 is produced in sediments under anaerobic conditions where sulfate-reducing bacteria 89 

(SRB) are less active. Hantush (2007) and Di Tero et al. (1990) developed a CH4 and ammonia 90 

oxidation model in bottom sediment based on sediment oxygen demand, which affects the 91 

balance of oxygen levels in rivers, estuaries, and lakes. In their model, CH4 production in the 92 

anaerobic bottom layer was estimated based on the following chemical formula: 93 

2CH2O → CO2 + CH4      (1) 94 

CH4 production is expected to be associated with DO and sulfate concentrations in 95 

sediments because it is produced in sediments where SRB is less active. However, Eq. (1) can 96 

be applied only to the freshwater environment, because DO and sulfate concentrations affect 97 

CH4 production in brackish and eutrophic lakes, where sulfate-reducing bacteria are active. Few 98 

reports are available on CH4 production in brackish and eutrophic lakes, although CH4 99 

production in freshwater lakes has been investigated in previous studies (e.g., Martinez and 100 

Anderson, 2013; Yan et al., 2019). Moreover, few attempts have been made to quantify CH4 101 

production from bottom sediment due to "diffusion" using the DO concentration in water 102 

overlying "brackish" and eutrophic lake sediment under strong stratification.  103 

Stratification enhances the occurrence of hypoxia in the lower layer of a lake, resulting in 104 

the release of large amounts of nutrients from the bottom sediment, which in turn causes 105 

eutrophication. As a result, the eutrophic lakes release significantly more diffusive emissions 106 

than oligotrophic lakes (e.g., Utsumi et al., 1998; Takii et al., 1997; Taoka et al., 2020; 107 

Bastviken et al., 2008). Therefore, we hypothesize that a hypoxic condition enhances methane 108 

production from the bottom sediment, but not an oxidized condition. Methane emission from 109 

stratified lakes has been investigated previously, as mentioned above. However, the relationship 110 

between the methane production from the bottom sediment and the DO concentration remains 111 

unclear. Thus, establishing a method for estimating CH4 production based on the DO 112 

concentration would contribute to the prediction of CH4 emissions in stratified lakes. Therefore, 113 

in this study, we sought to develop a method for quantitively estimating CH4 production under 114 

anaerobic and aerobic conditions based on changes in the DO concentration in a eutrophic lake. 115 

 116 

1 Materials and methods 117 

1.1 Study site and water quality field observations 118 

Freshwater input to Lake Abashiri from upstream reaches is underlain by seawater intrusion 119 

through the seaward end of Abashiri River, resulting in a thin pycnocline. Sasaki and Endo 120 

(2014) demonstrated that the methane emission from lakes on the island of Hokkaido 121 

(excluding Lake Abashiri) into the atmosphere is almost the same as the methane emission from 122 
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lakes in Sweden and North America (Bastviken et al., 2004) (Fig. 1a and Fig. 2a) (see section 123 

1.3 for details). Although the surface area of Lake Abashiri accounts for only 4% of the total 124 

surface areas of the lakes on the island of Hokkaido, the methane emission to the atmosphere 125 

from Lake Abashiri is 11% of the total methane emission from Hokkaido. In addition, the DM 126 

concentration of Lake Abashiri is five times as large as that estimated by Eq. (3) (Sasaki and 127 

Endo, 2014). Excluding Lake Abashiri, the TN concentrations of the lakes on Hokkaido are 128 

0.08–0.52 mg/L, but the TN concentration of Lake Abashiri is about 1.4 mg/L. Therefore, we 129 

chose Lake Abashiri, a typical cold-region eutrophic lake connected to the Okhotsk Sea through 130 

the Abashiri River (river length 7.2 km), as the target lake in this study (Fig. 1b). 131 

We conducted field observations on June 29, 2012, October 23, 2012, November 26, 2012, 132 

August 7, 2013, and August 8, 2013 to investigate the vertical profiles of salinity and DO in 133 

Lake Abashiri using a water quality profiler (AAQ1183; JFE Advantech, Japan). Salinity and 134 

DO were measured at vertical intervals of 0.1 m. Because DO from the saturated upper layer 135 

cannot cross the pycnocline, the lower layer becomes anoxic due to the consumption of DO by 136 

the bottom sediment. In addition, snowmelt flooding during the spring and regular flooding 137 

during the summer transport organic matter accumulated in the lake sediments (Maruya et al., 138 

2010; Maruya, 2014). According to Capone and Kiene (1988) and Minami et al. (2012), since 139 

CH4 is produced in sediments under anaerobic conditions, CH4 production in the lower layer of 140 

Lake Abashiri is likely more extensive than that in the other freshwater lakes (Sasaki and Endo, 141 

2014). 142 

An essential characteristic of Lake Abashiri is that a large amount of CH4 is released from 143 

the water surface once a year or once every two years. Maruya et al. (2010) revealed that the 144 

lower layer water with high DM concentration reaches the water surface due to upwelling when 145 

wind speeds exceed 10 m/sec for more than 5 hr, causing CH4 gas to be released from Lake 146 

