
1 

 

Anaerobic methane oxidation in an East African great lake 

(Lake Kivu) 

Fleur A. E. Roland1*, François Darchambeau1, Cédric Morana2, Sean A. Crowe3, Bo 

Thamdrup4, Jean-Pierre Descy1,5 and Alberto V. Borges1 

 5 

1 Chemical Oceanography Unit, Université de Liège, Belgium 
2 Department of Earth and Environmental Sciences, Katholieke Universiteit Leuven (KU Leuven), 

Belgium 
3 Department of Earth, Ocean and Atmospheric Sciences, University of British Columbia, Canada 
4 Institute of Biology and Nordic Center for Earth Evolution, University of Southern Denmark, Denmark 10 

5 Laboratory of freshwater ecology, URBO, Department of Biology, Université de Namur, Belgium 

* Corresponding author: froland@ulg.ac.be 

 

  



2 

 

Abstract 15 

 This study investigates methane (CH4) oxidation in the water column of Lake Kivu, a deep meromictic 

tropical lake containing large quantities of CH4 in the anoxic deep waters. Depth profiles of dissolved gases (CH4 

and nitrous oxide (N2O)) and of the different potential electron acceptors for anaerobic methane oxidation (AOM) 

(nitrate, sulfate, iron and manganese) were determined during six field campaigns between June 2011 and August 

2014. Denitrification measurements based on stable isotopes were performed twice. Incubation experiments were 20 

performed to quantify CH4 oxidation and nitrate consumption rates, with a focus on AOM, without and with an 

inhibitor of sulfate-reducing bacteria activity (molybdate). Nitrate consumption rates were measured in these 

incubations during all field campaigns, and sulfate consumption rates were measured in August 2014. CH4 

production was also measured in parallel incubations by addition of picolinic acid, an inhibitor of CH4 oxidation, 

during three field campaigns, with rates up to 370 nmol L-1 d-1. Substantial CH4 oxidation activity was observed 25 

in oxic and anoxic waters, and in the upper anoxic waters of Lake Kivu, CH4 is a major electron donor to sustain 

anaerobic metabolic processes coupled to AOM. The maximum aerobic and anaerobic CH4 oxidation rates were 

estimated to 27 ± 2 and 16 ± 8 µmol L-1 d-1, respectively. We observed a decrease of AOM rates when molybdate 

was added for half of the measurements, strongly suggesting the occurrence of AOM linked to sulfate reduction, 

but an increase of AOM rates was observed for the other half. Nitrate reduction rates and dissolved manganese 30 

production rates tended to be higher with the addition of molybdate, but the maximum rates of 0.6 ± 0.02 and 11 

± 2 µmol L-1 d-1, respectively, were not high enough to explain AOM rates observed at the same depths. We also 

put in evidence a difference in the relative importance of aerobic and anaerobic CH4 oxidation between the seasons, 

with a higher importance of aerobic oxidation when the oxygenated layer was thicker (in the dry season).  
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1. Introduction 35 

Due to its potential impact in global warming and its increase due to human activities, the biogeochemical 

cycle of methane (CH4) raises great interest, and methanogenesis and methanotrophy have been widely studied in 

a large variety of environments. In natural environments, CH4 is produced anaerobically by methanogenic archaea. 

Recent studies also suggest that CH4 can be produced in oxic conditions, by oxygen tolerant methanogenic archaea 

coupled to phytoplankton activity (Grossart et al., 2011;Bogard et al., 2014;Tang et al., 2014;Tang et al., 2016). 40 

The total CH4 emission has been recently estimated to 553 Tg CH4 yr-1 for the period 2000-2009, from which 64 

% is emitted by tropical areas (Kirschke et al., 2013;Saunois et al., 2016). Decadal variations in the annual 

atmospheric CH4 growth rate have also been attributed to changes in emissions from tropical wetlands (Nisbet et 

al., 2016). Previous studies estimated that 9.5% of CH4 is released from tropical freshwaters and the rest from non-

tropical freshwaters (13.5%), marine ecosystems (3%), human activities (63%), plants (6%), gaseous hydrates 45 

(2%) and termites (3%) (Conrad, 2009;Bastviken et al., 2011). The real amount of CH4 produced in these systems 

is higher, but a significant percentage is biologically oxidized (aerobically or anaerobically) before reaching the 

atmosphere (Bastviken et al., 2002). Anaerobic CH4 oxidation (AOM) has been widely observed in marine 

environments, where it is mainly coupled to sulfate (SO4
2-) reduction (e.g. Iversen and Jørgensen, 1985;Boetius et 

al., 2000;Jørgensen et al., 2001). Comparatively, in situ AOM has been less frequently measured in freshwaters 50 

environments (e.g. in Lake Rotsee; Schubert et al., 2010), and is often considered as negligible compared to aerobic 

CH4 oxidation due to lower SO42- concentrations than  in seawater (Rudd et al., 1974). However, other potential 

electron acceptors for AOM, such as nitrate (NO3
-), iron (Fe) and manganese (Mn) (Borrel et al., 2011;Cui et al., 

2015), can be found in non-negligible concentrations in freshwater environments. AOM coupled to NO3
- reduction 

(NDMO) has been exclusively observed in laboratory environments (e.g. Raghoebarsing et al., 2006;Ettwig et al., 55 

2010;Hu et al., 2011;Haroon et al., 2013;á Norði and Thamdrup, 2014), and its natural significance is still 

unknown. Also, AOM coupled to Fe and Mn reduction has been proposed to occur in some freshwater 

environments (e.g. in lakes Matano and Kinneret; Crowe et al., 2011;Sivan et al., 2011;á Norði et al., 2013) and 

marine sediments (Beal et al., 2009), but to our best knowledge, no in situ measurements have been reported in 

the literature.    60 

Lake Kivu is a deep (maximum depth: 485 m) meromictic lake characterized by a high amount of CH4 

(60 km3 at 0°C and 1 atm) dissolved in its deep anoxic waters. Paradoxically, this lake is a very low emitter of 

CH4 to the atmosphere due to intense CH4 oxidation (Borges et al., 2011;Roland et al., 2016a). It is divided in 

different basins and bays. In the water column of the main basin, SO42- concentrations are relatively high (100-200 

µmol L-1; Morana et al., 2016) and a large SO4
2--reducing bacteria (SRB) community is present and co-occurs with 65 

methanotrophic archaea (İnceoğlu et al., 2015). The data based on 16S rRNA strongly suggest the occurrence of 

AOM coupled to SO42- reduction (SDMO), although it remains to be demonstrated in a direct way and quantified. 

Also, a NO3
- accumulation zone (nitracline) is often present during the rainy season at the oxic-anoxic interface 

(Roland et al., 2016a), and can potentially contribute to AOM. Based on these observations, we hypothesize that 

SO4
2- could be the unique electron acceptor involved in AOM during the dry season, while AOM coupled with 70 

NO3
- reduction (NDMO) could also contribute during the rainy season at a lower extent. Potential AOM linked to 

Fe and Mn reduction will also be investigated. In order to fully investigate CH4 cycle in the water column of Lake 

Kivu, we also measured CH4 production in the oxic compartment.  
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2. Material and methods 75 

2.1 Sampling sites 

Lake Kivu is an East African great lake located at the border between Rwanda and the Democratic 

Republic of the Congo (Fig. 1). It is divided into one main basin, two small basins and two bays: Northern Basin 

(or main basin), Southern Basin (or Ishungu Basin), Western Basin (or Kalehe Basin), the bay of Kabuno in the 

north and the bay of Bukavu in the South.  80 

Six field campaigns were conducted in the main basin (the Northern Basin off Gisenyi; -1.72504°N, 

29.23745°E) in June 2011 (early dry season), February 2012 (rainy season), October 2012 (late dry season), May 

2013 (late rainy season), September 2013 (dry season) and August 2014 (dry season).  

