10

Anaerobic methane oxidation in an East African grealake
(Lake Kivu)

Fleur A. E. Rolantf, Francois Darchambegu Cédric Moranj Sean A. Crow& Bo
Thamdruf, Jean-Pierre Destyand Alberto V. Borgées

1 Chemical Oceanography Unit, Université de Liégelgiim

2 Department of Earth and Environmental Scienceshdlitke Universiteit Leuven (KU Leuven),
Belgium

3 Department of Earth, Ocean and Atmospheric Sciendeiversity of British Columbia, Canada

4 Institute of Biology and Nordic Center for Eartladfution, University of Southern Denmark, Denmark
5 Laboratory of freshwater ecology, URBO, Departn@Biology, Université de Namur, Belgium

* Corresponding author: froland@ulg.ac.be



15

20

25

30

Abstract

This study investigates methane (ldxidation in the water column of Lake Kivu, a demeromictic
tropical lake containing large quantities of £H the anoxic deep waters. Depth profiles of dissh gases (CH
and nitrous oxide (pD)) and of the different potential electron accepfor anaerobic methane oxidation (AOM)
(nitrate, sulfate, iron and manganese) were deteniuring six field campaigns between June 2081 amgust
2014. Denitrification measurements based on siabtepes were performed twice. Incubation experisierere
performed to quantify CHoxidation and nitrate consumption rates, with @uon AOM, without and with an
inhibitor of sulfate-reducing bacteria activity (lybbdate). Nitrate consumption rates were measunethése
incubations during all field campaigns, and sulfatesumption rates were measured in August 2014. CH
production was also measured in parallel incubatlmnaddition of picolinic acid, an inhibitor of Gldxidation,
during three field campaigns, with rates up to 8@l L't d. Substantial Clioxidation activity was observed
in oxic and anoxic waters, and in the upper anwsters of Lake Kivu, Ckis a major electron donor to sustain
anaerobic metabolic processes coupled to AOM. Taemum aerobic and anaerobic £bkidation rates were
estimated to 27 + 2 and 16 + 8 umol &?, respectively. We observed a decrease of AOM mabes molybdate
was added for half of the measurements, strongjgesting the occurrence of AOM linked to sulfatéuetion,
but an increase of AOM rates was observed for therchalf. Nitrate reduction rates and dissolvedhgasaese
production rates tended to be higher with the @mtdibf molybdate, but the maximum rates of 0.6320and 11
+ 2 umol Lt d?, respectively, were not high enough to explain A@itks observed at the same depths. We also
put in evidence a difference in the relative impode of aerobic and anaerobic &htidation between the seasons,

with a higher importance of aerobic oxidation wiie@ oxygenated layer was thicker (in the dry season
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1. Introduction

Due to its potential impact in global warming atglincrease due to human activities, the biogeoaam
cycle of methane (CHiraises great interest, and methanogenesis arthnmtophy have been widely studied in
a large variety of environments. In natural envin@mts, CH is produced anaerobically by methanogenic archaea.
Recent studies also suggest that €&h be produced in oxic conditions, by oxygenrasiemethanogenic archaea
coupled to phytoplankton activity (Grossart et 2011;Bogard et al., 2014;Tang et al., 2014;Targ.e2016).
The total CH emission has been recently estimated to 553 Tgy€Hfor the period 2000-2009, from which 64
% is emitted by tropical areas (Kirschke et al.12&aunois et al., 2016). Decadal variations in ghaual
atmospheric Ckigrowth rate have also been attributed to changesnissions from tropical wetlands (Nisbet et
al., 2016). Previous studies estimated that 9.5@Hbfis released from tropical freshwaters and thefrest non-
tropical freshwaters (13.5%), marine ecosystems),(3fdman activities (63%), plants (6%), gaseousrdiys
(2%) and termites (3%) (Conrad, 2009;Bastviker.ef811). The real amount of Gldroduced in these systems
is higher, but a significant percentage is biolatlicoxidized (aerobically or anaerobically) befesaching the
atmosphere (Bastviken et al., 2002). Anaerobic ©kidation (AOM) has been widely observed in marine
environments, where it is mainly coupled to sul{&&:?) reduction (e.g. Iversen and Jgrgensen, 1985;Boeti
al., 2000;Jgrgensen et al., 2001). Comparativalgjtu AOM has been less frequently measured shisaters
environments (e.g. in Lake Rotsee; Schubert 2@1.0), and is often considered as negligible caagpto aerobic
CH, oxidation due to lower S® concentrations than in seawater (Rudd et al.4139owever, other potential
electron acceptors for AOM, such as nitrate ¢)lGron (Fe) and manganese (Mn) (Borrel et al.,12C1i et al.,
2015), can be found in non-negligible concentraiofreshwater environments. AOM coupled tofN@duction
(NDMO) has been exclusively observed in laborataryironments (e.g. Raghoebarsing et al., 2006;g#ival.,
2010;Hu et al., 2011;Haroon et al., 2013;a Nordl dmamdrup, 2014), and its natural significancestiff
unknown. Also, AOM coupled to Fe and Mn reductioas hbeen proposed to occur in some freshwater
environments (e.g. in lakes Matano and Kinneretwér et al., 2011;Sivan et al., 2011;4 Nordi et2013) and
marine sediments (Beal et al., 2009), but to ost krowledge, no in situ measurements have beeantegpin

the literature.

