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tors for anaerobic CH, oxidation (NO3, SOZ ~, Fe and Mn oxides) were determined during six field campaigns be-
tween June 2011 and August 2014. Denitrification measurements based on stable isotope labelling experiments
were performed twice. In addition, we quantified aerobic and anaerobic CH, oxidation, NO3™ and SO~ consump-
tion rates, with and without the presence of an inhibitor of SO -reducing bacteria activity. Aerobic CH4 produc-
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tion was also measured in parallel incubations with the addition of an inhibitor of aerobic CH,4 oxidation. The

Keywords: maximum aerobic and anaerobic CH4 oxidation rates were estimated to be 27 4 2 and 16 & 8 umol/L/d, respec-
Anaerobic methane oxidation tively. We observed a difference in the relative importance of aerobic and anaerobic CH, oxidation during the
Tropical lake rainy and the dry season, with a greater role for aerobic oxidation during the dry season. Lower anaerobic CH4
Lake Kivu

oxidation rates were measured in presence of molybdate in half of the measurements, suggesting the occurrence
of linkage between SO3~ reduction and anaerobic CH, oxidation. NO3™ consumption and dissolved Mn produc-
tion rates were never high enough to sustain the measured anaerobic CH,4 oxidation, reinforcing the idea of a cou-
pling between SOZ~ reduction and CH, oxidation in the anoxic waters of Lake Kivu. Finally, significant rates (up
to 0.37 pmol/L/d) of pelagic CH4 production were also measured in oxygenated waters.

© 2018 International Association for Great Lakes Research. Published by Elsevier B.V. All rights reserved.

Aerobic methane production

Introduction biologically oxidized (aerobically or anaerobically) before reaching the

atmosphere (Bastviken et al., 2002). Anaerobic CH4 oxidation (AOM)

Due to methane's (CH,) potential impact in global warming and its
increase due to human activities, its biogeochemical cycle, including
the microbial metabolisms, methanogenesis and methanotrophy, have
been widely studied across a broad variety of environments. Global
CH,4 emissions have recently been estimated at 553 Tg CH,/yr for the pe-
riod 2000-2009, of which 64% is emitted from the tropics (Kirschke et
al., 2013; Saunois et al., 2016). Decadal variations in the annual atmo-
spheric CH4 growth rate have also been attributed to changes in emis-
sions from tropical wetlands (Nisbet et al., 2016). Previous studies
estimated that 9.5% of CH, is released to the atmosphere from tropical
freshwaters and the rest from non-tropical freshwaters (14%), marine
ecosystems (3%), human activities (63%), plants (6%), gaseous hydrates
(2%) and termites (3%) (Conrad, 2009; Bastviken et al., 2011). The gross
CH,4 production rate in these systems is higher, but a large percentage is
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has been widely observed in marine environments where it is mainly
coupled to sulfate (SO3™) reduction (e.g. Iversen and Jergensen, 1985;
Boetius et al., 2000; Jergensen et al., 2001). Comparatively, in situ
AOM has been less frequently measured in freshwaters environments
(e.g. in Lake Rotsee; Schubert et al., 2010), and is often considered as
negligible compared to aerobic CH, oxidation due to lower SO5~ con-
centrations than in seawater (Rudd et al., 1974). However, other poten-
tial electron acceptors for AOM, such as nitrate (NO3 ), iron (Fe) and
manganese (Mn) oxides (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 observed in labora-
tory or enrichment experiments (e.g. Raghoebarsing et al., 2006;
Ettwig et al., 2010; Hu et al., 2011; Haroon et al., 2013; & Nordi and
Thamdrup, 2014), but its natural significance remains poorly known.
Numerous studies identified the presence of prokaryotes thought capa-
ble of NDMO in diverse environments (e.g. Lake Constance, paddy soils,
sediments of rivers, etc.; Deutzmann and Schink, 2011; Wang et al.,
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2012; Shen et al., 2014); but to our knowledge, only one study reports
the natural occurrence of this process in soils of Chinese wetlands (Hu
et al., 2014). Also, AOM coupled to the reduction of Fe and Mn oxides
has been reported from some freshwater environments (e.g. in lakes
Matano and Kinneret; Crowe et al., 2011; Sivan et al., 2011; & Nordi et
al.,, 2013) and marine sediments (Beal et al., 2009), and Fe-driven
AOM has been recently demonstrated in enrichment cultures (Ettwig
et al,, 2016). But to our best knowledge, no in situ measurements have
been reported.

It is generally assumed that CH, is almost exclusively produced an-
aerobically by methanogenic archaea (Borrel et al., 2011). However,
growing evidences suggest that CH,4 can also be produced under aerobic
conditions in freshwaters (Grossart et al., 2011; Bogard et al., 2014;
Tang et al., 2014, 2016) and marine environnements (Karl et al., 2008;
Lenhart et al., 2016). Different mechanisms of CH, production
have been hypothesized: demethylation of organic compounds pro-
duced by phytoplankton (e.g. dimethylsulfonioproprionate (DMSP),
methylphosphonate), hydrogenotrophic or acetoclastic CH4 production
in anoxic microsites or aerobic CH4 production by oxygen tolerant me-
thanogenic archaea (Jarrell, 1985; Angel et al., 2011; Grossart et al.,
2011). Alternatively, CH4 may be released directly by phytoplankton
cells (Lenhart et al., 2016).