Abashiri. Maruya et al. (2010) also suggested that the upwelling is associated with the stability 147 

of the pycnocline, and the CH4 emissions due to the upwelling can be modeled using the 148 

Effective Wedderburn number (Shintani et al., 2010) and Lake number (Imberger and Patterson, 149 

1990). Therefore, the vertical salinity profile was measured every 1 hr by Japan’s Ministry of 150 

Land, Infrastructure, and Transport using a rise and fall system. Wind vectors were measured 151 

every 1 hr in 2012 and 2013, and the river discharge was estimated based on water depth by 152 

applying the relationship between water depth and river discharge. 153 

Capone and Kiene (1988) and Minami et al. (2012) showed that CH4 is produced in 154 

sediments under anaerobic conditions. However, Watson and Nedwell (1998) showed that 155 

sulfate-reducing bacteria decrease the activity of methanogenic bacteria under anaerobic 156 
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conditions. It is also known that CH4 is oxidized under anaerobic conditions by sulfate-157 

dependent anaerobic CH4 oxidation (Caldwell et al., 2008). We therefore conducted cultivation 158 

experiments to estimate the CH4 production and measured sulfate concentrations (SO42-) using 159 

extracted pore water from sediments obtained at Station (St.) I on August 7, 2013. Since CH4 160 

can be easily transported from sediments into the water column, it is necessary to sample 161 

sediments intact, without disturbance. We thus used a non-disturbing core sampler (HR-type 162 

Core Sampler; RIGO, Japan) to sample anaerobic sediments (Appendix A Fig. S1). We sliced 163 

the core sample into four layers under oxic conditions in a laboratory: 0–0.05 m, 0.05–0.10 m, 164 

0.10–0.15 m, and 0.15–0.20 m. After obtaining the sliced sediment, pore water was extracted 165 

using a centrifuge. The DO of pore water was anoxic (about 0.0 mg/L). The overlying water 166 

was sampled using a Van Dorn water sampler (RIGO). Sulfate concentrations (SO42-) of the 167 

pore water and the overlying water were measured using a DR/2400 portable spectrophotometer 168 

(Hach, USA) and Hach kits following the SulfaVer4 method, which has been used widely in 169 

previous studies (e.g., Mwangangi et al., 2007; Liu et al., 2010). The sulfate concentration over 170 

the maximum limit of determination (70 mg/L) was measured by diluting pure water. Because 171 

the activity of methanogenic bacteria changes as a function of water temperature, it is necessary 172 

to measure DM concentrations under constant water temperature. Therefore, one-fifth of a 100 173 

mL vial container (j 0.004 m ´ 0.13 m) was filled with the sampled sediment, the remainder 174 

was filled with the pore water, and the sample was cultivated under a water temperature of 20℃ 175 

using a thermostatic shaking incubator (AT12R; Thomas Kagaku, Japan). DM concentrations 176 

were measured by a headspace technique using a gas chromatograph coupled to a flame 177 

ionization detector (Sasaki and Endo, 2014) (GC-FID: GC-8A; Shimadzu, Japan). 178 

 179 

1.2 Methane observation 180 

To evaluate the CH4 production from sediments and investigate the effect of the DO 181 

concentration on CH4 production, seven sediment samples were taken from four stations, B, I, 182 

S, and Y, from 2012 to 2013 using an undisturbed core sampler (Fig. 1b and Table 1). Vertical 183 

water temperature profiles, salinity, and DO concentration were also measured using a water 184 

quality profiler (AAQ1183; JFE Advantech, Japan). We used the first layer (0–0.05 m) of 185 

sediment mainly to evaluate the CH4 production, as this layer is considered to play a more 186 

significant role in CH4 release than the second to fourth layers (as discussed below in section 187 

2.2). In the cultivation experiments, the DO concentrations in the pore water were set at 0.0 188 

mg/L to mimic actual conditions occurring in the sediments of Lake Abashiri. The CH4 189 

production was evaluated using Eq. (2): 190 
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PM=
ASh(Mt-Minitial)

ASte
																																																																(2) 191 

where PM is the CH4 production from sediment (µmol/m2/day), AS is the horizontal cross-area 192 

of sediment (m2), h is the water depth in the vial container (= 0.10 m, with a vial container size 193 

of j 0.004 m ´ 0.13 m and a volume of 100 mL), Mt is the DM concentration in the cultivation 194 

experiment (µmol/L), Minitial is the initial DM concentration (µmol/L), and te is the duration 195 

(day). 196 

Unlike in the lower layer, DO concentrations in the upper layer are saturated due to wind 197 

forcing, and thus oxidation plays a significant role in determining DM concentrations in the 198 

upper layer. Roulet et al. (1997) demonstrated that CH4 emissions were negatively correlated 199 

with DO concentrations in a beaver pond in Canada, suggesting that microbes oxidize CH4 200 

under aerobic conditions and that CH4 emissions decrease with increasing DO concentrations. 201 

