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Biogeochemical drivers of methane dynamics in the water column
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ABSTRACT

Methane (CH,) production in oxygenated freshwater systems remains an active area of research in biogeochemistry. This study in-
vestigates CH, dynamics in Honey Harbour’s North Bay, a stratified freshwater oligotrophic embayment of Georgian Bay (Lake Huron),
by integrating microbial community analyses, and geochemical measurements. The field study was conducted in 2021, with four sam-
pling campaigns carried out during the months of July, August, September, and October. During stable stratification, CH, is present in
oxic surface water with a maximum of 4.69 pg/L in September. The abundance of Synechococcus in surface waters indicates that CH,
formation may be driven by methylphosphonate (MPn) degradation under phosphorus limitation conditions. Additionally, methanogenic
archaea were detected in oxic waters, indicating possible methanogenesis in oxic surface freshwaters. The CH, oxidation possibly was
supported by Fe- and Mn-reducing bacteria such as Geothrix and Methylobacter, which increased at depths below chemocline. Redun-
dancy analysis (RDA) demonstrated strong positive correlations between CH,, photosynthetically active radiation (PAR), and microbes
linked to CH, cycling. Our study shows that CH, production in surface waters is influenced by phototrophic and archaeal activity,
whereas deeper waters exhibit CH, oxidation coupled to metal cycling and Fe- and Mn-reducing bacteria. This study provides novel in-
sights into microbial and geochemical interactions regulating CH, emissions in oligotrophic freshwaters of Georgian Bay embayment.
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INTRODUCTION

Methane (CH,) oversaturation in oxygenated (oxic) freshwater
aquatic environments remains a key area of research that can have
several impacts on the ecosystems. CH,, is a potent greenhouse gas,
and its production in oxic surface waters is not yet well under-
stood.. This «methane paradox» contradicts the traditional para-
digm that CH, is exclusively produced under anoxic conditions
and highlights the complexity of CH, cycling in freshwater systems
(Grossart et al., 2011; Bizi¢, 2021; Xun et al., 2025). Freshwater
ecosystems, such as lakes, rivers, and reservoirs, are major sources
of atmospheric CH,, contributing approximately 20% of global
emissions (Saunois et al., 2020). However, Laurentian Great Lakes
remain underrepresented in global CH, budgets, creating a critical
knowledge gap. This study focuses on Georgian Bay’s embayment
(Lake Huron) to address this gap and provide insights into biogeo-
chemical CH, dynamics in the water column.

CH, production in oxic waters is driven by a combination of
biological, chemical, and physical processes. Recent studies have
identified multiple pathways for oxic CH, production (OMP), in-
cluding the decomposition of organic matter (Repeta ez al., 2016),
the activity of methane-producing microbes (Grossart et al.,
2011), photosynthetic activity (Bizi¢, 2021; Giinthel ez al., 2020;
Ordonez et al., 2023), role of submerged macrophytes (Hilt e al.,
2022), and the influx of CH, from sediments (Tang et al., 2014).
Several phytoplankton groups produce CH, under oxic conditions,
including diatoms, green algae, cryptophytes (Hartmann et al.,
2020), and cyanobacteria (Bizi¢ et al., 2020; Glinthel et al., 2020),
with light and temperature playing key regulatory roles (Yao et
al., 2016; Klintzsch et al., 2020). Additionally, phosphorus limi-
tation has been identified as a significant driver of OMP, with
studies demonstrating that low soluble reactive phosphorus (SRP)
concentrations enhance CH, production in oligotrophic systems
including the metabolism of methylphosphonate (MPn) and other
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organic compounds (Yao et al., 2016; Wang et al., 2021; Patel et
al., 2024). Despite significant progress in understanding OMP, the
mechanisms driving CH, accumulation and emissions in oxic wa-
ters remain debated (Ledn-Palmero et al., 2020). Field and labo-
ratory studies have revealed that CH, concentrations in the oxic
layers of freshwater ecosystems can exceed those in marine envi-
ronments, with multiple mechanisms contributing to CH, over-
saturation (Grossart et al., 2011; Repeta et al., 2016; Tang et al.,
2016). These mechanisms include lateral transport from littoral
zones (Fernandez et al., 2016), direct production in oxic waters
(Bogard et al., 2014; Donis et al., 2017; Bizi¢, 2021), and ebulli-
tion from sediments (DelSontro et al., 2018; Donis et al., 2017).
These studies highlight the need for integrated approaches to un-
ravel the complex mechanisms driving CH, dynamics in fresh-
water systems.