Lake Kivu is a deep (maximum depth: 485 m) meromictic lake char-
acterized by large quantities of CH, (60 km? at 0 °Cand 1 atm) dissolved
in its deep anoxic waters, yet it is a minor emitter of CH, to the atmo-
sphere due to intense CH,4 oxidation (Borges et al., 2011; Roland et al.,
2016). To date, CH4 oxidation in Lake Kivu was measured by Jannasch
(1975) on a single station at four depths, and was estimated from
mass balance (Pasche et al., 2011) and stable isotope composition
change (Morana et al., 2015a). Indirect evidence of AOM coupled to
S03~ reduction in Lake Kivu comes from microbial community compo-
sition (Inceoglu et al., 2015; Zigah et al., 2015) that showed the co-oc-
currence of sulfate-reducing and methanotrophic micro-organisms.
Isotopic analyses (Morana et al., 2015a) revealed the occurrence of
both aerobic and anaerobic CH,4 oxidation in the water column of Lake
Kivu, and suggested that aerobic CH4 oxidation was probably the main
pathway of CH, removal. None of these studies, however, directly dem-
onstrated and quantified aerobic and anaerobic oxidation rates while
little was known about seasonal and spatial variability in CH,4 oxidation
within Lake Kivu and the diversity of potential electron acceptors in-
volved in AOM. Given that SO~ concentrations are moderate (100-
200 pmol/L; Pasche et al., 2009; Morana et al., 2016) and that NO3™ accu-
mulates at the oxic-anoxic interface during the rainy season (Roland et
al,, 2016), we hypothesized that AOM could be uniquely driven through
S02~ reduction during the dry season, while AOM coupled to both NO5°
and SO3~ reduction (NDMO and SDMO, respectively) would together
support AOM during the rainy season. We also evaluated the potential
for Fe and Mn oxide-dependent AOM and, to fully quantify the CHy
cycle in the water column, we also determined rates of aerobic CH,4 pro-
duction in the oxic mixed layer.

Material and methods
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. 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).

Physico-chemical parameters and sampling

Vertical profiles of temperature, conductivity, pH and oxygen were
obtained with a Yellow Springs Instrument 6600 V2 multiparameter
probe. Sensors characteristics are detailed in ESM Table S1. Water was
collected with a 7 L Niskin bottle (Hydro-Bios) every 2.5 m in a ~10 m
zone centered on the oxic-anoxic interface.

Chemical analyses

Samples for CH4 and N,O concentrations were collected in 60 ml
glass serum bottles, filled directly from the Niskin bottle with tubing,
left to overflow, poisoned with 200 pl of saturated HgCl, solution, and
sealed with grey butyl stoppers (Wheaton, USA) and aluminum crimp
caps. The butyl stoppers were previously boiled in milli-Q water in the
laboratory. CH4 and N,O concentrations were determined via the head-
space equilibration technique (20 ml N, headspace in 50 ml serum bot-
tles, for samples of the main basin) and measured by gas
chromatography (GC) (Weiss, 1981) with electron capture detection
(ECD) for N,O and with flame ionization detection (FID) for CHy, as de-
scribed by Borges et al. (2015). The SRI 8610C GC-ECD-FID was cali-
brated with certified CH4:CO,:N,0:N, mixtures (Air Liquide, Belgium)
of 1, 10,30 and 509 ppm CH4 and of 0.2, 2.0 and 6.0 ppm N,0. Concen-
trations were computed using the solubility coefficients of Yamamoto et
al. (1976) and Weiss and Price (1980), for CH4 and N0, respectively.
The precision of measurements was +3.9% and +3.2% for CH4 and
N0, respectively.

Samples for nutrients analyses were collected in 50 ml plastic vials
after being filtered through a 0.22 pum syringe filter. Then, 200 pl of 5N
H,SO,4 were added to each vial for preservation. Samples were then fro-
zen.NO3 concentrations were determined by the sulfanilamide method
(APHA, 1998), using a 5-cm light path on a Thermo Spectronic Genesys
10vis spectrophotometer. NO3~ concentrations were determined after
vanadium reduction to NO3 and quantified under this form by spectro-
photometry with a Multiskan Ascent Thermo Scientific multi-well plate
reader (APHA, 1998; Miranda et al., 2001). The detection limits for these
methods were 0.03 and 0.15 pmol/L for NO2 and NOj3/, respectively.

Samples for sulfide (HS™) concentrations were collected in 50 ml
plastic vials, after being filtered through a 0.22 pm syringe filter. Sam-
ples were preserved with 200 pl 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 SO3~ analyses were filtered through a 0.22
um syringe filter and collected in 5 ml Cryotube vials. Samples were pre-
served with 20 pl of 20% ZnAc and were stored frozen. SOZ~ concentra-
tions were determined by ion chromatography (Dionex ICS-1500, with
an autosampler Dionex AS50, a guard column Dionex AG22 and an an-
alytical column Dionex IonPac AS22). The detection limits of these
methods were 0.25 and 0.5 pmol/L for HS™ and SO3~, respectively.

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
(0.7 um pore size). 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 pl of a HNO3 65%
solution. The filters, for particulate Fe and Mn determination, were
digested with nitric acid in Teflon bombs in a microwave digestion ap-
paratus (Ethos D, Milestone Inc.). They were finally diluted with milli-
Q water to a volume of 50 ml. Filtrates were directly diluted with
milli-Q water to a volume of 50 ml. Fe and Mn concentrations were de-
termined by inductively coupled plasma mass spectrometry (ICP-MS)
using dynamic 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).
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Fig. 1. Map of Lake Kivu, showing the different basins and bays, and the sampling site in the main basin (black dot).