2.2 Physico-chemical parameters and sampling 

Vertical profiles of temperature, conductivity, pH and oxygen were obtained with a Yellow Springs 85 

Instrument 6600 V2 multiparameter probe. Water was collected with a 7L Niskin bottle (Hydro-Bios) every 2.5 

m in a ~10 m zone centered at the oxic-anoxic interface.    

2.3 Chemical analyses 

Samples for CH4 and N2O concentrations, and CH4 oxidation measurements were collected in 60 ml glass 

serum bottles, filled directly from the Niskin bottle with tubing, left to overflow, and sealed with butyl stoppers 90 

and aluminium caps. Two bottles were directly poisoned with 200 µl of HgCl2 injected through the septum with a 

syringe. Ten other bottles were incubated in the dark and at constant temperature close to in situ temperature 

(~23°C). Five of them received 250 µl of a solution of sodium molybdate, an inhibitor of sulfate-reducing bacteria 

activity (1 mol L-1; hence a final concentration of 4 mmol L-1), and five received no treatment. In May 2013, 

September 2013 and August 2014, five supplementary bottles received 500 µl of a solution of picolinic acid, an 95 

inhibitor of CH4 oxidation (6 mmol L-1; final concentration of 0.1 mmol L-1).  The bacterial activity of these ten 

bottles was stopped at 12, 24, 48, 72 and 96h by the addition of 200 µl of a saturated solution of HgCl2. CH4 and 

N2O concentrations were determined via the headspace equilibration technique (20 mL N2 headspace in 50 mL 

serum bottles, for samples of the main basin) and measured by gas chromatography (GC) (Weiss, 1981) with 

electron capture detection (ECD) for N2O and with flame ionization detection (FID) for CH4, as described by 100 

(Borges et al., 2015). The SRI 8610C GC-ECD-FID was calibrated with certified CH4:CO2:N2O:N2 mixtures (Air 

Liquide, Belgium) of 1, 10, 30 and 509 ppm CH4 and of 0.2, 2.0 and 6.0 ppm N2O. Concentrations were computed 

using the solubility coefficients of Yamamoto et al. (1976) and Weiss and Price (1980), for CH4 and N2O, 

respectively. The precision of measurements was ±3.9% and ±3.2% for CH4 and N2O, respectively. 

Samples for nutrients analyses were collected in 50 ml plastic vials after being filtered through a 0.22 µm 105 

syringe filter. 200 µl of H2SO4 5N were added at each vial for preservation. Samples were then frozen. NO2
- and 

NO3
- concentrations were estimated by spectrophotometry. NO2

- concentrations were determined by the 

sulfanilamide coloration method (APHA 1998), using a 5-cm light path on a spectrophotometer Thermo Spectronic 

Genesys 10vis. NO3- concentrations were determined after vanadium reduction to NO2
- and quantified under this 
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form with a Multiskan Ascent Thermo Scientific multi-plates reader (APHA, 1998;Miranda et al., 2001). The 110 

detection limits for these methods were 0.03 and 0.15 µmol L-1 for NO2
- and NO3

-, respectively. When making the 

headspaces for CH4 measurements as described above, the excess water was collected and used to quantify the 

evolution of NO3
- concentrations in the incubations (reported as NO3

- consumption rates), according to the method 

previously described. 

Samples for sulfide (HS-) concentrations were collected in 50 ml plastic vials, after being filtered on a 115 

0.22 µm syringe filter. Samples were preserved with 200 µl of 20% zinc acetate (ZnAc) and were stored frozen. 

HS- concentrations were quantified using a 5-cm light path on a spectrophotometer, according to the method 

described by Cline (1969). Samples for SO4
2- analyses were filtered through a 0.22 µm syringe filter and collected 

in 5 ml Cryotube vials. Samples were preserved with 20 µl of 20% ZnAc and were stored frozen. SO4
2- 

concentrations were determined by ion chromatography (Dionex ICS-1500, with an autosampler Dionex AS50, a 120 

guard column Dionex AG22 and an analytical column Dionex IonPac AS22). The detection limits of these methods 

were 0.25 and 0.5 µmol L-1 for HS- and SO4
2-, respectively. In August 2014, the decrease of SO4

2- concentrations 

in CH4 incubations was measured by spectrophotometry, using a 5-cm light path on a spectrophotometer Thermo 

Spectronic Genesys 10vis, according to the nephelometric method described by Rodier et al. (1996), after 

precipitation of barium sulfate in an acid environment. The detection limit of this method was 52 µmol L-1. 125 

In May 2013, September 2013 and August 2014, samples for Fe and Mn measurements were collected 

into 50 ml-plastic syringes directly from the Niskin bottle. Water was rapidly transferred from the syringe to the 

filtration set and was passed through 25 mm glass fiber filters. Filters were collected in 2 ml Eppendorf vials and 

preserved with 1 ml of a HNO3 2% solution, while filtrates were collected into four 2 ml Eppendorf vials and 

preserved with 20 µl of a HNO3 65% solution. The filters, for particulate Fe and Mn determination, were 130 

mineralized in specific Teflon bombs into a microwave digestion labstation (Ethos D, Milestone Inc.), after 

digestion with nitric acid. They were finally diluted into milli-Q water to the volume of 50 ml. Filtrates were 

directly diluted into milli-Q water to the volume of 50 ml. In August 2014, dissolved Mn and Fe concentrations 

were also determined in CH4 incubations in order to measure the evolution of concentrations through time. Fe and 

Mn concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS) using dynamic 135 

reaction cell (DRC) technology (ICP-MS SCIEX ELAN DRC II, PerkinElmer inc.). Analytical accuracy was 

verified by a certified reference material (BCR 715, Industrial Effluent Wastewater). 

2.4 CH4 oxidation and production, NO3
- and SO4

2- consumption and Mn2+ production rates calculations 

 CH4 oxidation and production, NO3- and SO4
2- consumption and Mn2+ production rates were calculated 

as a linear regression of CH4, NO3
-, SO4

2- and Mn2+ concentrations over time during the course of the incubation. 140 

Rates reported here are maximum rates, as they were calculated based on the maximum slopes. Table 1 shows 

standard deviations, initial CH4 concentrations, percentage of CH4 consumed and the time laps during which the 

CH4 oxidation rates were calculated for each depth. Table 2 shows standard deviations for NO3
- and SO4

2- 

consumption and Mn2+ production rates. 