Lake Kivu is a deep (maximum depth: 485 m) meroimietke characterized by a high amount of4CH
(60 kn? at 0°C and 1 atm) dissolved in its deep anoxicevgatParadoxically, this lake is a very low emittér
CHs to the atmosphere due to intenses@iidation (Borges et al., 2011;Roland et al., 201 is divided in
different basins and bays. In the water columiefrhain basin, S® concentrations are relatively high (100-200
pmol L'1; Morana et al., 2016) and a large/3@educing bacteria (SRB) community is present andacurs with
methanotrophic archaein¢ealu et al., 2015). The data based on 16S rRNA styosigggest the occurrence of
AOM coupled to SG reduction (SDMO), although it remains to be dentiated in a direct way and quantified.
Also, a NQ accumulation zone (nitracline) is often presemirduthe rainy season at the oxic-anoxic interface
(Roland et al., 2016a), and can potentially contétto AOM. Based on these observations, we hygabehat
SO could be the unigue electron acceptor involved@M during the dry season, while AOM coupled with
NOs reduction (NDMO) could also contribute during théy season at a lower extent. Potential AOM lahie
Fe and Mn reduction will also be investigated. idey to fully investigate Ciicycle in the water column of Lake

Kivu, we also measured GHroduction in the oxic compartment.



75 2. Material and methods
2.1 Sampling sites

Lake Kivu is an East African great lake locatedtts border between Rwanda and the Democratic
Republic of the Congo (Fig. 1). It is divided irdoe main basin, two small basins and two bays:Héont Basin
(or main basin), Southern Basin (or Ishungu BasWgstern Basin (or Kalehe Basin), the bay of Kabumihe
80 north and the bay of Bukavu in the South.

Six field campaigns were conducted in the mainrbésie Northern Basin off Gisenyi; -1.72504°N,
29.23745°E) in June 2011 (early dry season), Fep2@l12 (rainy season), October 2012 (late drya®adlay
2013 (late rainy season), September 2013 (dry sgasm August 2014 (dry season).

2.2 Physico-chemical parameters and sampling

85 Vertical profiles of temperature, conductivity, pthd oxygen were obtained with a Yellow Springs
Instrument 6600 V2 multiparameter probe. Water e@kected with a 7L Niskin bottle (Hydro-Bios) eye2.5

m in a ~10 m zone centered at the oxic-anoxic fater.
2.3 Chemical analyses

Samples for Ckland NO concentrations, and Gldxidation measurements were collected in 60 ndgjla
90 serum bottles, filled directly from the Niskin Hettwith tubing, left to overflow, and sealed withtl stoppers
and aluminium caps. Two bottles were directly poebwith 200 ul of HgGlinjected through the septum with a
syringe. Ten other bottles were incubated in thek @ad at constant temperature close to in sity&ature
(~23°C). Five of them received 250 pl of a solutiddrsodium molybdate, an inhibitor of sulfate-reshgcbacteria
activity (1 mol L*; hence a final concentration of 4 mmot)L and five received no treatment. In May 2013,
95 September 2013 and August 2014, five supplemetuattjes received 500 pl of a solution of picoliaicd, an
inhibitor of CH; oxidation (6 mmol t; final concentration of 0.1 mmolY). The bacterial activity of these ten
bottles was stopped at 12, 24, 48, 72 and 96hédwddition of 200 ul of a saturated solution of HgCH, and
N2O concentrations were determined via the headspaigiibration technique (20 mL MNheadspace in 50 mL
serum bottles, for samples of the main basin) apdsured by gas chromatography (GC) (Weiss, 198h) wi
100  electron capture detection (ECD) fobdand with flame ionization detection (FID) for GHs described by
(Borges et al., 2015). The SRI 8610C GC-ECD-FID ealibrated with certified CHCO,:N,O:N, mixtures (Air
Liquide, Belgium) of 1, 10, 30 and 509 ppm £hd of 0.2, 2.0 and 6.0 ppm®L Concentrations were computed
using the solubility coefficients of Yamamoto et §1976) and Weiss and Price (1980), for.Cihd NO,

respectively. The precision of measurements wad%and +3.2% for ClHand NO, respectively.

105 Samples for nutrients analyses were collected imBflastic vials after being filtered through @D pum
syringe filter. 200 pl of k504 5N were added at each vial for preservation. Sasnpkre then frozen. NCand
NOs concentrations were estimated by spectrophotoméN®,” concentrations were determined by the
sulfanilamide coloration method (APHA 1998), usang-cm light path on a spectrophotometer Thermet&paic

Genesys 10vis. NDconcentrations were determined after vanadiumatesluto NQ™ and quantified under this

4
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form with a Multiskan Ascent Thermo Scientific mtptates reader (APHA, 1998;Miranda et al., 2000he
detection limits for these methods were 0.03 at8 fumol L for NO, and NQ, respectively. When making the
headspaces for GHneasurements as described above, the excesswasarllected and used to quantify the
evolution of NQ concentrations in the incubations (reported ag N@sumption rates), according to the method

previously described.

Samples for sulfide (HBconcentrations were collected in 50 ml plast&lsi after being filtered on a
0.22 pm syringe filter. Samples were preserved 2@ I of 20% zinc acetate (ZnAc) and were stdrezen.
HS concentrations were quantified using a 5-cm lighth on a spectrophotometer, according to the rdetho
described by Cline (1969). Samples for,8@nalyses were filtered through a 0.22 pm syriiltgr find collected
in 5 ml Cryotube vials. Samples were preserved @hpl of 20% ZnAc and were stored frozen.,50
concentrations were determined by ion chromatogrépfonex ICS-1500, with an autosampler Dionex AS®0
guard column Dionex AG22 and an analytical colunimngx lonPac AS22). The detection limits of thesthods
were 0.25 and 0.5 pmofifor HS and S@, respectively. In August 2014, the decrease of3foncentrations
in CH. incubations was measured by spectrophotometrggusb-cm light path on a spectrophotometer Thermo
Spectronic Genesys 10vis, according to the neplettienmethod described by Rodier et al. (1996)eraft

precipitation of barium sulfate in an acid enviremwh The detection limit of this method was 52 piaél