CH, oxidation, NO3™ and SO%~ consumption and Mn?™ production rates
measurements

Samples for CH4 oxidation rate measurements were collected in 60
ml serum bottles according to the method described above. At each
depth, two bottles were directly poisoned with 200 pl of HgCl, injected
through the septum with a syringe. Ten other bottles were incubated in
the dark and at constant temperature close to the in situ temperature of
~23 °C. Five serum bottles received 250 pl of a solution of sodium mo-
lybdate (final concentration of 4 mmol/L), an inhibitor of sulfate-reduc-
ing bacteria activity (Yadav and Archer, 1989); and five received no
molybdate amendment. At each of the 5 time steps (12 h, 24 h, 48 h,
72 h, 96 h), the microbial activity was stopped in one amended and
one non-amended bottle with the addition of 200 pl of a saturated solu-
tion of HgCl,.

In all the incubated bottles, CH; and NO3™ concentrations were deter-
mined as described above. In addition to these measurements, Mn, Fe
and SO~ concentrations were determined in August 2014. Mn and Fe
concentrations were quantified following the method described above
while SO~ concentrations were measured by spectrophotometry
using a 5-cm light path on a spectrophotometer Thermo Spectronic
Genesys 10vis, following the nephelometric method described by
Rodier et al. (1996), after precipitation of barium sulfate in an acid envi-
ronment. The detection limit of this method was 52 pmol/L.

CH, oxidation, NO5™ and SOZ~ consumption and Mn?" and Fe?* pro-
duction rates were calculated as linear regressions of CH,, NO5", SO3~ and
Mn?* and Fe?" concentrations as a function of time over the course of the
incubation. ESM Table S2 shows initial CH4 concentrations, percentage of
CH,4 consumed and the time lapses during which the CH,4 oxidation rates
were calculated for each depth. Potential AOM rates were also calculated
based on the NO3™ consumption, denitrification and SO~ consumption
rates measured in the incubations, following the stoichiometry of each
equation (ESM Table S3).

It cannot be excluded that a small amount of O, was introduced at
the start of the incubation in the bottles amended with molybdate.
Therefore, CH, oxidation rates measured with molybdate were
corrected by taking into account the oxygen potentially supplied with
the addition of the molybdate solution. As the O, concentrations of
the molybdate solution were likely at saturation with respect to air,
we considered here that 1.25 umol/L of O, was added to each bottle
(250 pl of the solution was added to 60 ml of lake water). The O, con-
centration required for a given rate of CH,4 oxidation was calculated ac-
cording to the stoichiometric Eq. A in ESM Table S3.

The fraction of CH4 oxidation potentially due to O, was then calcu-
lated according to Eq. (1):

Ro = Rm" (0,,/03.) (1)
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where Ro is the fraction of oxidation due to O, (supplied with the mo-
lybdate solution), Rm is the measured oxidation rate, O,; is the O, con-
centration required for the measured CH, oxidation rate and O, is the
0, concentration added with the molybdate solution.

The corrected CH, oxidation rates with molybdate were obtained by
subtraction (Eq. 2):

Corrected CH, oxidation rate with Mo = Rm-Ro (2)

All rates with molybdate reported here are corrected CH, oxidation
rates.

Pelagic CH, production rate measurements

In May 2013, September 2013 and August 2014, samples for pelagic
CH,4 production measurements were collected in 60 ml glass serum bot-
tles, according to the method described above. At each depth, two bot-
tles were directly poisoned with 200 pl of HgCl, injected through the
septum with a syringe while 5 bottles received 500 pl of a solution of
picolinic acid (final concentration of 0.1 mmol/L), an inhibitor of aerobic
CH,4 oxidation (Megraw and Knowles, 1990). Bottles were incubated in
the dark and at constant temperature close to the in situ temperature of
~23 °C. The microbial activity in these bottles was stopped with the ad-
dition of 200 pl of a saturated HgCl, after 12 h, 24 h,48 h, 72 h, and 96 h.
Measurement of the CH,4 concentrations in every incubated bottle was
performed following the procedure described above. CH4 production
rates were calculated as the linear increase of the CH4 concentrations
during the incubation.

Vertical fluxes calculations

The vertical fluxes (Fyertica) of SO3~, Mn? ™, and Fe? ™ were calculated
as described by Pasche et al. (2009) (Eq. 3):

Fvertical = Dturbulent*Grad + C'Adv (3)

where Deyrpulent IS the turbulent diffusion coefficient, Grad is the vertical
concentration gradient of each element, C is the concentration of the el-
ement at a given depth, and Adv is the upwelling velocity.

A turbulent diffusion coefficient of 0.000001 m?/s and an upwelling
velocity of 0.000000022 m/s were used for the calculations, as deter-
mined by Pasche et al. (2009).

N stable isotope labelling experiments

In May and September 2013, parallel denitrification experiments
were conducted in order to link this process with CH4 oxidation.
Water was collected with the Niskin bottle, transferred with tubing to
two amber 250 ml borosilicate bottles which were left to overflow
and sealed with Polytetrafluoroethylene coated screw caps. Before the
injection of *N-labeled solutions, a 12 h pre-incubation period in the
dark and at 25 °Cwas observed in order to allow the consumption of ox-
ygen inadvertently introduced to the bottles during sampling.

N stable isotope labelling experiments were based on Thamdrup and
Dalsgaard (2002). Heterotrophic denitrification was determined by the
injection of a Na'>NOs solution to the amber bottles, through the stop-
per (final concentration of 5 umol/L). Six 12 ml vials (Labco Exetainer)
were then filled from each of the duplicate bottles and placed in a
dark 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 pl 20% ZnAc.
A time course was established by arresting two further Exetainers at
6, 12, 18, 24 and 48 h. While injecting ZnAc solution to stop
the incubations of the Exetainers, the excess water was collected in 2
ml-Eppendorf vials and stored frozen to determine the change of the
NO; concentrations through time. NOy were then analyzed by

chemiluminescence, after reduction with vanadium chloride (VCls),
with an NO3, NO3™ and NOy analyzer (Thermo Environmental Instru-
ments), according to the method described by Braman and Hendrix
(1989) (detection limit: 2-3 ng NOy).