 CH4 oxidation rates with molybdate were corrected taking into account the oxygen supplied by the 145 

addition of the solution, which was not anoxic. As molybdate solution was at saturation with respect to O2, we 

considered here that 1.25 µmol L-1 of O2 were added to each bottle (250 µl of the solution were added to 60 ml of 
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water). The O2 concentration required to be responsible for each CH4 oxidation rate was calculated according to 

the following stoichiometric equation Eq. (1):  

(1) CH4 + 2 O2 → CO2 + 2 H2O 150 

The part of each oxidation rate due to O2 was then calculated according to Eq. (2): 

(2) Ro = Rm * (O2r/O2a) 

where Ro is the part of each oxidation rate due to O2 supply, Rm is the measured oxidation rate, O2r is the O2 

concentration required to be responsible for the measured CH4 oxidation rate and O2a is the O2 concentration added 

by the molybdate solution. 155 

The final CH4 oxidation rates with molybdate were obtained by subtraction (Eq. 3): 

(3) Final CH4 oxidation rate with Mo = Rm – Ro 

All rates with molybdate reported here are final CH4 oxidation rates. 

2.5 N stable isotope labelling experiments 

 In May and September 2013, parallel denitrification experiments were conducted in order to link this 160 

process with CH4 oxidation. Water was collected in duplicate in amber 250 ml borosilicate bottles from the Niskin 

bottle with tubing, left to overflow, and sealed with Teflon-coated screw caps. Before the injection of 15N-labeled 

solutions, a 12h pre-incubation period in the dark and at 25°C was observed in order to allow the consumption of 

oxygen eventually introduced in the bottles during sampling.  

N stable isotope labelling experiments were based on Thamdrup and Dalsgaard (2002). Heterotrophic 165 

denitrification was determined by the injection of a Na15NO3 solution in amber bottles, through the stopper (final 

concentration of 5 µmol L-1). Six 12 ml vials (Labco Exetainer) were then filled from each of the duplicate bottles 

and placed in the dark in an incubator at ambient temperature (24°C), which was close to the in situ temperature 

(~23°C). Microbial activity in two Exetainers was immediately arrested through the addition of 500 µl 20% ZnAc. 

A time course was established by arresting two further Exetainers at 6, 12, 18, 24 and 48 h. While injecting ZnAc 170 

solution to stop the incubations of the Exetainers, the excess water was collected in 2 ml-Eppendorf vials, and 

stored frozen, to determine the evolution of the NOx
- concentrations through time. NOx

- were then analyzed by 

chemiluminescence, after reduction with vanadium chloride (VCl3), with an NO2
-, NO3

- and NOx analyzer (Thermo 

Environmental Instruments), according to the method described by Braman and Hendrix (1989) (detection limit: 

2-3 ng NOx).      175 

29N2 and 30N2 concentrations in the Exetainers were measured with a gas source isotope ratio mass 

spectrometer (Delta V Plus, ThermoScientific) after creating a 2 ml helium headspace (volume injected in the mass 

spectrometer: 50 µl). Potential denitrification rates (detection limits of 2.7 nmol L-1 h-1) in the incubations with 
15NO3

- were calculated according to Eq. (4) (Thamdrup and Dalsgaard, 2002): 

(4) Potential N2 denitrification = 15N15Nexcess * (FNO3)-2 180 
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where N2 denitrification is the production of N2 by denitrification during the incubations with 15NO3
-. 15N15Nexcess is the 

production of excess 15N15N and FNO3 is the fraction of 15NO3
- added in the NOx- pool. NOx

- concentrations of the 

NOx
- pool were measured in the incubations as described above. 15N15N is the excess relative to the mass 30: mass 

28 ratio in the time zero gas samples.  

 Only natural denitrification rates are reported here. Natural denitrification rates were calculated on the 185 

base on potential denitrification rates, according to Eq. (5):  

(5) Natural N2 denitrification  = Potential N2 denitrification * (1 – FNO3), 

which assumes that the rate obeys 1st order kinetics with respect to NO3
-. 

2.6 Pigment analysis 

 In May 2013, September 2013 and August 2014, samples for pigments analyses were collected on 190 

Whatman GF/F 47 mm glass fiber filters (filtration volumes:  3L). Filters were preserved in 5 ml Cryotube vials 

and stored frozen until pigment extraction in 4 ml of 90% HPLC grade acetone. Two 15-min sonications separated 

by an overnight period at 4°C in dark were applied, and extracts were stored in 2 ml-amber borosilicate vials. 

HPLC analyses were carried out as described by Sarmento et al. (2006).   

3. Results 195 

3.1 Physico-chemical characteristics of the water column 

Vertical profiles of physico-chemical variables differed strongly between stations and campaigns (Fig. 

2). In the dry season, the water column was anoxic from 47.5, 57.5, 55 and 60 m in June 2011, October 2012, 

September 2013 and August 2014, respectively. During the rainy season, it was anoxic from 45 and 55 m in 

February 2012 and May 2013, respectively. At each date, the thermocline and chemocline (based on specific 200 

conductivity and pH) mirrored the oxycline and temperature at the oxic-anoxic interface averaged 23.5 ± 0.2°C 

(mean ± standard deviation).   

CH4 concentrations were low (0.3 ± 0.5 µmol L-1) from the surface to 45-55 m where they started to 

increase; at 70 m, CH4 concentrations were 385 ± 43 µmol L-1 (Fig. 3). For all campaigns, N2O concentrations 

were higher in oxic waters (7.0 ± 0.4 nmol L-1 from 0-40 m) than in anoxic waters (1.3 ± 0.8 nmol L-1 below 60 m 205 

depth). In February 2012 and September 2013, peaks of N2O up to 15 nmol L-1 were observed at 50 m (anoxic 

waters) and at 45 m (oxic waters), respectively. 

NOx profiles also reflected the seasonal variations of the water column characteristics. A zone of NOx 

accumulation (nitracline) was not observed in June 2011 and May 2013, and a small one (<2 µmol L-1 at 52.5 m) 

was observed in August 2014. In February 2012, October 2012 and September 2013, NOx maxima of 3 µmol L-1 210 

(at 50 m), 4 µmol L-1 (at 50 m) and 4 µmol L-1 (at 47.5 m), respectively, were observed. SO4
2- and H2S 

concentrations did not show high fluctuations between the different campaigns. The mean of SO4
2- concentrations 

in oxic waters (from 0 to 50 m depth) was 153 ± 21 µmol L-1, while the mean of H2S concentrations in anoxic 

waters (at 70 m depth) was 42 ± 25 µmol L-1. SO4
2- concentrations strongly decreased in the anoxic zone (until ~0 

µmol L-1 at 80 m depth), while HS- concentrations increased. 215 
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While particulate Fe concentrations were up to 15 µmol L-1 in oxic waters, in September 2013, dissolved 

Fe concentrations were very low (less than 2.5 µmol L-1 all along the vertical profiles, during the three field 

campaigns). On the contrary, particulate Mn concentrations were low (less than 2 µmol L-1), with a maximum 

concentration peak located just above the oxic-anoxic interface, for the three campaigns, and dissolved Mn 

concentrations increased with depth, until maximum concentrations of 10 µmol L-1 in anoxic waters. 220 