In May 2013, September 2013 and August 2014, saripleFe and Mn measurements were collected
into 50 ml-plastic syringes directly from the Niskiottle. Water was rapidly transferred from thergye to the
filtration set and was passed through 25 mm glass filters. Filters were collected in 2 ml Eppenidvials and
preserved with 1 ml of a HN{®% solution, while filtrates were collected intouf 2 ml Eppendorf vials and
preserved with 20 ul of a HNGB5% solution. The filters, for particulate Fe akih determination, were
mineralized in specific Teflon bombs into a micrewadigestion labstation (Ethos D, Milestone Inafter
digestion with nitric acid. They were finally died into milli-Q water to the volume of 50 ml. Fédtes were
directly diluted into milli-Q water to the volumd 60 ml. In August 2014, dissolved Mn and Fe comadions
were also determined in Glihcubations in order to measure the evolutionamfoentrations through time. Fe and
Mn concentrations were determined by inductivelyped plasma mass spectrometry (ICP-MS) using dicmam
reaction cell (DRC) technology (ICP-MS SCIEX ELANRE II, PerkinElmer inc.). Analytical accuracy was

verified by a certified reference material (BCR ylkiustrial Effluent Wastewater).
2.4 CHsoxidation and production, NOs” and SO consumption and Mr?* production rates calculations

CH, oxidation and production, NOand S@* consumption and Mt production rates were calculated
as a linear regression of GHNOs, SO and Mrf* concentrations over time during the course ofitcebation.
Rates reported here are maximum rates, as they cadrelated based on the maximum slopes. Tableowsh
standard deviations, initial GHtoncentrations, percentage of £¢dnsumed and the time laps during which the
CH, oxidation rates were calculated for each depttléf@ shows standard deviations for N@nd SG*

consumption and Mt production rates.

CH, oxidation rates with molybdate were correctedrtigkinto account the oxygen supplied by the
addition of the solution, which was not anoxic. slybdate solution was at saturation with respeddt we
considered here that 1.25 pmol af O, were added to each bottle (250 pl of the solutiere added to 60 ml of

5
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water). The @ concentration required to be responsible for &2idlhoxidation rate was calculated according to

the following stoichiometric equation Eq. (1):
(1) CHs+2 Q- CO + 2 HO
The part of each oxidation rate due tov@s then calculated according to Eq. (2):
(2) Ro=Rm * (Q/Oz)

where Ro is the part of each oxidation rate du®isupply, Rm is the measured oxidation ratg,i©the Q
concentration required to be responsible for thasueed ChHloxidation rate and Qis the Q concentration added

by the molybdate solution.
The final CH oxidation rates with molybdate were obtained Hytsaction (Eq. 3):
(3) Final CH, oxidation rate with Mo = Rm — Ro
All rates with molybdate reported here are final,@idation rates.
2.5 N stable isotope labelling experiments

In May and September 2013, parallel denitrificat&xperiments were conducted in order to link this
process with Clloxidation. Water was collected in duplicate in @mB50 ml borosilicate bottles from the Niskin
bottle with tubing, left to overflow, and sealedwi eflon-coated screw caps. Before the injectibitd-labeled
solutions, a 12h pre-incubation period in the darll at 25°C was observed in order to allow the wonmion of

oxygen eventually introduced in the bottles dusagnpling.

N stable isotope labelling experiments were based lmamdrup and Dalsgaard (2002). Heterotrophic
denitrification was determined by the injectionaola@°NOs solution in amber bottles, through the stopperaffi
concentration of 5 umol ). Six 12 ml vials (Labco Exetainer) were therefillfrom each of the duplicate bottles
and placed in the dark in an incubator at ambiemiperature (24°C), which was close to the in gitngerature
(~23°C). Microbial activity in two Exetainers wasfinediately arrested through the addition of 502Q% ZnAc.

A time course was established by arresting twdh&rrExetainers at 6, 12, 18, 24 and 48 h. Whileciijg ZnAc
solution to stop the incubations of the Exetaintrs, excess water was collected in 2 ml-Eppendaifyvand
stored frozen, to determine the evolution of the;NfOncentrations through time. NQvere then analyzed by
chemiluminescence, after reduction with vanadiutaritie (VCL), with an NQ, NOs” and NQ analyzer (Thermo
Environmental Instruments), according to the mettiescribed by Braman and Hendrix (1989) (detedtroit:
2-3 ng NQ).

2N, and %N, concentrations in the Exetainers were measureld avijas source isotope ratio mass
spectrometer (Delta V Plus, ThermoScientific) aftexating a 2 ml helium headspace (volume injectélde mass
spectrometer: 50 pl). Potential denitrificationesa{detection limits of 2.7 nmolih?) in the incubations with
5NOs were calculated according to Eqg. (4) (Thamdrup Ratsgaard, 2002):

(4) Potential N denitiication= **N**Nexcess (Fno3)™?
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where N genitrificationiS the production of Nby denitrification during the incubations WittNO3". 15N *NexcessiS the
production of exces$N**N and oz is the fraction ofSNOs added in the NQpool. NQ, concentrations of the
NOx pool were measured in the incubations as descabede >N*N is the excess relative to the mass 30: mass

28 ratio in the time zero gas samples.

Only natural denitrification rates are reportedehéNatural denitrification rates were calculatedtbe

base on potential denitrification rates, accordmgqg. (5):
(5) Natural N genitification = Potential N genitification* (1 — Fnog),
which assumes that the rate obey®dder kinetics with respect to NO
2.6 Pigment analysis

In May 2013, September 2013 and August 2014, sssnfdr pigments analyses were collected on
Whatman GF/F 47 mm glass fiber filters (filtratieolumes: 3L). Filters were preserved in 5 ml Cojst vials
and stored frozen until pigment extraction in 40fi®0% HPLC grade acetone. Two 15-min sonicati@pasated
by an overnight period at 4°C in dark were appli@ad extracts were stored in 2 ml-amber borosdicédls.