29N, and 3°N, 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 pl). Potential denitrification
rates (detection limits of 2.7 nmol/L/h) in the incubations with >NO3"
were calculated according to Eq. (4) (Thamdrup and Dalsgaard, 2002):

Potential N3 denitrification = 15NlSNexcess * ( Fnos ) =2 (4)

where Ny genitrification 1S the production of N, by denitrification during
the incubations with > NO3". > N'®Neycess is the production of excess
15NN and Fyos is the fraction of °NO3™ added in the NOx pool. NO;
concentrations of the NO5 pool were measured in the incubations as
described above. >N'°N is the excess relative to the mass 30: mass 28
ratio in the time zero gas samples.

Denitrification rates were calculated from potential denitrification
rates, according to Eq. (5) (Roland et al., 2017):

N3 genitrification = Potential Ny genitrification * (1-Fno3) (5)

which assumes that the rate follows first order kinetics with respect to
NO;3.

Pigment analysis

In May 2013, September 2013 and August 2014, samples for pig-
ments analyses were collected on Whatman GF/F 47 mm glass fiber fil-
ters (filtration volumes: 3 L). 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 pe-
riod 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).

Results
Physical and chemical characteristics of the water column

Vertical profiles of physico-chemical variables differed strongly be-
tween stations and campaigns (Fig. 2). In the dry season, the water col-
umn was anoxic below 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 below 45 and 55 m in February 2012 and
May 2013, respectively. At each date, the thermocline and chemocline
(based on specific conductivity and pH, respectively) mirrored
the oxycline and temperature at the oxic-anoxic interface averaged
23.5 4 0.2 °C (mean 4 standard deviation).

CH4 concentrations were low (0.3 + 0.5 umol/L) from the surface to
45-55 m where they started to increase; at 70 m, CH, concentrations
were 385 + 43 umol/L (Fig. 3). For all campaigns, N,O concentrations
were higher in oxic waters (7.0 4= 0.4 nmol/L from 0 to 40 m) than in
anoxic waters (1.3 & 0.8 nmol/L below 60 m depth). In February 2012
and September 2013, peaks of N,O up to 15 nmol/L were observed at
50 m (anoxic waters) and at 45 m (oxic waters), respectively.

NO profiles also reflected the seasonal variations of the water col-
umn characteristics. No zones of NOy accumulation (nitracline) were
observed in June 2011 and May 2013, and a weak NO, maxima (<2
pumol/Lat 52.5 m) was observed in August 2014. In February 2012, Octo-
ber 2012 and September 2013, NOy maxima of 3 pmol/L (at 50 m), 4
pumol/L (at 50 m) and 4 umol/L (at 47.5 m), respectively, were observed.
The mean vertical upward flux of NH was 0.42 + 0.19 mmol/m?/d.
S03,~ and H,S concentrations did not show strong variation between
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Fig. 2. Vertical profiles of dissolved oxygen (umol/L), temperature (°C), specific conductivity (uS/cm) and pH for the six field campaigns.

the different campaigns. The mean of SO3~ concentrations in
oxic waters (from 0 to 50 m depth) was 153 4 21 pmol/L, while
the mean of H,S concentrations in anoxic waters (at 70 m depth) was
42 + 25 umol/L. SO5~ concentrations strongly decreased in the anoxic
zone (to <0.5 umol/L at 80 m depth) while HS™ concentrations in-
creased with increasing depth. The mean vertical downward flux of
SOZ~ was 0.30 & 0.09 mmol/m?/d.

While particulate Fe concentrations were up to 15 pmol/L in oxic
waters, in September 2013, dissolved Fe concentrations were very low
(<2.5 umol/L all along the vertical profiles, during the three field cam-
paigns). On the contrary, particulate Mn concentrations were low (<2
umol/L), with a maximum concentration peak located just above the
oxic-anoxic interface, for the three campaigns, and dissolved Mn con-
centrations increased with depth to maximum concentrations of 10

umol/L in anoxic waters. The mean vertical upward fluxes of Fe? " and
Mn?* were 0.003 & 0.001 mmol/m?/d and 0.033 & 0.006 mmol/m?/d,
respectively.

Microbial process rate measurements

CH, oxidation was detected during all field campaigns (Fig. 4). The
dry season was characterized by higher maximum CH, oxidation rates
in oxic waters than anoxic waters. The maximal oxic and anoxic oxida-
tion rates were observed in August 2014, and were 27 + 2 (at 55 m)
and 16 £ 8 (at 75 m) pmol/L/d, respectively. A correspondingly high
S03~ consumption rate of 7.5 + 0.0 umol/L/d (ESM Table S4) was ob-
served within the vicinity of this high CH, oxidation rate, at 70 m
depth. During the other field campaigns, maximum oxic CH,4 oxidation
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six field campaigns. Horizontal dashed lines represent the anoxic layer for each season (same color code).
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Fig. 4. Process rates (CH, oxidation, NO3™ consumption, denitrification, SO~ consumption and dissolved Mn production; umol/L/d) without and with molybdate (Mo) added, during the
six field campaigns (Upper box: dry season; Bottom box: rainy season). Horizontal dashed lines represent the anoxic layer for each season (same color code).