3.2 Microbial process rate measurements 

CH4 oxidation was detected during all field campaigns (Fig. 4). Aerobic CH4 oxidation rates tended to be 

faster than anaerobic ones, since aerobic CH4 oxidation consumed on average 0.9 % of initial CH4 per hour, while 

anaerobic CH4 oxidation consumed 0.2 % of initial CH4 per hour. With molybdate added, 0.2 % of initial CH4 

concentrations were also consumed per hour on average.    225 

The dry season was characterized by higher maximum CH4 oxidation rates in oxic waters compared to 

anoxic waters. The maximum oxic and anoxic oxidation rates were observed in August 2014 and were 27 ± 2 (at 

55 m) and 16 ± 8 (at 75 m) μmol L-1 d-1, respectively. A high SO42- consumption rate of 7.5 ± 0.0 µmol L-1 d-1 was 

observed near this region of high CH4 oxidation rate, at 70 m depth. During the other field campaigns, maximum 

oxic CH4 oxidation rates were 2 ± 0.04 and 13.9 ± 0.0 µmol L-1 d-1, while maximum anoxic rates were 0.8 ± 0.01 230 

(at 47.5 m) and 3.5 ± 0.3 (at 65 m) µmol L-1 d-1, in June 2011 and September 2013, respectively. In October 2012, 

the CH4 oxidation rate (0.2 µmol L-1 d-1) observed in anoxic waters was negligible compared with the high rate of 

10.2 ± 0.4 µmol L-1 d-1 observed in oxic waters. NO3
- consumption rates tended to be low during all the campaigns, 

but a non-negligible natural denitrification rate of 1.5 µmol L-1 d-1 was observed at 65 m in September 2013, in 

parallel incubations.  235 

During the rainy season, maximum CH4 oxidation rates in anoxic waters were higher than in oxic waters. 

In February 2012, the maximum anoxic CH4 oxidation rate of 7.7 ± 0.4 µmol L-1 d-1 was observed at 50 m and co-

occurred with the maximum NO3- consumption rate of 0.4 ± 0.1 µmol L-1 d-1. In May 2013, the maximum anoxic 

CH4 oxidation rate of 3.2 µmol L-1 d-1 was observed at 65 m, which was close to a NO3
- consumption rate of 0.03 

± 0.01 µmol L-1 d-1 observed at 70 m depth. Also, higher rates of natural denitrification (based on 15N) were 240 

observed between 60 and 70 m depth, with a maximum of 0.7 µmol NO3
- L-1 d-1 at 60 m depth. No oxic CH4 

oxidation rate was observed in February 2012, while a maximum rate of 1.5 ± 0.2 µmol L-1 d-1 was observed in 

May 2013. 

When molybdate was added, different profiles were observed. In February 2012 and August 2014, CH4 

oxidation rates decreased when molybdate was added, while rates tended to increase when molybdate was added 245 

during the other field campaigns. In October 2012 and May 2013 in particular, CH4 oxidation rates strongly 

increased when molybdate was added, from 0 ± 0  to 23 ± 0.4 µmol L-1 d-1 (at 80m) and from 3 to 18 µmol L-1 d-1 

(at 65 m), respectively. In September 2013, CH4 oxidation rates increased when molybdate was added up to 11 ± 

0.5 µmol L-1 d-1 at 55 m. In August 2014, the addition of molybdate was also accompanied by a strong increase of 

dissolved Mn (Mn2-) production rates. NO3- consumption rates also tended to increase when molybdate was added 250 

during all field campaigns. No dissolved Fe (Fe2+) production was observed with or without molybdate added (data 

not shown).  
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CH4 production was observed in oxic waters during the three sampled campaigns, with rates up to 371 

nmol L-1 d-1 in August 2014 (Fig. 5). For the three campaigns, the highest CH4 production peaks were located at 

the basis of the zones with high chlorophyll a content, just above the oxic-anoxic interface. 255 

4. Discussion 

 High CH4 oxidation rates were observed in oxic and anoxic waters (maximum 27 ± 2 and 16 ± 8 µmol L-

1 d-1, respectively). Aerobic CH4 oxidation rates were sometimes very high when considering the initial CH4 

concentrations (Table 1). For example, the maximum aerobic CH4 oxidation rate of 27 ± 2 µmol L-1 d-1 observed 

at 55 m depth in August 2014 occurred at CH4 concentrations of 42 ± 2 µmol L-1. However, as shown in Table 1, 260 

this rate applied on a period of 24h, and 68 % of the initial CH4 was consumed after 24h. The same observation is 

made, for example, in June 2011 (at 42.5 and 45 m), February 2012 (at 50 m) and October 2012 (at 53 m). 

 A great variability in oxidation rates was observed between the different campaigns. The main pathway 

of CH4 oxidation was aerobic in June 2011, October 2012 and September 2013 (dry season) and anaerobic in 

February 2012 and May 2013 (rainy season) (Table 3). In August 2014, aerobic and anaerobic oxidation rates were 265 

quite equivalent. As shown by Figure 6, aerobic oxidation rates tended to depend on the oxygenated layer depth. 

Aerobic CH4 oxidation rates tended to be higher when the mixed layer was deeper, as usually observed during the 

dry season. This observation confirms hypothesis by Roland et al. (2016a) who suggested, based on the seasonal 

evolution with depth of CH4 concentrations, that during the dry season, the oxic layer deepens and integrated 

aerobic CH4 oxidation on the oxic water column is higher. On the contrary, during the rainy season, the oxic layer 270 

is thinner, and a greater amount of CH4 can be anaerobically oxidized before reaching the oxic part of the water 

column. While aerobic CH4 oxidation is probably limited by CH4 concentrations, AOM is probably limited by the 

availability of electron acceptors due to competition with more favorable processes (such as heterotrophic 

denitrification, sulfate reduction etc.). Also episodic fluctuations in water column characteristics influence 

bacterial communities and small variations in the water column structure may influence the abundance and/or 275 

distribution of bacterial communities, and thus contribute to the differences observed. Anyway, the relatively high 

aerobic and anaerobic CH4 oxidation rates measured during this study and estimated from 13C-CH4 production by 

Morana et al. (2015a) explain the low air-water CH4 fluxes observed throughout the year in Lake Kivu (Borges et 

al., 2011;Roland et al., 2016a).  

 Aerobic and anaerobic CH4 oxidation rates are also high compared with most other lakes (Table 4). Large 280 

differences observed can be easily explained by the different characteristics of the environments, such as vertical 

structure of the water column, CH4 concentrations, O2 and other electron acceptors concentrations, or water 

temperature. Lake Kivu is a tropical lake, so high water temperatures enhance bacterial activity, contrary to 

temperate and boreal lakes. Also, the water column of Lake Kivu allows the accumulation of high CH4 

concentrations in anoxic waters, which can slowly diffuse to the oxic compartment, allowing the occurrence of 285 

both aerobic and anaerobic CH4 oxidation. It was presently assumed that all the CH4 present in the water column 

of Lake Kivu was produced in anoxic sediments, by acetoclastic and hydrogen reduction methanogenesis (Pasche 

et al., 2011). However, we show here that a part of CH4 present in oxic waters can come from aerobic CH4 

production. Aerobic CH4 production has been recently studied (Bogard et al., 2014;Grossart et al., 2011;Tang et 

al., 2014;Tang et al., 2016), and different mechanisms have been proposed to explain it, among which a link with 290 



10 

 

phytoplankton that produces methylated compounds (e.g. dimethylsulfonioproprionate (DMSP)), H2 or acetate, 

which could then be used by oxygen tolerant methanogenic bacteria to produce CH4 (Jarrell, 1985;Angel et al., 

2011;Grossart et al., 2011). Alternatively, phytoplankton could directly produce CH4 itself (Lenhart et al., 2016). 