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

3. Results

3.1 Physico-chemical characteristics of the water colum

Vertical profiles of physico-chemical variablesfdied strongly between stations and campaigns (Fig.
2). In the dry season, the water column was anfogim 47.5, 57.5, 55 and 60 m in June 2011, Oct@far,
September 2013 and August 2014, respectively. Qutie rainy season, it was anoxic from 45 and 5B m
February 2012 and May 2013, respectively. At eaate,dthe thermocline and chemocline (based on fapeci
conductivity and pH) mirrored the oxycline and tesrgiure at the oxic-anoxic interface averaged 23032°C

(mean + standard deviation).

CH, concentrations were low (0.3 + 0.5 pumot)lfrom the surface to 45-55 m where they started to
increase; at 70 m, GHoncentrations were 385 + 43 umot [Fig. 3). For all campaigns,-® concentrations
were higher in oxic waters (7.0 £+ 0.4 nmol from 0-40 m) than in anoxic waters (1.3 + 0.8 ninélbelow 60 m
depth). In February 2012 and September 2013, pafakisO up to 15 nmol i were observed at 50 m (anoxic

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

NOx profiles also reflected the seasonal variationthefwater column characteristics. A zone ofyNO
accumulation (nitracline) was not observed in J20&1 and May 2013, and a small one (<2 umbht.52.5 m)
was observed in August 2014. In February 2012, i@t@012 and September 2013, Nfiaxima of 3 pumol
(at 50 m), 4 umol £ (at 50 m) and 4 pumol ‘L (at 47.5 m), respectively, were observed.,S@nd HS
concentrations did not show high fluctuations bemvehe different campaigns. The mean of%S&ncentrations
in oxic waters (from 0 to 50 m depth) was 153 +@tol L, while the mean of % concentrations in anoxic
waters (at 70 m depth) was 42 + 25 pmal 8Q? concentrations strongly decreased in the anoxie Zontil ~0

pmol L* at 80 m depth), while H8oncentrations increased.
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While particulate Fe concentrations were up to L™ in oxic waters, in September 2013, dissolved
Fe concentrations were very low (less than 2.5 plofohll along the vertical profiles, during the thrield
campaigns). On the contrary, particulate Mn conedions were low (less than 2 umaokb),. with a maximum
concentration peak located just above the oxic-gnonerface, for the three campaigns, and dissblvin

concentrations increased with depth, until maxinmemcentrations of 10 pmoliLin anoxic waters.
3.2 Microbial process rate measurements

CH, oxidation was detected during all field campaiffig. 4). Aerobic CH oxidation rates tended to be
faster than anaerobic ones, since aerobig @tlation consumed on average 0.9 % of initiak@er hour, while
anaerobic Chloxidation consumed 0.2 % of initial Ger hour. With molybdate added, 0.2 % of initiddC

concentrations were also consumed per hour on geera

The dry season was characterized by higher maxi@tinoxidation rates in oxic waters compared to
anoxic waters. The maximum oxic and anoxic oxidat@tes were observed in August 2014 and were 27at
55 m) and 16 * 8 (at 75 mmol L d?, respectively. A high S£ consumption rate of 7.5 + 0.0 umol d* was
observed near this region of high £ékidation rate, at 70 m depth. During the otheldficampaigns, maximum
oxic CH, oxidation rates were 2 + 0.04 and 13.9 + 0.0 pimbt!, while maximum anoxic rates were 0.8 + 0.01
(at 47.5m) and 3.5 + 0.3 (at 65 m) umdidt?, in June 2011 and September 2013, respectivelyctaber 2012,
the CH, oxidation rate (0.2 pmoltd?) observed in anoxic waters was negligible compauithl the high rate of
10.2 + 0.4 umol 2 d* observed in oxic waters. NG&onsumption rates tended to be low during altdmpaigns,
but a non-negligible natural denitrification ratelo5 pmol L d* was observed at 65 m in September 2013, in

parallel incubations.

During the rainy season, maximum gbkidation rates in anoxic waters were higher timaoxic waters.
In February 2012, the maximum anoxic £dxidation rate of 7.7 + 0.4 umolid?! was observed at 50 m and co-
occurred with the maximum NQconsumption rate of 0.4 + 0.1 umot 2. In May 2013, the maximum anoxic
CH, oxidation rate of 3.2 pmol-td? was observed at 65 m, which was close to a K@hsumption rate of 0.03
+ 0.01 pumol ! d* observed at 70 m depth. Also, higher rates ofrahienitrification (based otPN) were
observed between 60 and 70 m depth, with a maximuth7 pmol N@ L* d* at 60 m depth. No oxic CH
oxidation rate was observed in February 2012, whiteaximum rate of 1.5 + 0.2 pmottld?! was observed in
May 2013.

When molybdate was added, different profiles wdyseoved. In February 2012 and August 20144 CH
oxidation rates decreased when molybdate was addei@, rates tended to increase when molybdateaddsd
during the other field campaigns. In October 20h@ #ay 2013 in particular, CHoxidation rates strongly
increased when molybdate was added, from 0 =23t 0.4 umol ! d* (at 80m) and from 3 to 18 pmotld?