rates were 2.00 £ 0.04 and 13.9 £ 0.0 pmol/L/d, while maximum an-
oxic rates were 0.80 4 0.01 (at 47.5m) and 3.50 4 0.30 (at 65 m)
umol/L/d, in June 2011 and September 2013, respectively. In October
2012, the CH,4 oxidation rate (0.20 pumol/L/d) observed in anoxic waters
was negligible compared with the high rate of 10.20 4- 0.40 pmol/L/d
observed in oxic waters. NO3~ consumption rates (ESM Table S4) tended
to be low during all campaigns, but a non-negligible denitrification rate
of 1.5 umol NO3 /L/d was observed at 65 m in September 2013, in paral-
lel incubations. Depth-integrated CH, oxidation rates were 9 mmol/m?/
d in June 2011, 27 mmol/m?/d in October 2012, 81 mmol/m?/d in Sep-
tember 2013, and 162 mmol/m?/d in August 2014. The fraction of CH,

oxidized in anaerobic waters was variable during dry season, ranging
between 1% (October 2012) and 55% (August 2014) (Table 1)

During the rainy season, maximum CH, oxidation rates in anoxic
waters were higher than in oxic waters. In February 2012, the maximum
anoxic CH4 oxidation rate of 7.7 4= 0.4 pmol/L/d was observed at 50 m
and co-occurred with the maximum NO3™ consumption rate of 0.4 +
0.1 umol/L/d. In May 2013, the maximum anoxic CH,4 oxidation rate of
3.2 umol/L/d was observed at 65 m, which was in the vicinity of a
NO3 consumption rate of 0.03 + 0.01 umol/L/d observed at 70 m
depth (ESM Table S4). Also, higher rates of denitrification (based on
15N) were observed between 60 and 70 m depth, with a maximum of
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Table 1
Depth-integrated CH, oxidation rates (mmol/m?/d) in Lake Kivu and the percent related
to anaerobic oxidation of methane (AOM).

Integration depth interval ~ CH,4 oxidation %
(m) (mmol/m?/d) 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

0.7 umol NO3/L/d at 60 m depth. No oxic CH, oxidation was observed in
February 2012, while a maximum rate of 1.5 + 0.2 umol/L/d was ob-
served in May 2013. Depth-integrated CH,4 oxidation rates were 63
mmol/m?/d in February 2012 and 44 mmol/m?/d in May 2013. The frac-
tion of CH, oxidized in anaerobic waters was higher and less variable
during rainy season: 99% in February 2012 and 81% in May 2013
(Table 1).

Overall, CH4 oxidation rates in oxic waters were very high when con-
sidered in the context of the initial CH4 concentrations and relative to
rates in anoxic waters (ESM Table S2). For example, the maximum
CH,4 oxidation rate of 27 + 2 pmol/L/d observed at 55 m depth in August
2014 occurred at CH,4 concentrations of 42 + 2 pmol/L. But this rate ap-
plied over a period of 24 h, and 68% of the initial CH; was consumed
after 24 h. The same observation can be made, for example, in June
2011 (at 42.5 and 45 m), February 2012 (at 50 m) and October 2012
(at 53 m).

Responses to molybdate inhibitor additions were variable. In Febru-
ary 2012 and August 2014, CH, oxidation rates decreased when molyb-
date was added, while rates tended to increase when molybdate was
added during the other field campaigns. In October 2012 and May
2013 in particular, CH4 oxidation rates strongly increased when molyb-
date was added, from zero without molybdate to 23.0 &+ 0.4 pmol/L/d
with molybdate (at 80 m) and from 3 pumol/L/d without molybdate to
17 umol/L/d with molybdate (at 65 m), respectively. In September
2013, CH4 oxidation rates increased when molybdate was added up to
9.0 + 0.5 umol/L/d at 55 m. In August 2014, the addition of molybdate
was also mirrored by a strong increase of dissolved Mn (Mn?") produc-
tion rates. NO3~ consumption rates also tended to increase when molyb-
date was added during all field campaigns (ESM Table S2). No dissolved
Fe (Fe?™) production was observed with or without molybdate added
(data not shown).

CH,4 production was observed during the three sampled campaigns,
with rates up to 0.37 umol/L/d in August 2014 (Fig. 5). For the three
campaigns, the highest CH4 production occurred at the base of the
water mass containing relatively high chlorophyll a contents, just
above the oxic-anoxic interface.

Discussion
Aerobic and anaerobic CH, oxidation in the water column of Lake Kivu

The primary aim of this study was to determine rates of CH, oxida-
tion in the water column of Lake Kivu. We thus report that CH, oxida-
tion occurred in both oxic and anoxic waters, with maximum rates of
27 4+ 2 and 16 + 8 pmol/L/d, respectively. We observed strong variabil-
ity in CH, oxidation rates between our field campaigns. In June 2011,
October 2012 and September 2013 (dry season), the main CH,4 oxida-
tion pathway was aerobic, whereas in both February 2012 and May
2013 (rainy season) it was anaerobic (Table 1). In August 2014, aerobic
and anaerobic oxidation rates were almost equivalent. As shown by
Fig. 6, aerobic oxidation rates tended to depend on the oxygenated
layer depth. Aerobic CH,4 oxidation rates tended to be higher when the
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Fig. 5. Vertical profiles of CH4 production (nmol/L/d) and chlorophyll a concentration
(ug/L) in May 2013 (cross +), September 2013 (triangle A) and August 2014
(inverted triangle V). The horizontal dashed lines represent the anoxic layer for
each season (same color code).