In contrast to oxic CH, production, methanotrophy refers to
the oxidation of methane and is a well-studied process carried
out by methanotrophic microbes in freshwater lake sediments and
anoxic water columns (Bastviken et al., 2008; Borrel et al., 2011).
CH, can be oxidized by aerobic methanotrophs, particularly near
the oxic-anoxic interface (Bastviken et al., 2004, 2008; Borrel et
al., 2011). In fully anoxic and sulfate poor waters, anaerobic ox-
idation of methane (AOM) can occur via alternative electron ac-
ceptors such as iron (III), manganese (IV), nitrate, and nitrite
(Egger et al., 2015; Sivan et al., 2011; Aromokeye et al., 2020;
He et al., 2019). These processes play a significant role in miti-
gating CH, emissions, but their efficiency can vary depending on
environmental conditions and microbial community composition
(Suetal,2022).

Georgian Bay’s embayment provides an ideal setting for
studying CH, dynamics in surface waters. Its large surface area,
complex shoreline morphology, and varying nutrient conditions
create distinct biogeochemical gradients that influence CH, pro-
duction and transport (Verschoor et al., 2017; Zastepa et al.,
2021). The sheltered nature of embayments like North Bay of
Honey Harbour goes through seasonal thermal stratification, is
characterized by low sulfur and phosphorus concentrations, but
high iron concentrations, creating a unique environment for mi-
crobial activity and studies of methane dynamics in this olig-
otrophic freshwater system. Therefore, the goal of this research
was to analyze the CH, dynamics in the Georgian Bay embayment
of Honey Harbour. We address key questions: How do CH, con-
centrations vary spatially and temporally, what are the primary
drivers of methane production and accumulation in surface oxic
waters and how do microbial communities influence methane dy-
namics. Additionally, we examine the role of redox-sensitive ele-
ments in CH,, production and oxidation. This research advances
our understanding of dynamics of CH, cycling in the Georgian

Bay’s embayment and contributes to filling critical gaps in the
CH, budget of the Laurentian Great Lake Huron.

METHODS

Site description and characteristics

Georgian Bay, forming the eastern extension of Lake Huron,
stands as the biggest bay within the Laurentian Great Lakes (Fig.
la). It reaches a maximum depth of 165m and covers a surface
area of 15,108 km? (Lewis et al., 2008; McCarthy and McAn-
drews, 2012; Campbell and Chow-Fraser, 2017). Georgian Bay
is located within the Great Lakes -St. Lawrence Forest Section in
Canada, which extends from the sedimentary rock of the Bruce
Peninsula in the south to the Sudbury- North Bay Forest zone in
the north (Rowe, 1972). The Georgian Bay Formation, located
within the Precambrian Shield, is composed out of thermally im-
mature to mature gray shale and bioclastic-rich limestone beds
(Mclntosh et al., 2014). This bedrock has undergone weathering
processes, leading to a coastline with the diverse structure of nu-
merous embayments (McCarthy and McAndrews, 2012). The
North Bay of Honey Harbour, an oligotrophic freshwater embay-
ment of eastern Georgian Bay. The sampled Georgian Bay em-
bayment is shallow with a maximum depth of ~17m (Fig. 1¢) and
is thermally stratified during summer. It is located between lati-
tude 44°53'10"N and longitude 79°48'50"W. This embayment is
a coastal system that is connected to Georgian Bay through nar-
row channels.

Overall, seasonal variations were indicated in both tempera-
ture levels and dissolved oxygen (DO) levels, with a trend of de-
creasing temperatures and increasing DO concentrations as the
year progresses from summer to autumn (Tab. 1). The stratifica-
tion occurred during the months of August and September, and
water columns experienced hypoxic conditions during the strati-
fication period.

Sampling

The samples were collected from the water column in the
North Bay of Honey Harbour at the beginning of stratification, dur-
ing the period of stable stratification, and at the end of stratification.
Sampling location and depths by bathymetric map are shown in
Fig. 1c. Samples were collected with the Georgian Bay Forever
R/V using a multiparameter probe (Y SI-Xylem Analytics, Yellow
Springs Instruments, OH, USA) for measurements of physical and
chemical parameters such as depth, temperature (°C), pH, ORP
(mV), conductivity (1S cm™), turbidity (NTU), salinity (PSU), dis-
solved oxygen (DO, mg L), and dissolved oxygen saturation (%).