During our study, the aerobic CH4 production peaks were always located at the basis of the zones of high 

Chlorophyll a content. This location may be due to a spatial coupling between the presence of substrates produced 295 

by phytoplankton and the presence of oxygen tolerant methanogenic archaea. İnceoğlu et al. (2015) revealed the 

presence of methanogenic archaea in the anoxic waters and at the oxic-anoxic interface of Lake Kivu, among 

which Methanosarcinales. Angel et al. (2011) showed that some archaea belonging to Methanosarcinales are 

capable to perform methanogenesis under oxic conditions, at lower rates than in anoxic conditions.  

 Very high AOM rates observed in Lake Matano compared with Lake Kivu may be explained by higher 300 

CH4 concentrations in anoxic waters and greater concentrations of the highly favorable electron acceptor Fe (Sturm 

et al., 2016). Pasche et al. (2011) reported lower aerobic and anaerobic CH4 oxidation rates than those we measured, 

but their CH4 oxidation measurements were only made during one field campaign, as although we demonstrated 

during this study that a great seasonal variability in CH4 oxidation rates can be observed.   

 Different depth profile patterns were observed when molybdate, the inhibitor of sulfate-reducing bacteria 305 

activity, was added. About half of the measurements gave lower rates with molybdate added, and the other half 

gave higher rates (Fig. 7). In February 2012 and August 2014, AOM rates were lower with molybdate, suggesting 

the occurrence of AOM coupled with SO4
2- reduction. Measurement of the SO4

2- consumption rate during the 

incubations were performed in August 2014. The highest rate of SO42- consumption (18 ± 6 µmol L-1 d-1) was 

observed at 70 m, what was close to the higher AOM peak of 16 ± 8 µmol L-1 d-1 observed at 75 m depth. In terms 310 

of stoichiometry, Fig. 8a shows that one AOM peak can be easily explained by the SO4
2- reduction rate, since 1 

mole of SO4
2- is needed to oxidize 1 mole of CH4, according to Eq. (6):  

(6) CH4 + SO4
2- → HCO3

- + HS- + H2O 

SO4
2- consumption rates were calculated from the change in time of SO4

2- concentrations measured with the 

nephelometric method, which might not be precise enough, since the detection limit was 52 µmol L-1. So, due to 315 

this high detection limit, we might have missed or underestimated some SO4
2- consumption rates, which could 

potentially be linked to AOM. Vertical profiles of SO4
2- concentrations, measured by ion chromatography 

(detection limit of 0.5 µmol L-1), show that SO42- is present in enough quantity to explain AOM rates observed, 

for all campaigns (Table 5).   

In February 2012, the maximum AOM peak of 7.7 ± 0.4 µmol L-1 d-1 co-occurred with the maximum NO3
- 320 

consumption peak of 0.4 ± 0.1 µmol L-1 d-1, at 50 m depth, suggesting that a part of AOM might have been due to 

NO3
- reduction. NO3

- consumption rates do not clearly determine if denitrification occurs in Lake Kivu, since the 

NO3
- consumption recorded during the incubations might reflect the incorporation of N into the biomass, or 

reduction to ammonium. However, in a companion paper, we showed that natural denitrification occurred in the 

Northern Basin in 2011 and 2012, at rates ranging between 1.2 and 2232 nmol NO3
- L-1 d-1, during the same field 325 

campaigns, at depths close to those where we observed AOM rates (Roland et al., 2016b). Moreover, in May and 

September 2013, we also observed natural denitrification rates in parallel incubations, and higher denitrification 

rates co-occurred with higher AOM rates. Fig. 8b and 8c show AOM rates calculated based on the NO3
- 
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consumption rates measured in the incubations and based on natural denitrification rates measured in parallel 

incubations (only in May and September 2013), respectively, and according to the stoichiometry of Eq. (7), where 330 

8 moles of NO3
- are needed for 5 moles of CH4 (Raghoebarsing et al., 2006):  

(7) 5 CH4 + 8 NO3
- + 8 H+ → 5 CO2 + 4 N2 + 14 H2O 

All AOM rates cannot be solely explained by NO3
- consumption rates. Even natural denitrification rates are not 

sufficient to explain AOM rates observed. This discrepancy suggests that NO3
- is not an important electron 

acceptor for AOM in Lake Kivu, which is not surprising when considering low natural NO3
- concentrations. 335 

Indeed, the majority of AOM rates observed cannot be explained by the NOx concentrations (Table 5). Only very 

low AOM rates can be fully explained by NOx concentrations. Also, it seems that Fe cycling in the water column 

of Lake Kivu is not well developed, since while particulate Fe concentrations were up to 15 µmol L-1, dissolved 

Fe concentrations were very low (Fig. 3), suggesting that Fe reduction is a limited process. While particulate Fe 

concentrations were high enough to explain up to 100% of the small AOM rates observed (Table 5), dissolved Fe 340 

concentrations can only explain up to 24% of the small AOM rates, and only 1-5 % of higher AOM rates, according 

to Eq. (8) (Beal et al., 2009):  

 

(8) CH4 + 8 Fe(OH)3 + 15 H+ → HCO3
- + 8 Fe2+ + 21 H2O 

 345 

Moreover, in August 2014, no Fe2+ production rate was observed in the incubations, without and with molybdate 

added, which tends to support the low occurrence of Fe reduction in the water column of Lake Kivu. It is thus 

likely that Fe does not play a significant role for AOM.  

 
MnO2 and Mn2+ concentrations were also measured in May 2013, September 2013 and August 2014 (Fig. 3). 350 

AOM can occur with MnO2 as electron acceptor, and produce Mn2+ according to Eq. (9) (Beal et al., 2009): 

(9) CH4 + 4 MnO2 + 7 H+ → HCO3
- + 4 Mn2+ + 5 H2O 

   According to this relationship, 1 mole of CH4 consumes 4 moles of MnO2 and produces 4 moles of Mn2+. 