mixed layer was deeper, as usually observed during the dry season. At
this time year, the oxic-anoxic interface was located closer to the
chemocline, below which the CH4 concentrations are typically 5 orders
of magnitude larger than in the upper part of the mixolimnion. This ob-
servation confirms the hypothesis of Roland et al. (2016) who sug-
gested, based on the seasonal change with depth of CHy4
concentrations, that during the dry season the depth integrated aerobic
CH, oxidation rate was higher. On the contrary, during the rainy season,
when the thermal stratification within the mixolimnion is well
established, the volume of the oxic compartment is smaller than the vol-
ume of the anoxic compartment. Hence, CH4 can only reach the oxic wa-
ters by diffusion, after that a significant fraction of the CH4 upward flux
has been oxidized by AOM, which limit the aerobic CH, oxidation. While
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Fig. 6. Depth-integrated aerobic CH,4 oxidation rates (mmol/m?/d) compared to the
oxygenated layer depth (m), for all field campaigns.
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Table 2

Aerobic and anaerobic CH,4 oxidation rates (umol/L/d) in Lake Kivu and other meromictic lakes in literature.

Lake Aerobic CH, oxidation (umol/L/d) (CH,4 concentrations; pumol/L) AOM (umol/L/d) (CH,4 concentrations; pumol/L) Source

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

Kivu (East Africa) 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 (East Africa) 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)

aerobic CH4 oxidation is most probably limited by CH4 concentrations,
AOM is most probably limited by the availability of electron acceptors
due to competition with more favorable processes (such as heterotro-
phic denitrification, sulfate reduction, etc.). Furthermore, episodic fluc-
tuations in water column properties influence bacterial community
composition and small variations in the water column structure may in-
fluence the abundance, distribution, and activity of these communities,
and thus contribute to the differences observed. Nevertheless, the rela-
tively high aerobic and anaerobic CH,4 oxidation rates measured during
this study and estimated from stable isotope labelling experiments by
Morana et al. (2015a) explain the low air-water CHy fluxes observed
throughout the year in Lake Kivu (Borges et al., 2011; Roland et al,,
2016).

Aerobic and anaerobic CH,4 oxidation rates are also high compared
with other meromictic lakes (Table 2). The large differences observed
may be explained by some characteristics of these different environ-
ments, such as the vertical structure of the water column, CH4 concen-
trations, O, and other electron acceptor concentrations, or water
temperature. Lake Kivu is a tropical lake, where the year-round high
water temperatures may enhance bacterial activity in comparison
with temperate and boreal lakes. Also, the strong density gradients in
Lake Kivu restricts vertical mixing and promotes the accumulation of
high CH4 concentrations in anoxic waters, which slowly diffuse to the
oxic compartment, supporting both aerobic and anaerobic CH, oxida-
tion. The higher rates observed in Lake Matano than in Lake Kivu may
be explained by higher CH,4 concentrations in anoxic waters (up to
480 pmol/L) and greater concentrations of the highly favorable electron
acceptor Fe concentrations (up to 170 nmol/L) in the upper anoxic wa-
ters (Sturm et al., 2016). Also, vertical mixing in Lake Matano is stronger
than in Lake Kivu (Crowe et al., 2008). Pasche et al. (2011) reported
lower aerobic and anaerobic CH4 oxidation rates in Lake Kivu than
those we measured, but their CH4 oxidation measurements were only
made during one field campaign, and as we demonstrated here seasonal
variability in CH4 oxidation rates is considerable and may account for
the differences observed.

Energy sources of anaerobic CH,4 oxidation in the water column of Lake Kivu

Given the theoretical stoichiometry of AOM (ESM Table S3), the ver-
tical fluxes of electron acceptors estimated in the main basin of Lake
Kivu were insufficient to sustain the integrated AOM rates. Indeed, the
vertical downward SOZ™~ flux (average 0.3 mmol/m?/d) could have
sustained 0.2-3.3% of the measured AOM. Similarly, fluxes of NO3
(0.2-2.8%) Mn (<0.1%) and Fe (0.1%) oxides could only have sustained
a minor fraction of AOM, even considering an extreme scenario in
which the entire upward flux of NHZ, Mn?>* and Fe?™ would be oxi-
dized and the resulting electron acceptors directly available to AOM. Re-
ports of imbalance between fluxes of potential oxidant/reductant and
processes measurements in permanently stratified water bodies are
common in literature (Murray et al., 1995; Taylor et al., 2001; Li et al.,
2012). In Lake Kivu, Morana et al. (2016) also found significantly larger
chemoautotrophic rates than could be sustained by potential fluxes of
electron donors. This apparent discrepancy between the biological de-
mand and the physical supply of electron acceptors would imply that
intensive, yet cryptic, recycling of substrates occurred in the chemocline

of Lake Kivu, as also suggested in the Cariaco Basin (Li et al., 2012). Fur-
thermore, the seasonal density gradient in the mixed layer is always
weak in Lake Kivu, so that the thermal stratification that may develop
within the mixolimnion, above the chemocline, is usually unstable. Ep-
isodic intrusions of SOZ~, or NO3, down to the chemocline could there-
fore contribute to sustain the methanotrophic activity.

In February 2012, the maximum rates of AOM co-occurred with the
maximum rates of NO3™ consumption (Fig. 4) suggesting that a fraction
of the AOM measured might have been coupled to NO3 reduction. NO3”
consumption rates are not unique indicators of denitrification in our ex-
periments, because the NO3~ consumption recorded might reflect incor-
poration of N into biomass, or reduction to ammonium. However,
significant denitrification rates were measured in a parallel experiment
carried out in the Northern Basin in 2011 and 2012 at depths close to
those where we observed high rates of AOM (Roland et al., 2017). In
May and September 2013, we also detected denitrification activity in
parallel incubations, with higher rates of denitrification corresponding
to higher rates of AOM. Potential rates of AOM calculated based on the
NO3™ consumption rates measured in the incubations and on the rates
of denitrification measured in parallel incubations (Fig. 7B), according
to the stoichiometric equation B (ESM Table S3), are shown in
Fig. 7A and 7B, respectively. In all cases, measured rates of AOM exceed
the potential rates estimated from NO3 consumption rates. Likewise,
denitrification rates appear also insufficient to fully sustain the rates of
AOM observed. This observation generally suggests that NO3~ may not
be an important electron acceptor for AOM in Lake Kivu.