(at 65 m), respectively. In September 2013, Gkl dation rates increased when molybdate was addded 11 +

0.5 umol Lt dt at 55 m. In August 2014, the addition of molybdages also accompanied by a strong increase of
dissolved Mn (MR&) production rates. N9consumption rates also tended to increase wheybaale was added
during all field campaigns. No dissolved Fe{fFeroduction was observed with or without molybdadeled (data

not shown).
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CHs production was observed in oxic waters duringttiiee sampled campaigns, with rates up to 371
nmol L din August 2014 (Fig. 5). For the three campaigins,highest Chiproduction peaks were located at

the basis of the zones with high chlorophyll a eantjust above the oxic-anoxic interface.
4. Discussion

High CH, oxidation rates were observed in oxic and anoxitevs (maximum 27 £ 2 and 16 + 8 umol L
L d1, respectively). Aerobic CHoxidation rates were sometimes very high when idenisg the initial CH
concentrations (Table 1). For example, the maxinaenobic CH oxidation rate of 27 + 2 pmolid? observed
at 55 m depth in August 2014 occurred at€bincentrations of 42 + 2 pmot‘LHowever, as shown in Table 1,
this rate applied on a period of 24h, and 68 %efinitial CH; was consumed after 24h. The same observation is
made, for example, in June 2011 (at 42.5 and 4%ebruary 2012 (at 50 m) and October 2012 (at 53 m)

A great variability in oxidation rates was obsehietween the different campaigns. The main pathway
of CH, oxidation was aerobic in June 2011, October 20i® September 2013 (dry season) and anaerobic in
February 2012 and May 2013 (rainy season) (Tablm3jugust 2014, aerobic and anaerobic oxidatides were
quite equivalent. As shown by Figure 6, aerobidakbn rates tended to depend on the oxygenated tiepth.
Aerobic CH, oxidation rates tended to be higher when the miager was deeper, as usually observed during the
dry season. This observation confirms hypothesiRaand et al. (2016a) who suggested, based osethsonal
evolution with depth of ClHconcentrations, that during the dry season, the layer deepens and integrated
aerobic CH oxidation on the oxic water column is higher. @e tontrary, during the rainy season, the oxicrlaye
is thinner, and a greater amount of £33dn be anaerobically oxidized before reachingottie part of the water
column. While aerobic ClHoxidation is probably limited by C+toncentrations, AOM is probably limited by the
availability of electron acceptors due to competitiwith more favorable processes (such as het@tutro
denitrification, sulfate reduction etc.). Also epifc fluctuations in water column characteristicdluence
bacterial communities and small variations in thetew column structure may influence the abundamckoa
distribution of bacterial communities, and thustciite to the differences observed. Anyway, tHatieely high
aerobic and anaerobic Glxidation rates measured during this study arichagtd from*3C-CH, production by
Morana et al. (2015a) explain the low air-water,@lbixes observed throughout the year in Lake KiBarges et
al., 2011;Roland et al., 2016a).

Aerobic and anaerobic Gldxidation rates are also high compared with mtstrdakes (Table 4). Large
differences observed can be easily explained byifferent characteristics of the environments hsas vertical
structure of the water column, GHoncentrations, ©and other electron acceptors concentrations, derwa
temperature. Lake Kivu is a tropical lake, so highater temperatures enhance bacterial activity, raontto
temperate and boreal lakes. Also, the water coluhiake Kivu allows the accumulation of high ¢H
concentrations in anoxic waters, which can slowiffude to the oxic compartment, allowing the oceuae of
both aerobic and anaerobic £ékidation. It was presently assumed that all thh fresent in the water column
of Lake Kivu was produced in anoxic sediments, ¢staclastic and hydrogen reduction methanogenkaische
et al.,, 2011). However, we show here that a pai€ldf present in oxic waters can come from aerobic; CH
production. Aerobic Chiproduction has been recently studied (Bogard.e28lL4;Grossart et al., 2011;Tang et
al., 2014;Tang et al., 2016), and different mecémmsi have been proposed to explain it, among whiictk avith
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phytoplankton that produces methylated compounds @methylsulfonioproprionate (DMSP)).ldr acetate,
which could then be used by oxygen tolerant methanic bacteria to produce Glarrell, 1985;Angel et al.,
2011;Grossart et al., 2011). Alternatively, physm#ton could directly produce Glitself (Lenhart et al., 2016).
During our study, the aerobic GHbroduction peaks were always located at the hafsthe zones of high
Chlorophyll a content. This location may be dua &patial coupling between the presence of substpbduced
by phytoplankton and the presence of oxygen toter@thanogenic archagiaceglu et al. (2015) revealed the
presence of methanogenic archaea in the anoxiosvatel at the oxic-anoxic interface of Lake Kivimang
which Methanosarcinales. Angel et al. (2011) showed that some archaea biglgrtg Methanosarcinales are

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

Very high AOM rates observed in Lake Matano coragawith Lake Kivu may be explained by higher
CH. concentrations in anoxic waters and greater cdragons of the highly favorable electron accepte(Sturm
et al., 2016). Pasche et al. (2011) reported l@wesbic and anaerobic Gbkidation rates than those we measured,
but their CH oxidation measurements were only made during imh& ¢ampaign, as although we demonstrated

during this study that a great seasonal variahilit¢H, oxidation rates can be observed.

Different depth profile patterns were observed mimmlybdate, the inhibitor of sulfate-reducing leaizt
activity, was added. About half of the measuremeatge lower rates with molybdate added, and therdihalf
gave higher rates (Fig. 7). In February 2012 andusu 2014, AOM rates were lower with molybdate,gasging
the occurrence of AOM coupled with $Oreduction. Measurement of the £CGconsumption rate during the
incubations were performed in August 2014. The ésghrate of S¢¥" consumption (18 + 6 pmolLd?) was
observed at 70 m, what was close to the higher Af@kk of 16 + 8 umol L d* observed at 75 m depth. In terms
of stoichiometry, Fig. 8a shows that one AOM peak be easily explained by the $Qeduction rate, since 1

mole of SQ% is needed to oxidize 1 mole of GHiccording to Eq. (6):
(6) CHs+ SO — HCO; + HS + H,0

SO consumption rates were calculated from the chamgjene of SQ? concentrations measured with the
nephelometric method, which might not be precisaugh, since the detection limit was 52 umdl So, due to
this high detection limit, we might have misseduoderestimated some $Oconsumption rates, which could
potentially be linked to AOM. Vertical profiles d8Qs? concentrations, measured by ion chromatography
(detection limit of 0.5 pumol £), show that SG is present in enough quantity to explain AOM raibserved,

for all campaigns (Table 5).