We therefore investigated the oxidation effect on CH4 production using cultivation experiments 202 

under aerobic conditions (Baba et al., 2011). Cultivation experiments were conducted under 203 

incubator temperatures of 15℃ and 30℃ using the samples from St. I. The vial bottle was 204 

sealed to prevent oxygen exchange with the air. Two different water temperatures were used in 205 

the laboratory experiments, 15℃ and 30℃. At 15℃, the DO concentrations were 9.7, 11.0, 206 

10.6 and 9.5 (mg/L) on days 0, 11, 22, and 30, respectively. At 30℃, the DO concentrations 207 

were 9.7, 9.4, 9.2, and 8.8 (mg/L), respectively, on the same days. 208 

 209 

1.3 One-dimensional methane model 210 

In a previous study, Bastviken et al. (2004) revealed that dissolved methane (DM) 211 

concentrations were associated with the surface areas of lakes in Sweden and North America. 212 

The smaller the surface area of a lake, the larger the DM concentration. They expressed this 213 

relation as 214 

M = 262.42AH-0.227     (3) 215 

where M is the DM concentration (µmol/L) and AH is the surface area of a lake (m2). 216 

Sasaki and Endo (2014) conducted field observations at 12 lakes in Hokkaido and 217 

measured DM concentrations adjacent to the water surface (Fig. 1a and Fig. 2a). Their results 218 

revealed a similar trend in DM concentration in Hokkaido (Eq. (4)):  219 

M = 381.63AH-0.498     (4) 220 

The absolute value of the power function coefficient in Eq. (4) is larger than that in Eq. (3) 221 

(Fig. 2a). One possible reason for this difference would be the difference in locations studied. 222 

Although both field observations were carried out in cold regions, Bastviken et al. (2004) 223 
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performed their observations in Sweden and North America, and Sasaki and Endo studied lakes 224 

in northern Japan. However, the annual mean air temperature is about 6.6℃ in Sweden and 8.4℃ 225 

in North America, while that in Hokkaido is 6.1℃. These similar values suggest that air 226 

temperature may not have been responsible for the difference between Eqs. (3) and (4). 227 

Therefore, water quality was considered another external condition that might have contributed 228 

to the difference in the power function coefficient. Bastviken et al. (2004) carried out field 229 

observations in lakes with low nutrient levels, while Sasaki and Endo (2014) conducted field 230 

observations in high-nutrient lakes. Although there may have been other factors that affect DM 231 

concentrations, eutrophication probably increases DM concentrations in nutrified lakes 232 

compared with lakes with low nutrient levels, which may explain the differences in the 233 

coefficients of Eqs. (3) and (4). Sasaki and Endo (2014) suggested the importance of clarifying 234 

CH4 production in a brackish and eutrophic lake with strong stratification because of the higher 235 

CH4 flux. They showed that anaerobic CH4 oxidation with sulfate reduction did not significantly 236 

impact CH4 production from the bottom sediment and that hypoxia had the predominant impact 237 

on CH4 production. 238 

To elucidate the mechanism of CH4 production, the reproducibility of the vertical CH4 profile 239 

was evaluated using a one-dimensional model (methane model), which was developed based 240 

on the CH4 production estimated by Eq. (5) as follows: 241 

1
Az

∂
∂t $%MdA& =

n
Az

∂2

∂z2 $%MdA& +
PM
Az

∂A
∂z 																																										(5) 242 

where Az is the area in each depth (m2), M is the DM concentration (µmol/L), n is the diffusion 243 

coefficient (m2/sec), and PM is the CH4 production (1,400 µmol/m2/day). 244 

The methane model is a simple diffusion model with the release of CH4 from bottom 245 

sediment, including the effect of the horizontal cross-sectional area on CH4 diffusion. Okada 246 

and Nakayama (2007) demonstrated the high applicability of a one-dimensional vertical DO 247 

model to examine long-term changes in DO concentrations in an enclosed bay; their results 248 

showed good agreement with the field observations. However, in their model, the diffusion 249 

coefficient must be decided by trial and error. Since we previously carried out three-250 

dimensional numerical simulations in Lake Abashiri using Fantom modeling (Nakayama et al., 251 

2012; Nakayama et al., 2014; Nakayama et al., 2016; Nakayama et al., 2019; Nakayama et al., 252 

2020), we know that this method can be used to appropriately estimate the vertical distribution 253 

of the diffusion coefficient (Maruya et al., 2010).  254 

We decided to neglect ebullition in our model for the following reasons. Bastviken et al. 255 

(2004) revealed the importance of ebullition and the water column storage effect. Tokida et al. 256 
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(2005) demonstrated that air pressure change is significant in CH4 ebullition in a shallow lake. 257 