In contrast to N, the biogeochemical cycling of Fe in the water col-
umn of Lake Kivu may not be very active, because dissolved Fe could
not be detected although particulate Fe concentrations were up to 15
umol/L, (Fig. 3), suggesting that Fe(Il) was not actively produced and
that Fe(III) reduction may not be active. Moreover, in August 2014, no
Fe?* production was observed in the incubations we carried out, with-
out and with molybdate added, which would tend to support a lack of Fe
reduction in the water column of Lake Kivu. It is possible, however, that
detection of dissolved Fe may have been eluded during our analyses
given the rapid oxidation kinetics of Fe(Il) with O,, and the high poten-
tial for exposure to O, during our sampling and filtration. At the same
time, FeS has a relatively low solubility, and formation of FeS in the pres-
ence of sulfide would tend to limit dissolved Fe concentrations (Crowe
et al., 2008). Particulate and dissolved Fe fluxes could explain <1% of
the integrated AOM rates for all campaigns, according to the stoichio-
metric Eq. C (ESM Table S3). Thus, while our experiments imply that
Fe does not play a significant role in AOM, more detailed experiments
would be required to conclusively rule out Fe cycling in Lake Kivu's
water column.

Particulate Mn and Mn?™" concentrations were also measured in
May 2013, September 2013 and August 2014 (Fig. 3). Particulate Mn
concentrations were very low compared to dissolved Mn concentra-
tions, with a peak located just above the oxic-anoxic interface, for
each campaign. Jones et al. (2011) observed a similar profile in Lake
Matano, and proposed that Mn is recycled at least 15 times across the
oxic-anoxic boundary before sedimenting. Mn?™ is probably oxidized
in presence of small quantities of O,, precipitates and is directly reduced
in anoxic waters. The same processes might occur in Lake Kivu, and
MnO, might thus contribute to AOM at depths close to the oxic-anoxic
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interface. However, particulate Mn and Mn?" fluxes were very low and
could only explain <1% of the AOM rates observed. Moreover, these
fluxes invoke two conditions: 1) that all the Mn?" measured at each
depth results from the reduction of MnO,, and 2) that all the Mn?* mea-
sured results from MnO, reduction with CH,4. Both of these conditions
are unlikely, since Mn2™" present at these depths also originates from
diffusion from below, and MnO, can be reduced by other electron do-
nors than CH,. Also, for SO~ and NO,, other processes such as SO3 ™~ re-
duction with organic matter and heterotrophic denitrification can take
place. The percentages of AOM potentially supported by a given electron
donor that are reported here are thus maximum percentages and rates.
Conversely, CH4 has the potential to be the major electron donor in the
anoxic waters of Lake Kivu given the enormous amount of CH, dissolved
in the deep waters of the lake. Indeed, the CH,4 concentration at 70 m is
~385 umol/L which is higher than the typical dissolved organic carbon
concentrations of 142 umol/L (Morana et al., 2015b). CH4 concentra-
tions at 70 m are also higher than the particulate organic carbon
(POC) concentrations in anoxic waters, which are typically lower than
30 umol/L (Morana et al., 2015b). In terms of carbon supply rates, the
vertical CH, flux of 9.4 mmol/m?/d (Morana et al., 2015a) is also higher
than the sedimentation flux of POC from the mixed layer of 5.2 + 1.7
mmol/m?/d (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
methanotrophic production in Lake Kivu (8.2-28.6 mmol/m?/d) previ-
ously estimated by Morana et al. (2015a).

Sulfate-dependent anaerobic CH, oxidation and effects of the molybdate in-
hibitor in the sulfate-reducing bacterial activity

Moderate SO~ concentrations were observed in the water column
of Lake Kivu (Fig. 3). Due to these higher concentrations compared
with other potential electron acceptors (mean of 103, 0.40, 0.42 and
4.9 umol/L for SOZ~, NO,, particulate Mn and particulate Fe, respec-
tively, at depths where AOM was observed), we hypothesized that
AOM in Lake Kivu is mainly coupled to SOF~ reduction. However, the
addition of the inhibitor of SRB activity (molybdate) did not allow us
to clearly demonstrate SO5~ -dependent AOM. Indeed, the response of
AOM to molybdate addition was variable, and about half of the mea-
surements gave lower rates with molybdate added (suggesting the oc-
currence of AOM coupled to SO~ reduction), and the other half gave
higher rates (ESM Fig. S1). Measurements of SO3~ consumption rates
performed in August 2014 showed that SO3~ consumption could be
high enough to occasionally sustain AOM (Fig. 7C) (Equation E, ESM
Table S3).