In February 2012, the maximum AOM peak of 7.7 +@mol L d? co-occurred with the maximum NO
consumption peak of 0.4 + 0.1 pmot &%, at 50 m depth, suggesting that a part of AOM migive been due to
NOs reduction. N@ consumption rates do not clearly determine if tlfigiation occurs in Lake Kivu, since the
NOs consumption recorded during the incubations migifliect the incorporation of N into the biomass, or
reduction to ammonium. However, in a companion pape showed that natural denitrification occuriedhe
Northern Basin in 2011 and 2012, at rates rangatgiéen 1.2 and 2232 nmol NQ* d?, during the same field
campaigns, at depths close to those where we db&®M rates (Roland et al., 2016b). Moreover, iayhand
September 2013, we also observed natural derttiific rates in parallel incubations, and higherittiéioation

rates co-occurred with higher AOM rates. Fig. 8ld &t show AOM rates calculated based on thes NO
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consumption rates measured in the incubations asddon natural denitrification rates measuredairalfel
incubations (only in May and September 2013), retpely, and according to the stoichiometry of EQ, where
8 moles of N@ are needed for 5 moles of €HRaghoebarsing et al., 2006):

(7) 5CH;+ 8 NQs + 8 H — 5 CQy + 4 Np + 14 HO

All AOM rates cannot be solely explained by N©@onsumption rates. Even natural denitrificatioresaare not
sufficient to explain AOM rates observed. This dégancy suggests that MGs not an important electron
acceptor for AOM in Lake Kivu, which is not surpnig when considering low natural NQconcentrations.
Indeed, the majority of AOM rates observed canmoékplained by the NQconcentrations (Table 5). Only very
low AOM rates can be fully explained by N@oncentrations. Also, it seems that Fe cyclinthenwater column
of Lake Kivu is not well developed, since while fieulate Fe concentrations were up to 15 pmgl dissolved
Fe concentrations were very low (Fig. 3), suggestirat Fe reduction is a limited process. Whilgipalate Fe
concentrations were high enough to explain up @4.0f the small AOM rates observed (Table 5), diebFe
concentrations can only explain up to 24% of thalsAOM rates, and only 1-5 % of higher AOM ratascording
to Eq. (8) (Beal et al., 2009):

(8) CHs+ 8 Fe(OH) + 15 H — HCOs + 8 Fé* + 21 HO

Moreover, in August 2014, no Peproduction rate was observed in the incubatiomhout and with molybdate
added, which tends to support the low occurrendeeateduction in the water column of Lake Kivuislthus

likely that Fe does not play a significant role AXDM.

MnO; and Mrf* concentrations were also measured in May 2013e8#®r 2013 and August 2014 (Fig. 3).
AOM can occur with Mn®@as electron acceptor, and produce?Matcording to Eq. (9) (Beal et al., 2009):

(9) CHs+ 4 MnQy + 7 H — HCOy + 4 Mr?* + 5 HO

According to this relationship, 1 mole of Cebnsumes 4 moles of Ma@nd produces 4 moles of Fin
In May 2013 and September 2013, we can see thatMa@fully contribute to AOM at depths near thecexi
anoxic interface (Table 5). At 65 m in May 2013, e see that Mnxan only contribute for 45% of AOM rate.
Particulate Mn concentrations were very low comgdeedissolved Mn concentrations, with a peak ledgust
above the oxic-anoxic interface, for each campaignes et al. (2011) showed the same profile irelM&tano,
and concluded that Mn is recycled at least 15 tibefere sedimentation. Mhis probably oxidized in presence
of small quantities of & precipitates and is directly reduced in anoxidensa The same profile is probably
observed in Lake Kivu, and Mr@an thus probably significantly contributes to A@Mly at depths close to the
oxic-anoxic interface. A significant part of AOM wd be due to Mn@reduction for each depth if we take into
account MA* concentrations (Table 5), and considering two hiygses: 1) All the M#f measured at each depth
come from the reduction of precipitated Mn@nd 2) all the M# come from MnQ@reduction with CH. However,
these hypotheses are unlikely, since*Mpresent at each depth can come from diffusion fupper depths, and
MnO; can be reduced by other electron donors than &Ko, for SQ? and NQ, other processes such ass50
reduction with organic matter and heterotrophicittliication can take place. The percentages of A@dorted

in Table 5 and the calculated AOM rates reporteffign 7 are thus potential maximum percentagesrates.

11



370

375

380

385

390

395

400

405

Nevertheless, CHhas the potential to be the major electron donoarioxic waters of Lake Kivu based on
consideration of the standing stocks and fluxesasbon. Indeed, CHconcentration at 70 m is ~385 pmot L
which is distinctly higher than typical dissolvedganic carbon concentrations of 142 pmdl that is very
refractory anyway (Morana et al., 2014; 2015b) padiculate organic carbon (POC) concentrationariaxic
waters typically lower than 30 pumofil{Morana et al., 2015b). In terms of supply of carbthe CH vertical flux

of 9.4 mmol n? d* (Morana et al., 2015a) is also higher comparatiegadownward flux of POC from the mixed
layer of 5.2 + 1.7 mmol rad? (average value of 24 month-deployment of sedirtrapis in the Northern Basin
from November 2012 to November 2014, unpublisheth)dalhis is in general agreement with the high
methanotrophic production in Lake Kivu (8.2 — 2&fhol m? d?) estimated by a parallel study (Morana et al.,
2015a).