CH4 is produced mainly at a water depth of 10 m to 15 m in Lake Abashiri, meaning that the 258 

impact of air pressure on hydrostatic pressure is minor compared to that in a shallow lake. 259 

Moreover, the previous studies in Lake Abashiri also showed that diffusion is predominantly 260 

relative to ebullition (Kato et al., 2006; Kato et al., 2007; Jin et al., 2008; Wakamatsu et al., 261 

2009; Wakamatsu et al., 2010; Baba et al., 2012; Miura et al., 2013). Ebullition is almost 262 

negligible in Lake Abashiri. Therefore, we applied only the diffusion of DM in our methane 263 

model. The vertical mesh size and computational time step were set to 0.5 m and 0.1 days, 264 

respectively, for Eq. (5). 265 

To verify the accuracy of the methane model, we compared it with the vertical profile of 266 

DM concentrations of field observation on June 11, 2008, July 22, 2008, and September 29, 267 

2008, at St. I by Miura et al. (2013). DM concentrations were measured by GC-FID and 268 

cultivation experiments (see section 1.2 for details). 269 

 270 

2 Results 271 

2.1 Stratification and DM vertical profile in Lake Abashiri 272 

Lake Abashiri is a typical brackish lake, and has strong stratification (Fig. 1b). The pycnocline 273 

thickness ranges from about 0.5 m in summer to 1.0 m in winter. Bottom sediments consume 274 

dissolved oxygen in the hypolimnion, and the strong stratification suppresses the DO flux 275 

between the hypolimnion and epilimnion stratification. Therefore, the DO concentration tends 276 

to become zero, generating anoxia (Fig. 2b). Anoxic water always exists in the lower layer, and 277 

mass transport between the upper and lower layers is suppressed due to stratification, resulting 278 

in high DM concentrations in the lower layers (Fig. 3). Because the vertical profiles of DM 279 

concentrations are always the same in Lake Abashiri under calm conditions, the CH4 production 280 

from the sediment is expected to be balanced by CH4 production from the bottom sediment, 281 

DM flux from the lower to upper layers, oxidation in the upper layer and CH4 emission from 282 

the water surface. Therefore, to evaluate CH4 emission from the water surface in a eutrophic 283 

lake, the total CH4 production from anaerobic sediments, accompanied by CH4 oxidation under 284 

aerobic conditions, must be clarified. Since Lake Abashiri is a typical brackish and eutrophic 285 

lake with an aerobic/anaerobic state, it is considered one of the most suitable lakes for 286 

investigating CH4 production in anaerobic layers and aerobic layers. Regarding the essential 287 

characteristics of Lake Abashiri, the pH, total nitrogen (TN), total organic carbon (TOC), and 288 

potential oxidation-reduction data in the upper (above pycnocline: about 5 m) and lower (under 289 



 11 

pycnocline: about 5 m) layer in 2008 were 8.0–9.2 and 7.2–9.4, 0.35–1.0 and 14–15 (mg/L), 290 

3.1–4.4 and 3.7–4.3 (mg/L), and 140–220 and –380 (mV), respectively. 291 

Wind vectors at St. I, river discharge at St. 0, and the vertical profile of water temperature 292 

and salinity at St. I in 2012 and 2013 are shown in Fig. 4. When strong south-southeast wind 293 

occurred at the beginning of September in 2012, the upper and lower layers were well mixed. 294 

The pycnocline level, which corresponds to a large gradient in salinity, decreased by a few 295 

meters (Fig. 4d). Maruya et al. (2010) found that upwelling occurred at the beginning of 296 

September in 2012 using a three-dimensional numerical model, Fantom. The vertical level of 297 

the pycnocline decreased by mixing due to upwelling. Upwelling and decrease in the pycnocline 298 

level were also confirmed at the beginning of August in 2013 (Fig. 4h). After the upwelling 299 

phenomena, strong stratification was rapidly generated as denser oceanic water intruded into 300 

the lower layer from the ocean in Lake Abashiri. 301 

                                      302 

2.2 Methane production from bottom sediment 303 

As Bastviken et al. (2008) suggested, one factor in reducing DM concentrations is microbial 304 

CH4 decomposition, which converts CH4 to CO2 due to oxidation under aerobic conditions 305 

(Reeburgh, 2003; Kiene, 1991; Galchenko et al., 1989). Also, the methanogenic bacteria may 306 

be inactivated under non-anoxic conditions. Capone and Kiene (1988) and Minami et al. (2012) 307 

showed that CH4 is produced under anaerobic conditions with low sulfate-reducing bacteria.  308 