Tab. 1. Depth-integrated inventory of sampling site location, sampling depths, temperature, and the dissolved oxygen at the North Bay
of Honey Harbour in Georgian Bay, Lake Huron (data for surface area and volume are from Campbell SD, Chow-Fraser P. 2017. Lake
Huron. J Great Lakes Res 43:274-283).

Sampling Location Surface ‘Watershed Max depth Mean T Max T Mean DO Max DO
date area (km?) area (km?) (m) C0) (°0) (mg L) (mg L)
19.07.2021 Latitude 1.886 9.180 16 17.6 23.6 53 9.4
23.08.2021 44°53'10"N 16 18.9 27.1 2.6 8.9
09.09.2021 longitude 17 17.8 21.6 3.7 7.8
19.10.2021 79°48'50"W 17 15.9 16.3 6.4 8.2

T, temperature; DO, dissolved oxygen.
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Fig. 1. Maps of the Laurentian Great Lakes (a) and Lake Huron with Georgian Bay (b). Sampling location with the bathymetric map of the
North Bay of Honey Harbour (c).
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Sensor calibrations were performed in the laboratory immedi-
ately prior to each field campaign following the protocols. The
DO sensor was calibrated using a two-point calibration with air-
saturated water and zero-oxygen solution. Instrument accuracy
specifications for DO are +0.1 mg L' or +1% of the reading,
with a resolution of 0.01 mg L. The pH, ORP, turbidity and
conductivity sensors were calibrated using standard buffers and
conductivity solutions, respectively. Temperature and depth sen-
sors were factory-calibrated and checked for consistency during
pre-deployment testing.

Before each deployment, the sonde was allowed to run in
the lake for at least 20 min to equilibrate with the water temper-
ature and stabilize the DO readings. All water samples were col-
lected duplicate from near the surface to the bottom using a 5L
Niskin bottle (General Oceanics Inc., Miami, FL, USA). During
stratification periods, samples were collected from the metal-
imnion, epilimnion, and hypolimnion based on the thermocline
readings from YSI. The samples for chemical composition and
microbiological analysis were preserved immediately on board.
Preservations of samples for analyses of nitrate, nitrite, ammo-
nia, and phosphate were performed by freezing at -20°C. For
measurements of total iron and manganese concentrations, water
samples were preserved in the field in 5% (v/v) HNO; and stored
at 4°C. Samples for DNA were filtered (1 L of water for each
sample) through 0.2 pm nylon filters back in the laboratory and
frozen at —20°C until extraction.

Underwater PAR (photosynthetically active radiation) irra-
diance was measured at the water subsurface and 1m intervals
with a spherical quantum sensor (LI-192; LI-COR Biosciences,
NE, USA). Measurements were corrected for variance in inci-
dent irradiance using a LI-190R quantum sensor (LI-COR Bio-
sciences, NE, USA), which was attached to the lowering frame.

Water samples for CH, and CO, gas samples were collected
using a SL Niskin bottle and were quickly (max 5 min) trans-
ferred to pre-weighed serum bottles that were sealed with a butyl
rubber stopper and crimped. Samples were kept at 4°C temper-
ature until measurements. Instrument background was routinely
monitored by running zero air on the Picarro G2132-i CRDS
(Picarro Inc., USA) before and during each analytical session.
These zero air measurements confirmed that background CH,
and CO, levels remained below detection limits throughout the
analysis period. The water samples for total alkalinity were pre-
served with a 1:10 ratio of saturated HgCl, solution. Water col-
umn samples were filtered through sterile 0.2 pum PES
membrane filters (47 mm Supor 200, Pall, MI, USA) using a
water pump; rolled up using sterile forceps; and transferred into
sterile centrifuge tubes. The tubes with membrane filters were
stored at -20°C until DNA extraction.