Considering the very high $® concentrations compared with other potential ebecacceptors (mean of
103, 0.40, 0.42 and 4.9 umat tfor SQ?, NGO, particulate Mn and particulate Fe, respectivatydepths where
AOM was observed), it is likely that AOM in Lake i is mainly coupled to S® reduction. Moreover, half of
the measurements showed that the inhibition of @Bi/ity by molybdate induced a decrease of AOMsat
However, the other half of the measurements shdhadAOM rates were higher when molybdate was added
These results are surprising and difficult to ekplaVe firstly considered if we artificially indudeaerobic
oxidation by injecting molybdate, since the solntiwas not anoxic. As described in Sect. 2.4, weutaled the
impact of Q supply for each CHoxidation rate, which was clearly limited, sinte tmedian value of relative
standard deviations (between rates with molybdatkerates with molybdate if no,Qvas added) was 2.5 %, and
thus did not strongly influence Gldxidation rates. Even if a significant artificialinduced aerobic oxidation can
be ruled out, the Osupply could potentially induce NOQ particulate Fe and Mn production, and thus ineeea
AOM linked to these electron acceptors. Howeverjmuoeased concentrations of these elements was\aubs
during the incubations with molybdate (data notvehpo We were not able to directly measure thesSO
concentrations in incubations with molybdate wita hephelometric method, due to a reaction betwedybdate
and reagents inducing absorbance higher than thherme absorbance measurable for the specific wagthe
Since HS oxidation is very fast (Canfield et al., 2005)jstvery likely that the artificially introduced Qvas
directly consumed by this way, and thus thatS€bncentrations were higher in incubations with yhdhte.
However, the increase of AOM in presence of molybdannot be due to the increase of%SEbncentrations,

since molybdate inhibit S® reduction.

We can thus hypothesize that a modification in cetitipe relationships among the bacterial community
in presence of molybdate, such as a decrease gietidion between denitrifying bacteria and/or Mihueing
bacteria and SRB, would explain the highersN€@nsumption rates observed with molybdate addésh, Mre*
production rates increased with molybdate in Au@@st4. Competitive relationships for electron denamong
bacterial communities have already been observéitbmature (e.g. Westermann and Ahring, 1987, Aiht et
al., 1995). In Lake Kivu, it is unlikely that théreng increase in AOM rates was only due to a chaing
competition between SRB and denitrifying bacterid/ar SRB and Mn-reducing bacteria, sincesN&bd MnQ
concentrations are in any way insufficient to bepamsible for all AOM rates. However, with the pmetsdataset,

this hypothesis cannot be definitively ruled oulgl durther studies are required to really undedstae influence
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of molybdate on the bacterial communities. The messent of the bacterial communities' evolutionthie

incubations, without and with molybdate added, widag really interesting.

5. Conclusions

410 We put in evidence a diversified Gldycle, with the occurrence of AOM and aerobic,Qifoduction,
and their seasonal variability, in the water colusha meromictic tropical lake. Presently, £bkidation in Lake
Kivu was superficially measured by Jannasch (19@8)] was estimated on the base on mass balance and
comparison to fluxes (Pasche et al., 2011;Borgesl.et2011). It was also supposed to occur based on
pyrosequencing resulténceclu et al., 2015;Zigah et al., 2015), which put indence the presence of sulfate-

415 reducing bacteria and methanotrophic archaea imwéter column and suggested that AOM could be ealifd
SO reduction. Morana et al. (2015a) made isotopic masition analysis which revealed the occurrence of
aerobic and anaerobic Gldxidation in the water column of Lake Kivu, anchctuded that aerobic CHbxidation
was probably the main pathway of €kemoval. Finally, important CHoxidation was also supposed to be
responsible for small CHluxes to the atmosphere observed throughout ¢ae {Borges et al. 2011; Roland et

420  al., 2016a). However, any of these studies dirqmtlyin evidence and measured aerobic and anaavgisiation
rates and, nothing was known about seasonal artéhlspariability of CH; oxidation in Lake Kivu, nor the
different potential electron acceptors for AOM. Were not able to clearly identify the main electemceptor of
AOM based on this dataset, but considering the BIgii- concentrations, it is likely that AOM could be migi
coupled to SGF reduction. A seasonal variability in the respestimnportance of aerobic and anaerobic,CH

425 oxidation rates was observed, with a higher impm#aof aerobic oxidation in dry season and of AQMainy
season. This can be linked to the position of thgenated layer depth, which is located deepemdutie dry
season, due to the seasonal mixing of the mixobmnét this period of the year, the oxic-anoxiceitfiace is
located close to the chemocline, below which the €bhcentrations are typically 5 orders of magnitladger
than in the upper part of the mixolimnion. By cast; during the rainy season, when the thermaifstedion

430  within the mixolimnion is well established, the uoie of the oxic compartment is smaller than theiva of the
anoxic compartment, and hence £tdn only reach the oxic waters by diffusion, aftet a significant fraction
of the CH, upward flux has been oxidized by AOM, which lirtiie aerobic Ckloxidation.
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Table 1: Depth (m) where CHoxidation was observed, presence (+) or absehad Oxygen (@), CHs oxi =
maximum CH oxidation rates (umol ‘L d?) calculated based on a linear regression, J&H initial CHs
concentrations (umolt) from which the linear regression begins, %4GHpercentage of initial CiHtonsumed,
and time (h) required for this consumption (timgska during which the linear regression was appbezhiculate
CH. oxidation rates), without and with molybdate ad¢eto and + Mo, respectively), for all field canigas.