The CH4 production rate has a strong relation to the bottom sediment characteristics. If 309 

sediment characteristics are different even in the same lake, the CH4 production rate is expected 310 

to vary spatially. Therefore, we determined the geochemical composition of the bottom 311 

sediment at Sts. B, F, H, I, K, and M in Lake Abashiri on June 25, 2008, using X-ray 312 

fluorescence analysis (Supermini, Rigaku, Japan) to clarify the characteristics of the 313 

distribution of bottom sediment (Fig. 5 and Table 2). It was found that the bottom sediments 314 

in Lake Abashiri were uniformly accumulated. Therefore, the organic loading impacts of the 315 

bottom sediment distribution on CH4 production could be minor in the lake. In addition, TOC 316 

from organic matter would impact CH4 production. Sampei et al. (1997) demonstrated that the 317 

TOC concentration at the bottom sediment ranges from 3%–4% in Lake Abashiri, meaning 318 

there are no significant differences in TOC. Therefore, since the distribution of TOC is almost 319 

uniform, the impact of TOC on CH4 production would be negligible in Lake Abashiri. 320 

Oceanic water from the Okhotsk Sea has a high concentration of sulfate, about 2,700 mg/L. 321 

Since the salinity of the lower layer in Lake Abashiri reflects oceanic water intrusion from the 322 

Okhotsk Sea through the Abashiri River, sulfate concentrations in the overlying water were 323 
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around 820–1,020 mg/L (mean value ~900 mg/L). On the other hand, sulfate concentrations in 324 

pore water from the first to the fourth layer (from 0 to 0.20 m) were almost 0.0 mg/L (Fig. 6). 325 

The long-term field observations revealed that DM and the other water quality components did 326 

not vary spatially and temporally in Lake Abashiri from 2006 to 2012, and thus it is reasonable 327 

to assume that the methane production from the bottom sediment also did not change 328 

substantially (Kato et al., 2006; Kato et al., 2007; Jin et al., 2008; Wakamatsu et al., 2009; 329 

Wakamatsu et al., 2010; Baba et al., 2012; Miura et al., 2013). Therefore, these findings may 330 

suggest that the sulfate concentration in the bottom sediment does not change significantly due 331 

to the strong stratification effect in a brackish lake. Kasten and Jørgensen (2000) suggested that 332 

anaerobic methane oxidation is induced by sulfate reduction in brackish environments. In this 333 

study, sulfate concentration decreased rapidly from about 900 mg/L in the water column above 334 

bottom sediment to 0.0 mg/L in the first sediment layer (Fig. 6). Sediments a few cm thick 335 

existed above the first sediment layer with a water content of about 80%. There is thus the 336 

possibility that anaerobic CH4 oxidation due to sulfate reduction occurs in the high-water 337 

content layer. The CH4 production layer thickness is more than 20 cm, resulting in a reduction 338 

in CH4 production to the range of 1,400–1,800 µmol/m2/day, which is more significant than the 339 

reduction in CH4 in the high-water content layer. Therefore, CH4 was probably released from 340 

the first or a deeper sediment layer to the water column without anaerobic CH4 oxidation 341 

induced by sulfate reduction.  342 

Although it has been established that CH4 is produced under anaerobic conditions (Capone 343 

and Kiene, 1988; Minami et al., 2012), the effect of DO concentrations on CH4 production has 344 

not been sufficiently clarified. Since Lake Abashiri is a typical brackish lake and has strong 345 

stratification, DO concentrations in water overlying the sediment do not change for more than 346 

a few months a year. Therefore, Lake Abashiri is considered a highly suitable lake to investigate 347 

the effect of overlying DO concentrations on CH4 production from the sediment. CH4 348 

production was thus plotted against DO concentrations in the overlying water (Fig. 7), based 349 

on seven samples from four stations (Table 1). In the cultivation experiment performed at St. 350 

B on June 29, 2012, the incubation temperature was 15℃, which is slightly lower than that of 351 

other cultivation experiments (generally 20℃). However, experiments using the same DO 352 

concentration (St. I on August 7, 2013) showed that the CH4 production was almost the same 353 

under different temperatures (Fig. 7 and Table 1). Although methanogenic archaea activity 354 

varies with water temperature changes (Conrad et al., 1987), the water temperature may have 355 

little influence on CH4 production in Lake Abashiri. Note that the water temperature of the 356 

lower layer is generally from 10.0℃ to 20.0℃ throughout the year in Lake Abashiri. To 357 
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estimate the CH4 production from bottom sediments using DO concentrations in water 358 

overlying the sediments, we propose a model equation with a logistic function as follows: 359 

PM=
a

[1+exp{b ∙ (DO+ c)}] 																																																								(6) 360 

where PM is the CH4 production from sediment (µmol/m2/day), DO is the DO concentration 361 

(mg/L), and a, b and c are the coefficients for the logistic function (a = 1,400.0, b = 2.33, c = –362 

3.97), respectively. 363 

 364 

2.3 Application of the methane model to a naturally eutrophic lake 365 

Wakamatsu et al. (2010) revealed that CH4 emission from Lake Abashiri is 355 µmol/m2/day. 366 