Analytical methods

Dissolved methane (CH,), carbon dioxide (CO,), and '*C-
CO, isotopic composition were measured by cavity ring-down
spectroscopy (CRDS) Picarro G2132-i analyser in duplicates.
At each point, duplicate samples for CH, and CO, measurements
were analysed using the headspace method. In the laboratory,
headspace samples were retrieved using a gas-tight syringe and
injected into the Picarro high-precision concentration and iso-
topic analyser. The concentrations and *C-CO, isotopic compo-
sition from the headspace of the serum bottles were measured
by CRDS Picarro G2132-i analyzer. Instrument-specific preci-

sion at ambient concentrations (1-c of 5 min average) is $'*C in
CO, at >0.1%, precision, for ['?CO,] is 200 range + 0.05% of
reading and for ['>)CH,] is 5 ppb + 0.05% of reading. The CH,
and CO, concentration values were back-calculated accounting
for the resulting headspace to water ratio in the bottle according
to Henry’s law constant calculated using solubility data provided
by (Wilhelm et al., 1977). Samples of filters were extracted for
chlorophyll using 90% aqueous acetone (v/v) as solvent
(Schagerl and Kiinzl, 2007). Samples were disrupted and ho-
mogenized using vortex (5 s) then sonication in ice bath (Qson-
ica Q125 probe sonicator with probe diameter of 0.32 cm, for
20 s on a pulse mode (1 s on 1 s off) at 50 W), followed by 12
hours incubation at 4 °C in dark then centrifuged (x12000 g, 10
min) to remove particles and filter debris prior to measurements
of Chl a concentrations. The Chl a concentrations were deter-
mined fluorometrically at an excitation wavelength of 430 nm
and an emission wavelength of 663 nm (APHA, 1998).

For sulfate measurements, the samples were filtered through
a 0.2 um nylon filter and concentrations were measured by ion
chromatography (IC; Metrohm 930 Compact IC) with a suppres-
sor and a sodium carbonate/bicarbonate buffer as an eluent. The
minimum detection limit (MDL) for this method is 1 uM. Iron
concentrations were measured using SpectraMax 340PC mi-
croplate spectrophotometer. After the reduction of iron (III) with
ascorbic acid and the treatment of the sample with Ferrozine
reagent (Viollier et al., 2000). Dissolved manganese was de-
tected using Genesys 10S UV-VIS (Thermo Scientific) spec-
trophotometric technique (Goto et al., 1977). Ascorbic acid was
used to reduce total manganese to dissolved Mn?*. The sum of
nitrate and nitrite concentrations was measured by the Griess
method after the enzymatic reduction of nitrate to nitrite (Nims
et al., 1995). Cayman Chemical 780001 kit was used for analy-
ses. For ammonium determination, the indophenol method ac-
cording to Krom (1980) was used. The soluble reactive
phosphorus (SRP) was analysed based on the molybdenum blue
method (Murphy and Riley, 1962). The total organic carbon
(TOC) in the water column was measured by a Shimadzu TOC-
VCPH/CPN (Shimadzu Model TOC-5000) based on the princi-
ple of oxidative combustion infrared (IR) analysis. The carbon
samples were combusted to form CO,, and analysed in a non-
destructive infrared analyzer (NDIR). The detection limit of
quantification (LOQ) for TOC was around 500 ppb. In the lab-
oratory, the total alkalinity was determined via Gran titration
using a Metrohm 905 Titrando (Metrohm, Switzerland) (Stumm
and Morgan, 1995).

Calculation of the CH, and CO, concentrations

The total gas concentration (TC) in the original water sample
is calculated by determining the gas concentration of the head-
space, converting this to the partial pressure of the gas, and then
using this partial pressure to calculate the aqueous gas concen-
tration that partitioned into the gas phase (C,y), and the aqueous
phase concentration that remained in the aqueous phase (C,).
The total concentration (TC) in the aqueous phase is then cal-
culated by equation 1:

TC=Can+Ca (Eq. 1)

where: TC, total concentration of gas in the original aqueous sam-
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ple; C,y, aqueous gas concentration in the headspace after equi-
librium; C,, aqueous gas concentration in the water after equilib-
rium. The total concentration in the aqueous phase is then the sum
of gas and aqueous phases by equation 2:

pom () () ¢

&
(] o+ (2« [22] 10 (22)