N.d. = not determined.

Depth | O2 CHas oxi [CH4]in % CH4 Time
(m) (umol L1 d?}) (umol L) (n)
- Mo + Mo - Mo + Mo - Mo + Mo -Mo + Mo
June 2011
42.5 + 0.3+0.0 N.d. 03+0 N.d. 900 N.d. 24 N.d.
45 + 2.0+0.0 N.d. 20 N.d. 97 +0 N.d. 24 N.d.
47.5 - 0.8+0.0 N.d. 18+0 N.d. 230 N.d. 96 dN.
50 - 0.4+0.1 N.d. 21+0 N.d. 100 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+04 3.0+0.3 8+0 8+0 64+1 27+2 16 16
55 - 40+0.2 43+0.0 210 21+0 12+1 18+ 16 16
60 - 1.2 0.2 115 105 4 3 72 96
October 2012
53 + 10.2+0.4 10.0+04 10+£0 10+0 98+0 =t 24 24
55 + 0.4+04 16.9+54 78+ 4 78+ 4 2+6 1B+| 96 24
57.5 - 0.2+0.2 1.3+05 65+3 653 4+5 19+ 96 96
60 - 0.0+£0.0 21+25 129 +17 129+ 1Y 00 1P 96 96
70 - 0.0+0.0 1.3+16 344 + 11 344 + 11 0+0 +2 96 96
80 - 0.0+0.0 23.4+04 5382 538 + 2 0+0 120 96 96
May 2013
40 + 0.1+0.0 N.d. 04+0 N.d. 45+2 N.d. 96 Nd
45 + 0.1+0.0 N.d. 0.7+0 N.d. 631 N.d. 72 Nd
47.5 + 0.6 0.0 0.6 0.0 20 2+0 751 75+ 48 48
50 + 1.5+£0.2 1.0+£0.3 201 201 31+4 1B+ 96 72
52.5 + 05%0.1 0.3+0.0 25%0 250 7+1 T+ 72 96
55 - 1.2 45+4.2 45 45+ 4 8 87 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+ 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+0 733 +0 96 96
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47.5
50
52.5
55
57.5
65

55
57.5
60
65
67.5
70
75

13.4+0.3
13.9+0.0
0.2+0.0
0.5+0.0
0.3+0.0
3.5+0.3

27.1+16
2.1
0.0+0.0
51+09
6.8+7.8
3.3+13
16.0+8.2

10.5+0.3
12.7+0.0
1.0+£0.0
11.3+0.5
10.2+04
26+0.3

18.0+1.6
15
4.7
1.3+£09
0.0+0.0
0.0+0.0
0.0+£0.0

13+0 13+0
27+0 27+0
50+0 50+0
90+0 90+0
99+0 99+0
2151 2151
August 2014

42 +2 42 +2

69 69
167 + 20 167 + 20
275+1 2751
358 +6 358+ 6

445 + 10 445+ 1
689 + 58 689+5

93+0 5%
170 kad ()
20 10 +
20 4 +C
30 G+
61 b=+
68+1 B
6 4
0+0 6
62 3=+
1612 00
6+2 +0
3+8 +0

24
12
96
72
96
72

24
48
96
96
96
96
96

24
12
96
12
12
72

24

48

96
96
96
96

48
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Table 2 Anoxic depths (m), N® and S@* consumption and Mii production rates (umol-Ld?) and their
standard deviation, without and with molybdate adieMo and + Mo, respectively), for all campaighkd. =
not determined. All rates were calculated basedadimear regression of concentrations through tife’
production rates were measured at the same déyathsvirt* production rates, but were always equal to zetb an

are not reported here.

Depth (m) NOs consumption SO4% consumption Mn?2* production
(umol L1 d?) (umol L1 d}) (umol L1 dY)
- 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+£05 N.d. 0.0£0.0 H00
62.5 0.0+0.0 0.0+£0.0 0.7+0.3 N.d. 0.0+£0.0 .5#8€0.2
65 0.0+£0.0 0.0+0.0 0.0+£0.0 N.d. 0.0£0.0 $00
67.5 0.0+0.0 0.0+£0.0 15+0.6 N.d. 0.0+£0.00.61+ 1.6
70 0.0+£0.0 0.0+0.0 75%£0.0 N.d. 0.0+£0.0 $8a1
75 0.0£0.0 0.0+0.0 0.3+£0.03 N.d. 0.0+£0.0 06£0.0
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Table 3 Depth-integrated CiHoxidation rates (umol thd?) in Lake Kivu and the percent related to anaerobic

oxidation of methane (AOM).

Integration depth CH4 oxidation % AOM
interval (m) (umol m2 d?)
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 Gloxidation rates (umol-Ed?) in Lake Kivu and other lakes in literature.

Lake Aerobic CH4 oxidation AOM Source
(umol Lt d?) (CHa (umol Lt d?) (CHa
concentrations; umol L% concentrations; umol L%
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 ef24111)
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 ef24116)
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Table 5 SO2, NOy, Mn?*, MnQ,, Fe&* and Fe(OHyconcentrations (umol-t and potential anaerobic GH
oxidation (%) based on these concentrations focaihpaigns, for each depth where AOM rates wererabd.

N.d. = not determined.

Field campaign Depth [SO42] [NO«] [Mn 2% [MNnO 7] [Fe?] [Fe(OH)3
(m) (umol L) (umolL?Y)  (umolL?)  (umolL?®)  (umolL™?) (umol L)
(%) (%) (%) (%) (%) (%)
June 2011 475  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.
475  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) .7@A8)
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) 83( 4.9 (100)
57.5  124.1(100) 0.43(90)  9.2(100) 0.8 (100) @® 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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