While CH, oxidation rates were lower in February 2012 and August
2014 when the molybdate inhibitor was added, they were higher in
May and September 2013. We first considered if we inadvertently in-
duced aerobic oxidation by injecting oxygen along with the molybdate
solution, but the addition of O, could only have increased the oxidation
rates by 6.8% (median). Even if artificially enhanced aerobic CH, oxida-
tion can be ruled out, the O, supply could lead to production of other ox-
idized species like NO3 or particulate Fe and Mn, and thus increase rates
of AOM coupled to reduction of these electron acceptors. However, no
increase in the concentrations of these species was observed during
the incubations with molybdate (data not shown). Moreover, since
HS™ oxidation is very fast (Canfield et al., 2005), it is very likely that
the inadvertently introduced O, was directly consumed through HS™
oxidation. The variation of the free Gibbs energy (AG®) is shown in
ESM Table S5 for the oxidation of the different reduced elements, calcu-
lated according to Eq. 6 (Libes, 1992):

AG " = 2.303 nRT (pe,°-pe,°) ®)

where n is the number of electron transferred, R is the gas constant (J/
mol/K), T is the absolute temperature (K), pe9 and pe3 are the electron
activity for both reactions at constant temperature (25 °C) and pH (7).
It shows that the oxidation of H,S is the most favorable process from a
purely thermodynamic point of view, and thus that microorganisms
can obtain larger amounts of energy by oxidizing H,S than the other el-
ements. This tends to support that the small amounts of O artificially
supplied with the addition of molybdate were probably consumed by
H,S oxidation in SO3 . It is thus likely that SO3~ concentrations in the
incubations with molybdate were higher (with no influence on AOM
rates, since molybdate inhibits SO3~ reduction).

We thus hypothesize that a modification in competitive relation-
ships between bacterial community members in presence of molybdate,
such as a decrease in competition between denitrifying bacteria and/or
Mn-reducing bacteria and SRB for otherwise limiting nutrients and sub-
strates, could explain the higher NO3™ consumption rates observed with
molybdate added. Also, Mn?* production rates increased with molyb-
date in August 2014. Competitive relationships for electron donors
among members of bacterial communities have been reported in the
literature (e.g. Westermann and Ahring, 1987; Achtnich et al., 1995).
In Lake Kivuy, it is unlikely that the strong increase in AOM rates was
only due to a change in competition between SRB and denitrifying bac-
teria and/or SRB and Mn-reducing bacteria, since NO3” and MnO, con-
centrations are otherwise insufficiently abundant to account for the
rates of AOM observed. Another explanation may be that molybdate in-
hibits the activity of facultative bacteria that canonically conduct SO3~
reduction, rather than SOF~ reduction itself. It has been shown that
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canonically SRB can also derive their energy via others biochemical
pathways, such as denitrification, iron reduction, etc. (e.g.: Dalsgaard
and Bak, 1994). The inhibition of such bacteria by molybdate could
thus influence the balance between these different biogeochemical pro-
cesses. A third explanation could be that the addition of the oxic molyb-
date solution supplies small quantities of oxygen (maximum 1.25
umol/L), leading to the inhibition of strict anaerobic microorganisms
growth and thus to strong modifications in the viability of specific mi-
crobial community members. With the present dataset, however, we
are unable to discriminate between these possible scenarios, and fur-
ther studies are required to determine the specific effects of molybdate
amendments on bacterial community metabolism and interactions. To
this end, it would be informative to determine how bacterial commu-
nity composition is affected by the molybdate amendment.

Aerobic methanogenesis in the water column of Lake Kivu

Aerobic CH,4 oxidation in Lake Kivu is probably mainly limited by
CH4 concentrations. Indeed, CH,4 concentrations are highest in the an-
oxic deep waters, where it has been assumed to be exclusively produced
through acetoclastic and hydrogenotrophic methanogenesis (Pasche et
al,, 2011). However, we show here that part of CH4 present in oxic wa-
ters is likely produced through aerobic CH4 production. During our
study, the aerobic CH,4 production peaks were always located at the
base of the waters containing high chlorophyll a concentrations. This
may be due to a spatial overlap between the presence of substrates pro-
duced by phytoplankton and oxygen tolerant methanogenic archaea, as
suggested by the studies of Grossart et al. (2011), Bogard et al. (2014),
Tang et al. (2014) and Tang et al. (2016). Indeed, inceoglu et al.
(2015) revealed the presence of methanogenic archaea in the anoxic
waters and at the oxic-anoxic interface in Lake Kivuy, including the
Methanosarcinales. Angel et al. (2011) showed that some archaea be-
longing to Methanosarcinales are capable of methanogenesis under
oxic conditions, in soils microcosms, albeit at lower rates than under an-
oxic conditions.

Conclusions

We described and quantified several processes involved in the CH,
cycling in Lake Kivu, documenting the occurrence of AOM and aerobic
CH,4 production as well as their seasonal variability. We were not able
to definitively identify the main electron acceptor for AOM; however,
the imbalance between CH, oxidation rates and vertical substrate fluxes
would imply that a substantial amount of inorganic molecules is
recycled in the deeper part of the mixolimion. A seasonal variability in
the respective importance of aerobic and anaerobic CH, oxidation
rates was observed, with greater importance of aerobic oxidation in
dry season and AOM in rainy season. Overall, our study demonstrates
that both aerobic and anaerobic CH, oxidation are important for regu-
lating CH, efflux from Lake Kivu. We also suggest that aerobic CH, pro-
duction may play an important role in CH,4 cycling in Lake Kivu's
mixolimnion and can contribute to Lake Kivu's CH4 budgets. Improve-
ments in quantifying Lake Kivu's CH,4 cycle and budgets could come
from more knowledge on the electron acceptors that support AOM
and the regulation and rates of aerobic CH,4 production, and such knowl-
edge would go a long way towards knowing how CH,4 cycling works in
freshwaters more generally and lead to better predictions of CHy ef-
fluxes from lakes in light of global change. To our best knowledge, this
is the first study to report such a diversified CH4 cycle in a tropical
great lake, in particular with regards to the occurrence of aerobic CH,4
production that is still poorly investigated in freshwater environments.
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