In May 2013 and September 2013, we can see that MnO2 can fully contribute to AOM at depths near the oxic-

anoxic interface (Table 5). At 65 m in May 2013, we can see that MnO2 can only contribute for 45% of AOM rate. 355 

Particulate Mn concentrations were very low compared to dissolved Mn concentrations, with a peak located just 

above the oxic-anoxic interface, for each campaign. Jones et al. (2011) showed the same profile in Lake Matano, 

and concluded that Mn is recycled at least 15 times before sedimentation. Mn2+ is probably oxidized in presence 

of small quantities of O2, precipitates and is directly reduced in anoxic waters. The same profile is probably 

observed in Lake Kivu, and MnO2 can thus probably significantly contributes to AOM only at depths close to the 360 

oxic-anoxic interface. A significant part of AOM could be due to MnO2 reduction for each depth if we take into 

account Mn2+ concentrations (Table 5), and considering two hypotheses: 1) All the Mn2+ measured at each depth 

come from the reduction of precipitated MnO2, and 2) all the Mn2+ come from MnO2 reduction with CH4. However, 

these hypotheses are unlikely, since Mn2+ present at each depth can come from diffusion from upper depths, and 

MnO2 can be reduced by other electron donors than CH4. Also, for SO4
2- and NOx, other processes such as SO4

2- 365 

reduction with organic matter and heterotrophic denitrification can take place. The percentages of AOM reported 

in Table 5 and the calculated AOM rates reported in Fig. 7 are thus potential maximum percentages and rates. 
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Nevertheless, CH4 has the potential to be the major electron donor in anoxic waters of Lake Kivu based on 

consideration of the standing stocks and fluxes of carbon. Indeed, CH4 concentration at 70 m is ~385 µmol L-1 

which is distinctly higher than typical dissolved organic carbon concentrations of 142 µmol L-1 that is very 370 

refractory anyway (Morana et al., 2014; 2015b) and particulate organic carbon (POC) concentrations in anoxic 

waters typically lower than 30 µmol L-1 (Morana et al., 2015b). In terms of supply of carbon, the CH4 vertical flux 

of 9.4 mmol m-2 d-1 (Morana et al., 2015a) is also higher compared to the downward flux of POC from the mixed 

layer of 5.2 ± 1.7 mmol m-2 d-1 (average value of 24 month-deployment of sediment traps in the Northern Basin 

from November 2012 to November 2014, unpublished data). This is in general agreement with the high 375 

methanotrophic production in Lake Kivu (8.2 – 28.6 mmol m-2 d-1) estimated by a parallel study (Morana et al., 

2015a).  

Considering the very high SO4
2- concentrations compared with other potential electron acceptors (mean of 

103, 0.40, 0.42 and 4.9 µmol L-1 for SO4
2-, NOx, particulate Mn and particulate Fe, respectively, at depths where 

AOM was observed), it is likely that AOM in Lake Kivu is mainly coupled to SO42- reduction. Moreover, half of 380 

the measurements showed that the inhibition of SRB activity by molybdate induced a decrease of AOM rates. 

However, the other half of the measurements showed that AOM rates were higher when molybdate was added. 

These results are surprising and difficult to explain. We firstly considered if we artificially induced aerobic 

oxidation by injecting molybdate, since the solution was not anoxic. As described in Sect. 2.4, we calculated the 

impact of O2 supply for each CH4 oxidation rate, which was clearly limited, since the median value of relative 385 

standard deviations (between rates with molybdate and rates with molybdate if no O2 was added) was 2.5 %, and 

thus did not strongly influence CH4 oxidation rates. Even if a significant artificially-induced aerobic oxidation can 

be ruled out, the O2 supply could potentially induce NO3
-, particulate Fe and Mn production, and thus increase 

AOM linked to these electron acceptors. However, no increased concentrations of these elements was observed 

during the incubations with molybdate (data not shown). We were not able to directly measure the SO4
2- 390 

concentrations in incubations with molybdate with the nephelometric method, due to a reaction between molybdate 

and reagents inducing absorbance higher than the maximum absorbance measurable for the specific wavelength. 

Since HS- oxidation is very fast (Canfield et al., 2005), it is very likely that the artificially introduced O2 was 

directly consumed by this way, and thus that SO4
2- concentrations were higher in incubations with molybdate. 

However, the increase of AOM in presence of molybdate cannot be due to the increase of SO4
2- concentrations, 395 

since molybdate inhibit SO42- reduction.  

We can thus hypothesize that a modification in competitive relationships among the bacterial community 

in presence of molybdate, such as a decrease of competition between denitrifying bacteria and/or Mn-reducing 

bacteria and SRB, would explain the higher NO3
- consumption rates observed with molybdate added. Also, Mn2+ 

production rates increased with molybdate in August 2014. Competitive relationships for electron donors among 400 

bacterial communities have already been observed in literature (e.g. Westermann and Ahring, 1987, Achtnich et 

al., 1995). In Lake Kivu, it is unlikely that the strong increase in AOM rates was only due to a change in 

competition between SRB and denitrifying bacteria and/or SRB and Mn-reducing bacteria, since NO3
- and MnO2 

concentrations are in any way insufficient to be responsible for all AOM rates. However, with the present dataset, 

this hypothesis cannot be definitively ruled out, and further studies are required to really understand the influence 405 
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of molybdate on the bacterial communities. The measurement of the bacterial communities' evolution in the 

incubations, without and with molybdate added, would be really interesting. 

 

5. Conclusions      

We put in evidence a diversified CH4 cycle, with the occurrence of AOM and aerobic CH4 production, 410 

and their seasonal variability, in the water column of a meromictic tropical lake. Presently, CH4 oxidation in Lake 

Kivu was superficially measured by Jannasch (1975), and was estimated on the base on mass balance and 

comparison to fluxes (Pasche et al., 2011;Borges et al., 2011). It was also supposed to occur based on 

pyrosequencing results (İnceoğlu et al., 2015;Zigah et al., 2015), which put in evidence the presence of sulfate-

reducing bacteria and methanotrophic archaea in the water column and suggested that AOM could be coupled to 415 

SO4
2- reduction. Morana et al. (2015a) made isotopic composition analysis which revealed the occurrence of 

aerobic and anaerobic CH4 oxidation in the water column of Lake Kivu, and concluded that aerobic CH4 oxidation 

was probably the main pathway of CH4 removal. Finally, important CH4 oxidation was also supposed to be 

responsible for small CH4 fluxes to the atmosphere observed throughout the year (Borges et al. 2011; Roland et 

al., 2016a). However, any of these studies directly put in evidence and measured aerobic and anaerobic oxidation 420 

rates and, nothing was known about seasonal and spatial variability of CH4 oxidation in Lake Kivu, nor the 

different potential electron acceptors for AOM. We were not able to clearly identify the main electron acceptor of 

AOM based on this dataset, but considering the high SO4
2- concentrations, it is likely that AOM could be mainly 

coupled to SO42- reduction. A seasonal variability in the respective importance of aerobic and anaerobic CH4 

oxidation rates was observed, with a higher importance of aerobic oxidation in dry season and of AOM in rainy 425 

season. This can be linked to the position of the oxygenated layer depth, which is located deeper during the dry 

season, due to the seasonal mixing of the mixolimnion. At this period of the year, the oxic-anoxic interface is 

located close to the chemocline, below which the CH4 concentrations are typically 5 orders of magnitude larger 

than in the upper part of the mixolimnion. By contrast, during the rainy season, when the thermal stratification 

within the mixolimnion is well established, the volume of the oxic compartment is smaller than the volume of the 430 

anoxic compartment, and hence CH4 can only reach the oxic waters by diffusion, after that a significant fraction 

of the CH4 upward flux has been oxidized by AOM, which limit the aerobic CH4 oxidation.   
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Table 1: Depth (m) where CH4 oxidation was observed, presence (+) or absence (-) of oxygen (O2), CH4 oxi = 

maximum CH4 oxidation rates (µmol L-1 d-1) calculated based on a linear regression, [CH4] in = initial CH4 

concentrations (µmol L-1) from which the linear regression begins, % CH4 = percentage of initial CH4 consumed, 

and time (h) required for this consumption (time lapse during which the linear regression was applied to calculate 

CH4 oxidation rates), without and with molybdate added (- Mo and + Mo, respectively), for all field campaigns. 