Since the DM concentration in the upper layer of Lake Abashiri is 587 µmol/m3 (Sasaki and 367 

Endo, 2014), the CH4 release rate can be estimated as 355 µmol/m2/day / 587 µmol/m3 = 0.60 368 

m/day. Because the upper layer thickness is about 6.0 m in the absence of strong winds over 369 

10.0 m/sec, which could cause the pycnocline to fluctuate (Maruya et al., 2010), the exchange 370 

time can be estimated as 6.0 m / 0.60 m/day = 10.0 d. On the other hand, assuming that DO 371 

concentrations were 0.0 mg/L, the CH4 production in Lake Abashiri is estimated as 27,900 372 

mol/day using Eq. (6), because the bottom area below the pycnocline is about 19.96 km2. As 373 

the surface area of Lake Abashiri is 32.3 km2, the CH4 production converted to a unit area for 374 

the water surface is 27,900 mol/day / 32.3 km2 = 864 µmol/m2/day. Therefore, CH4 in the upper 375 

layer under aerobic conditions is estimated to be reduced by 355 µmol/m2/day / 864 376 

µmol/m2/day = 0.41 (41%) compared to CH4 in the lower layer. The time required to reduce 377 

CH4 by 41% is estimated as 9.1 and 10.3 days based on incubator temperatures of 15℃ and 378 

30℃, respectively. Cultivation experiments revealed that DM concentrations decreased to 50% 379 

for about 8 days due to oxidation under aerobic conditions (Fig. 8), close to the exchange times 380 

of 9.1 and 10.3 days. Therefore, oxidation is expected to be the dominant reduction mechanism 381 

of DM concentrations in the upper aerobic layers in Lake Abashiri.  382 

The wind was the only significant factor controlling the upper layer mixing during the 383 

study period because the inflow effect was negligible (Fig. 4). Since wind speed was low and 384 

did not vary substantially, the entrainment velocity within the pycnocline was constant. Maruya 385 

et al. (2010) revealed that wind speed over 10 m/sec induces large-amplitude internal waves, 386 

which changes the pycnocline level. Maruya et al. (2010) also suggested that the vertical 387 

diffusion coefficient is constant when wind speed is weak, i.e., less than 10 m/sec, as in this 388 

study. Therefore, we used a constant vertical diffusion coefficient. The diffusion coefficient of 389 

CH4 between the upper and lower layers (aerobic and anoxic layers) in Lake Abashiri was 390 
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revealed to be 1.284 ´ 10-7 m2/sec, as estimated from field observations (Wakamatsu et al., 391 

2010). Therefore, CH4 flux from the upper to lower layers was suppressed due to the strong 392 

stratification. Moreover, DM concentrations in 2008 were almost constant in the upper layer, 393 

at about 0.2 µmol/L (Miura et al., 2013). To evaluate the applicability of the methane model, 394 

the DM concentration in the upper layer was thus given a constant of 0.2 µmol/L. Since the 395 

diffusion coefficient for CH4 on the bottom is higher than that of the pycnocline, CH4 is easily 396 

mixed due to turbulence owing to internal wave motions. Therefore, the diffusion coefficient 397 

was given linearly from 1.0 ´ 10-6 m2/sec at the pycnocline to 1.083 ´ 10-6 m2/sec at the bottom 398 

layer by referring to three-dimensional numerical simulations (Maruya et al., 2010). The 399 

methane model successfully reproduced the vertical CH4 profiles under calm conditions, 400 

discounting significant disturbance events such as strong winds that cause blue tides, since no 401 

such winds occurred during the field observations of 2008 (Miura et al., 2013) (Fig. 3). 402 

                                             403 

3 Discussion 404 

In this study, we observed that methane was produced in the accumulated bottom sediment at 405 

Lake Abashiri at high rates of 1,400–1,800 µmol/m2/day under low DO concentrations due to 406 

the strong stratification. Additionally, methane production from the bottom sediment decreased 407 

with increased DO concentrations around the pycnocline. To confirm that our findings on 408 

methane production were comparable to those observed at another eutrophic lake, we compared 409 

our results with those of Takii et al. (1997). Takii et al. (1997) sampled sediments from the 410 

sediment surface to a sediment depth of 0.12 m in Lake Kizaki from 1992 to 1994. Lake Kizaki 411 

is a typical eutrophic lake. DM concentrations were measured using sealed vial containers, in 412 

which the headspace above the sediment sample was filled with nitrogen gas. They conducted 413 

cultivation experiments with an incubator temperature of 6℃. In contrast, we used DM 414 

concentrations from 1993 to 1994, because hypoxic water was expected to have existed 415 

continuously without any change in stratification over that period. At Lake Kizaki, the annual 416 

mean CH4 production was 1,470 µmol/m2/day (800 to 1,800 µmol/m2/day) under anaerobic 417 

conditions (Takii et al., 1997). In our study, the CH4 production was 1,400 µmol/m2/day from 418 