N.d. = not determined. 

Depth 

(m) 

O2 CH4 oxi 

(µmol L-1 d-1) 

[CH 4] in 

(µmol L-1) 

% CH 4 Time 

(h) 

  - Mo + Mo - Mo + Mo - Mo + Mo - Mo + Mo 

June 2011 

42.5 + 0.3 ± 0.0 N.d. 0.3 ± 0  N.d. 90 ± 0 N.d. 24 N.d. 

45 + 2.0 ± 0.0 N.d. 2 ± 0 N.d. 97 ± 0 N.d. 24 N.d. 

47.5 - 0.8 ± 0.0 N.d. 18 ± 0 N.d. 23 ± 0 N.d. 96 N.d. 

50 - 0.4 ± 0.1 N.d. 21 ± 0 N.d. 10 ± 0 N.d. 96 N.d. 

February 2012 

45 - 0.3 ± 0.0 0.1 ± 0.0 1 ± 0 1 ± 0 73 ± 0 66 ± 0 72 72 

50 - 7.7 ± 0.4 3.0 ± 0.3 8 ± 0 8 ± 0 64 ± 1 27 ± 2 16 16 

55 - 4.0 ± 0.2 4.3 ± 0.0 21 ± 0 21 ± 0 12 ± 1 13 ± 0 16 16 

60 - 1.2 0.2 115 105 4 3 72 96 

October 2012 

53 + 10.2 ± 0.4 10.0 ± 0.4 10 ± 0 10 ± 0 98 ± 0 97 ± 0 24 24 

55 + 0.4 ± 0.4 16.9 ± 5.4 78 ± 4 78 ± 4 2 ± 6 18 ± 5 96 24 

57.5 - 0.2 ± 0.2 1.3 ± 0.5 65 ± 3 65 ± 3 4 ± 5 10 ± 5 96 96 

60 - 0.0 ± 0.0 2.1 ± 2.5 129 ± 17 129 ± 17 0 ± 0 10 ± 12 96 96 

70 - 0.0 ± 0.0 1.3 ± 1.6 344 ± 11 344 ± 11 0 ± 0 2 ± 3 96 96 

80 - 0.0 ± 0.0 23.4 ± 0.4 538 ± 2 538 ± 2 0 ± 0 26 ± 0 96 96 

May 2013 

40 + 0.1 ± 0.0 N.d. 0.4 ± 0 N.d. 45 ± 2 N.d. 96 N.d. 

45 + 0.1 ± 0.0 N.d. 0.7 ± 0 N.d. 63 ± 1 N.d. 72 N.d. 

47.5 + 0.6 ± 0.0 0.6 ± 0.0 2 ± 0 2 ± 0 75 ± 1 75 ± 1 48 48 

50 + 1.5 ± 0.2 1.0 ± 0.3 20 ± 1 20 ± 1 31 ± 4 18 ± 5 96 72 

52.5 + 0.5 ± 0.1 0.3 ± 0.0 25 ± 0 25 ± 0 7 ± 1 7 ± 1 72 96 

55 - 1.2 4.5 ± 4.2 45 45 ± 4 8 8 ± 7 96 24 

60 - 1.0  6.0 ± 5.6 115 113 ± 4 4 4 ± 4 96 24 

65 - 3.2 18.0 227 223 6 6 96 24 

70 - 1.5 ± 0.3 1.0 ± 0.0 410 ± 3 410 ± 3 2 ± 1 2 ± 1 120 120 

September 2013 

40 + 0.02 N.d. 0.2 N.d. 37 N.d. 48 N.d. 

45 + 0.02 ± 0.0 0.0 ± 0.0 0.1 ± 0 0.1 ± 0 73 ± 3 0 ± 0 96 96 
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47.5 + 13.4 ± 0.3 10.5 ± 0.3 13 ± 0 13 ± 0 93 ± 0 75 ± 1 24 24 

50 + 13.9 ± 0.0 12.7 ± 0.0 27 ± 0 27 ± 0 17 ± 0 16 ± 0 12 12 

52.5 + 0.2 ± 0.0 1.0 ± 0.0 50 ± 0 50 ± 0 2 ± 0 11 ± 0 96 96 

55 - 0.5 ± 0.0 11.3 ± 0.5 90 ± 0 90 ± 0 2 ± 0 4 ± 0 72 12 

57.5 - 0.3 ± 0.0 10.2 ± 0.4 99 ± 0 99 ± 0 3 ± 0 3 ± 0 96 12 

65 - 3.5 ± 0.3 2.6 ± 0.3 215 ± 1 215 ± 1 6 ± 1 5 ± 1 72 72 

August 2014 

55 + 27.1 ± 1.6 18.0 ± 1.6 42 ± 2 42 ± 2 68 ± 1  46 ± 3 24 24 

57.5 + 2.1 1.5 69 69 6 4 48 48 

60 - 0.0 ± 0.0 4.7 167 ± 20 167 ± 20 0 ± 0 6 96 48 

65 - 5.1 ± 0.9 1.3 ± 0.9 275 ± 1 275 ± 1 6 ± 2 3 ± 2 96 96 

67.5 - 6.8 ± 7.8 0.0 ± 0.0 358 ± 6 358 ± 6 16 ± 12 0 ± 0 96 96 

70 - 3.3 ± 1.3 0.0 ± 0.0 445 ± 10 445 ± 10 6 ± 2 0 ± 0 96 96 

75 - 16.0 ± 8.2 0.0 ± 0.0 689 ± 58 689 ± 58 3 ± 8 0 ± 0 96 96 
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Table 2: Anoxic depths (m), NO3- and SO4
2- consumption and Mn2+ production rates (µmol L-1 d-1) and their 

standard deviation, without and with molybdate added (- Mo and + Mo, respectively), for all campaigns. N.d. = 

not determined. All rates were calculated based on a linear regression of concentrations through time. Fe2+ 

production rates were measured at the same depths than Mn2+ production rates, but were always equal to zero and 

are not reported here. 

Depth (m) NO3
- consumption 

(µmol L-1 d-1) 

SO4
2- consumption  

(µmol L-1 d-1) 

Mn 2+ production  

(µmol L-1 d-1) 

 - Mo + Mo - Mo + Mo - Mo + Mo 

February 2012 

45 0.01 ± 0.01 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

50 0.37 ± 0.07 0.56 ± 0.02 N.d. N.d. N.d. N.d. 

55 0.21 ± 0.02 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

60 0.01 ± 0.0 0.33 ± 0.0 N.d. N.d. N.d. N.d. 

October 2012 

57.5 0.0 ± 0.0 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

60 0.0 0.02 N.d. N.d. N.d. N.d. 

65 0.0 0.04 N.d. N.d. N.d. N.d. 

70 0.0 0.04 N.d. N.d. N.d. N.d. 

May 2013 

55 0.0 ± 0.0 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

60 0.07 0.0 N.d. N.d. N.d. N.d. 

65 0.0 ± 0.0 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

70 0.03 ± 0.01 0.25 ± 0.05 N.d. N.d. N.d. N.d. 

September 2013 

55 0.0 ± 0.0 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

57.5 0.0 ± 0.0 0.0 ± 0.0 N.d. N.d. N.d. N.d. 

65 0.0 ± 0.0 0.04 ± 0.01 N.d. N.d. N.d. N.d. 

August 2014 

60 0.0 ± 0.0 0.0 ± 0.0 1.0 ± 0.5 N.d. 0.0 ± 0.0 0.0 ± 0.0 

62.5 0.0 ± 0.0 0.0 ± 0.0 0.7 ± 0.3 N.d. 0.0 ± 0.0 0.5 ± 0.2 

65 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 N.d. 0.0 ± 0.0 0.0 ± 0.0 

67.5 0.0 ± 0.0 0.0 ± 0.0 1.5 ± 0.6 N.d. 0.0 ± 0.0 10.6 ± 1.6 

70 0.0 ± 0.0 0.0 ± 0.0 7.5 ± 0.0 N.d. 0.0 ± 0.0 8.1 ± 0.1 

75 0.0 ± 0.0 0.0 ± 0.0 0.3 ± 0.03 N.d. 0.0 ± 0.0 0.0 ± 0.0 
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Table 3: Depth-integrated CH4 oxidation rates (µmol m-2 d-1) in Lake Kivu and the percent related to anaerobic 

oxidation of methane (AOM).  

 Integration depth 

interval (m) 

CH4 oxidation 

(µmol m-2 d-1) 

% AOM 

Dry season 

June 2011 1-65 9 30 

October 2012 1-80 27 1 

September 2013 1-65 81 15 

August 2014 1-75 162 55 

Rainy season 

February 2012 1-60 63 99 

May 2013 1-80 44 81 
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Table 4: Aerobic and anaerobic CH4 oxidation rates (µmol L-1 d-1) in Lake Kivu and other lakes in literature.  

   

Lake Aerobic CH4 oxidation 

(µmol L-1 d-1) (CH4 

concentrations; µmol L-1) 

AOM 

(µmol L-1 d-1) (CH4 

concentrations; µmol L-1) 

Source 

    

Kivu 0.02-27 (0.2-42) 0.2-16 (65-689) This study 

Kivu 0.62 (3.6) 1.1 (54) Pasche et al. (2011) 

Pavin (France) 0.006-0.046 (0.06-0.35) 0.4 (285-785) Lopes et al. (2011) 

Big Soda (US) 0.0013 (0.1) 0.060 (50) Iversen et al. (1987) 

Marn (Sweden) 0.8 (10) 2.2 (55) Bastviken et al. (2002) 

Tanganyika 0.1-0.96 (<10) 0.24-1.8 (~10) Rudd (1980) 

Matano (Indonesia) 0.00036-0.0025 (0.5) 4.2-117 (12-484) Sturm et al. (2016) 
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Table 5: SO4
2-, NOx, Mn2+, MnO2, Fe2+ and Fe(OH)3 concentrations (µmol L-1) and potential anaerobic CH4 

oxidation (%) based on these concentrations for all campaigns, for each depth where AOM rates were observed. 

N.d. = not determined. 

Field campaign Depth  

(m) 

[SO4
2-]  

(µmol L-1) 

(%) 

[NOx] 

(µmol L-1) 

(%) 

[Mn 2+] 

(µmol L-1) 

(%) 

[MnO 2] 

(µmol L-1)  

(%) 

[Fe2+] 

(µmol L-1)  

(%) 

 

[Fe(OH)3] 

(µmol L-1) 

(%) 

        

June 2011 47.5 125.6 (100) 0.23 (18) N.d. N.d. N.d. N.d. 

 50 158.8 (100) 0.24 (38) N.d. N.d. N.d. N.d. 

February 2012 45 168.5 (100) 1.84 (100) N.d. N.d. N.d. N.d. 

 47.5 160.9 (100) 1.08 (9) N.d. N.d. N.d. N.d. 

 50 108.4 (100) 0.04 (1) N.d. N.d. N.d. N.d. 

 55 77.0 (100) 0.38 (20) N.d. N.d. N.d. N.d. 

October 2012 57.5 N.d. 0.53 (100) N.d. N.d. N.d. N.d. 

May 2013 55 130.4 (100) 0.04 (2) 3.0 (63) 0.2 (100) 0.1 (1) 4.8 (50) 

 60 135.4 (100) 0.15 (9) 5.5 (100) 0.2 (100) 1.3 (17) 4.9 (61) 

 65 112.2 (100) 0.11 (2) 7.3 (57) 0.2 (45) 1.3 (5) 4.7 (18) 

 70 47.5 (100) 0.2 (8) 8.0 (100) N.d. 1.3 (11) N.d. 

September 2013 55 130.5 (100) 0.91 (100) 8.7 (100) 0.7 (100) 0.3 (8) 4.9 (100) 

 57.5 124.1 (100) 0.43 (90) 9.2 (100) 0.8 (100) 0.6 (24) 5.4 (100) 

 60 108.1 (100) 0.43 (8) 9.5 (68) N.d. 0.9 (3) N.d. 

August 2014 65 60.6 (100) 0.20 (2) 8.8 (43) N.d. 1.1 (3) N.d. 

 67.5 45.5 (100) 0.00 (0) 9.2 (34) N.d. 2.2 (4) N.d. 

 70 25.6 (100) 0.33 (6) 9.3 (70) N.d. 1.1 (4) N.d. 

 75 10.7 (67) 0.13 (1) 9.4 (15) N.d. 0.7 (1) N.d. 
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Figure 1: Map of Lake Kivu, showing the different basins and bays, and the sampling site in the main basin (black plot).  
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Figure 2: Vertical profiles of dissolved oxygen (µmol L-1), temperature (°C), specific conductivity (µS cm-1) and 
pH for the six field campaigns. 
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Figure 3: Vertical profiles of CH4 (µmol L-1), N2O (nmol L-1), NOx (µmol L-1), SO4
2- (µmol L-1), HS- (µmol L-

1), particulate Mn and Fe (µmol L-1) and dissolved Mn and Fe (µmol L-1) concentrations for the six field campaigns. 
Horizontal dashed lines represent the anoxic layer for each season (same color code). 
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Figure 4: Process rates (CH4 oxidation, NO3
- consumption, Natural denitrification, SO4

2- consumption and dissolved Mn 
production; µmol L-1 d-1) without and with molybdate (Mo) added, during the six field campaigns (DS: dry season; RS: 
rainy season). Horizontal dashed lines represent the anoxic layer for each season (same color code). 
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Figure 5: Vertical profiles of CH4 production (nmol L-1 d-1) and chlorophyll a concentration (µg L-1) in May 2013 
(black), September 2013 (green) and August 2014 (blue). The horizontal dashed lines represent the anoxic layer 
for each season (same color code). 
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Figure 6: Depth-integrated aerobic CH4 oxidation rates (µmol m-2 d-1) compared to the oxygenated layer depth 
(m), for all field campaigns. 
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Figure 7: Comparison between AOM rates (µmol L-1 d-1) measured without and with molybdate (Mo) added, 
during all field campaigns. 
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Figure 8: Comparison between measured and calculated AOM rates (µmol L-1 d-1) based on (a) SO42- consumption 
rates, (b) NO3- consumption rates and (c) Natural denitrification, for all field campaigns. Note the log scales. 
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