Eq. (6) when the DO concentration was 0.0 mg/L, which is almost the same as that in Takii et 419 

al. (1997). These findings may suggest that 1,400 µmol/m2/day is the approximate universal 420 

value of the maximum methane production from the bottom sediment in a stratified eutrophic 421 

lake. However, a deeper understanding and clarification of the methane production from the 422 

bottom sediment will be needed to develop a universal model equation in future studies. 423 
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Equation (6) may be a first step toward the detailed estimation of methane diffusive emission 424 

for implementing more adequate and accurate mitigation measures. 425 

Based on their field observations in 2009, Wakamatsu et al. (2010) revealed that diffusive 426 

CH4 flux from the water surface to the atmosphere is about 350 µmol/m2/day under average 427 

meteorological conditions. In the present study, the maximum methane production from the 428 

bottom sediment was about 1,400 µmol/m2/day, which is much larger than the diffusive CH4 429 

flux from the water surface to the atmosphere. Diffusive CH4 flux can be reduced in two ways: 430 

by reducing oxidation in the upper layer or by reducing vertical flux suppression due to 431 

stratification. Maruya (2014) suggested that the suppression of the vertical methane flux plays 432 

a more significant role in reducing diffusive CH4 flux from the water surface to the atmosphere 433 

than does the suppression of the oxidation in the upper layer. Consequently, methane is 434 

accumulated in the lower layer, resulting in a high methane concentration of about 400 µmol/L 435 

in the lower layer, as Wakamatsu et al. (2010) found. The accumulation of a high methane 436 

concentration will not cause any problem in the ecosystem if the methane stays in the lower 437 

layer. However, a strong wind will sometimes cause upwelling, potentially causing a large 438 

amount of methane to be released from the water surface to the atmosphere for a short period. 439 

Therefore, the outcome of this study may contribute to research on the significant burst-like 440 

diffusive methane release from the water surface to the atmosphere. Also, it may suggest the 441 

necessity of developing a method for estimating methane concentration in a lake efficiently and 442 

accurately, such as by using a simple one-dimensional vertical column model. 443 

The one-dimensional methane model can estimate CH4 for a wide variety of lake 444 

characteristics. For example, stratification varies seasonally in freshwater lakes, resulting in an 445 

aerobic to anoxic lower layer from winter to summer. The developed methane model can 446 

evaluate how DO affects the vertical CH4 profile of the lower layer by giving the different DO 447 

rates. Since CH4 production varies from 0 µmol/m2/day to 1,400 µmol/m2/day, we applied a 448 

DO range from 0 to 6 mg/L to the methane model to investigate the effect of DO on the DM 449 

vertical profile (Fig. 9). As expected from Eq. (6), the DM concentrations decreased rapidly 450 

with DO changes from 3 mg/L to 5 mg/L. Since the maximum DO concentration is about 8 mg 451 

L-1 in Lake Abashiri, DO of 5 mg/L is considered an aerobic condition, which shows that the 452 

DM volume is about 10% when the lower layer is anoxic. Hypoxia occurs more readily in a 453 

eutrophic lake than an oligotrophic lake because of the more significant accumulation of 454 

particulate organic matter at the eutrophic lake bottom. We revealed that the lower the DO 455 

concentration, the higher the DM production, as shown in Fig. 7 and Eq. (6). Therefore, CH4 456 
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production due to diffusion tends to be significant in Lake Abashiri, a brackish and eutrophic 457 

lake. According to Sasaki and Endo (2014), the DM concentration in Lake Abashiri is about 458 

ten times larger than that in other oligotrophic lakes of the same size (Fig. 2a). Note that 459 

diffusion, rather than ebullition, was the primary source of CH4 emission in the lakes 460 

investigated by Sasaki and Endo (2014). 461 

 462 

4 Conclusions 463 

A methane production equation with a logistic function was proposed to estimate the CH4 464 

production from bottom sediments in a eutrophic lake using the DO concentrations in water 465 

overlying the sediments. Our results showed that CH4 production from the bottom sediments 466 

was 1,400 µmol/m2/day when the DO concentrations in water overlying the sediments ranged 467 

from 0 mg/L to 3 mg/L. In addition, the developed vertical methane model was successfully 468 

applied to evaluate a vertical CH4 profile in Lake Abashiri with a fair agreement to the field 469 

observations. The DM and DO concentrations vary due to internal waves in stratified flow fields, 470 

which determine the vertical diffusion coefficients in a one-dimensional model. Therefore, 471 

applying a detailed three-dimensional numerical model may provide a more accurate 472 

spatiotemporal estimation of the methane concentration in a eutrophic lake. However, since the 473 

running cost of the vertical methane model is low, it will be easy to apply the model to many 474 

different lakes over a long-term investigation. Therefore, the developed model could project 475 

methane flux due to climate change in future studies. 476 

 477 
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List of tables  643 

Table 1  644 

Bottom sediment samples from 2012 to 2013. Incubation temperature, dissolved oxygen 645 

concentration of the overlying water, and methane production are shown. 646 

Station Date 
Incubation 

temperature (℃) 
DO (mg/L) 

PM 

 (µmol/m2/day) 

St. Y August 8, 2013 20 5.88 25.79 

St. S October 23, 2012 20 4.08 601.9 

St. B June 29, 2012 15 0.14 1,335 

St. B October 23, 2012 20 1.48 1,274 

St. B November 26, 2012 20 3.02 1,241 

St. I October 23, 2012 20 1.09 1,463 

St. I August 7, 2013 20 0.05 1,398 

 647 

  648 
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Table 2  649 

Ratios of geochemical components in the bottom sediment in Fig. 5. Unit: %. 650 

  St. B St. F St. H St. I St. K St. M 

Na2O 1.18  1.54  1.47  1.23  1.66  1.26  

MgO 1.35  1.26  1.28  1.19  1.15  1.20  

Aｌ2O3 14.91  11.90  12.92  13.01  13.11  12.20  

SiO2 57.62  56.28  57.37  58.15  55.26  55.22  

P2O5 0.31  0.25  0.23  0.22  0.27  0.22  

SO3 1.49  2.31  2.63  2.39  2.24  2.59  

Cl 0.11  0.85  0.66  0.59  0.75  0.60  

K2O 1.75  1.38  1.37  1.38  1.33  1.28  

CaO 1.07  0.80  0.79  0.76  0.89  0.68  

TiO2 0.00  0.00  0.64  0.00  0.63  0.51  

MnO 0.00  0.02  0.02  0.00  0.00  0.02  

Fe2O3 0.03  0.02  6.35  0.03  0.03  0.02  

Co2O3 6.03  5.95  0.02  6.40  5.83  6.45  

ZnO 0.01  0.02  0.02  0.01  0.01  0.02  

Rb2O 0.02  0.01  0.01  0.00  0.00  0.01  

SrO 0.01  0.02  0.01  0.01  0.02  0.01  

C 14.11  17.39  14.22  14.61  16.82  17.71  
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List of figures  653 

 654 
Fig. 1 Dissolved methane concentration adjacent to the water surface in lakes of Hokkaido, and 655 

field observation stations in Lake Abashiri. a: Hokkaido lakes from which water samples were 656 

collected. b: Lake Abashiri and field observation stations. 657 

 658 
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 659 
Fig. 2 a: Surface area of lakes and dissolved methane concentration (µmol/L) (Sasaki and Endo, 660 

2014). b: The vertical profile of salinity (PSU) and dissolved oxygen concentrations (mg/L) in 661 

Lake Abashiri. 662 
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 664 
Fig. 3 Vertical profile of dissolved methane concentrations at St. I in 2008 (Miura et al., 2013), 665 

and comparison between observations and numerical simulations. NC indicates numerical 666 

computation. The coefficients of determination (CoD) and root-mean-square error (RMSE) 667 

were calculated by comparing the NC and average observation data. 668 

 669 
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 671 
Fig. 4 Wind vector, hydrograph, water temperature, and salinity in Lake Abashiri. White broken 672 

lines indicate the date of sampling. a: Wind vector (m/sec) at St. I in 2012. b: River discharge 673 

(m3/sec) at St. 0 in 2012. c: Vertical profile of water temperature (℃) at St. I in 2012. d: Vertical 674 

profile of salinity (PSU) at St. I in 2012. e: Wind vector (m s-1) at St. I in 2013. f: River discharge 675 

(m3/sec) at St. 0 in 2013. g: Vertical profile of water temperature (℃) at St. I in 2013. h: Vertical 676 

profile of salinity (PSU) at St. I in 2013. 677 
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 679 
Fig. 5 Geochemical composition in the bottom sediment by X-ray fluorescence analysis at a: 680 

St. B; b: St. F; c: St. H; d: St. I; e: St. K; and f: St. M. 681 

 682 
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 684 
Fig. 6 Sulfate and dissolved methane concentrations across the first to fourth layers at St. I on 685 

August 7, 2013. Circles and triangles indicate sulfate concentrations and methane production, 686 

respectively. 687 

 688 

 689 
Fig. 7 Dissolved oxygen concentrations in the overlying water and methane production from 690 

the bottom sediment. Red broken lines indicate the logistic function, Eq. (6).  691 
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 692 
Fig. 8 Oxidation-reduction of dissolved methane concentrations under aerobic conditions. a: 693 

Water temperature of 15℃. b: Water temperature of 30℃. 694 

 695 

 696 

Fig. 9 The vertical profile of dissolved methane concentrations when the dissolved oxygen 697 

concentration was calculated using one-dimensional numerical simulations varies from 0 698 

mg/L to 6 mg/L. 699 

 700 
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Fig. S1 Undisturbed core sampler. 764 

 765 