where the molar concentration of water (n./V) is assumed to be
55.5 mol L' (molarity of pure water at 25°C, used for scaling
aqueous concentrations), and MW is the molecular weight of
the gas (g mol™). Here, n, refers to the number of moles of water
and V is the total aqueous volume in liters. The partial pressure
of the target gas (P,) in the headspace is calculated from the
measured volumetric gas concentration (C, in ppm), converted
to a mole fraction by multiplying by 10-°. Henry’s law constant
(H) was applied (temperature corrected as described below) to
calculate aqueous gas solubility. The volume of the aqueous
phase (V.) was determined as the difference between the bottle
volume (V,) and the headspace volume (V,). The aqueous phase
concentration (C,) and the concentration of gas that partitioned
into the headspace (C,,) were then calculated and summed to
determine the total dissolved gas concentration (TC). Gas den-
sity at standard temperature was used to convert volumetric con-
centrations to mass-based units, yielding results in milligrams
of gas per liter of water (mg L '). Temperature-corrected values
of Henry’s law constant were calculated using solubility data
provided by Wilhelm ez al. (1977) and equation 3:

TC = (55.5'“7‘”) .

h = 1/[oxp {222 (Eq.3)

Where, A, B, C, and D, are coefficients for gaseous solubility cal-
culation (Wilhelm et al., 1977; EPA method RSKSOP-175).

Mass balance calculations

To estimate the net production and consumption rates of
methane (CH,) in the water column, we applied a mass balance
approach using depth profile CH, concentrations. The calculations
were conducted for the period between August and September
2021 during stable stratification conditions. The study site is a
semi-enclosed embayment with minimal riverine inflow, which
implies limited external seeding of microbes. Given the stable
stratification and lack of major inflows during this period, we as-
sumed that concentration changes primarily reflected net biogeo-
chemical processes (production and oxidation) within each depth
layer. The net flux of methane (F ) Was determined using the
following equation 4:

(Cdaatez—Cdate1)*V
F, = —=hfs Ot Eq. 4
depths Ax(date2—-datel) ( ! )

where, Fu is the net methane flux (mg CH, m™ day "), Cyyer
and Cg,, are measured CH, concentrations (mg L) at two time
points (August and September 2021), V is the volume of the water
column segment (m?) calculated using bathymetric maps in Ar-

cGIS, A is the surface area corresponding to each depth interval
(m?), and (date2 - datel) represents the time interval between
measurements (days). The calculated flux values were converted
tonM L d! for visualization. Bathymetric contour maps were
used to determine lake area and volume at each depth interval.
Methane concentration data were measured from depth profiles
collected during field sampling campaigns. The water column was
divided into three distinct layers based on temperature stratifica-
tion: Epilimnion (0-6 m), characterized by net methane produc-
tion; Metalimnion (6-8 m), a transition zone where production
declines; and Hypolimnion (8-16 m), predominantly showing
methane consumption. Flux values were analyzed across these
layers to assess spatial variability in methane production and ox-
idation. Net methane production (P,.) was determined for each
depth layer using the calculated fluxes, where positive values in-
dicate methane production and negative values signify methane
oxidation (equation 5):

Prgy = LaepinaFaepins) (Eq. 5)

where P, (nmol CH, L™ d™') is the net methane production or
consumption rate, Fyo, and F 4o, (nmol CH, m> d') are the
methane fluxes at two consecutive depth layers, and dZ (m) is the
vertical distance between depth layers.

DNA extraction and analysis

The DNA extraction was conducted on filtered (1L) samples
using PowerWater DNA Isolation Kit (QIAGEN, Hilden, Ger-
many) per the manufacturer’s instructions. Bacterial and archaeal
16S rRNA genes were amplified from DNA extracts from selected
samples. DNA filters were stored at -20°C until sequenced. After
extraction, purified amplicons were sent to MR DNA
(http://www.mrdnalab.com, Molecular Research LP, Shallowater,
TX, United States) for sequencing on an [llumina MiSeq (2 % 300
bp) sequencing platform. The 16S rRNA gene amplicon sequenc-
ing targeted the V4 variable region using the combined bacterial
and archaeal primer set of 341F (CCTACGGGNGGCWGCAG)
and 785R (GACTACHVGGGTATCTAATCC) (Klindworth et al.,
2013). The forward and reverse sequences were joined, <150 base
pair sequences and ambiguous base calls removed, and sequences
were quality-filtered using error threshold 1.0. The dereplicated
or unique sequences are denoised; unique sequences identified
with sequencing or PCR point errors are removed, followed by
chimera removal, thereby providing a denoised sequence. Final
taxonomies were classified using BLASTn against a curated data-
base derived from NCBI (www.ncbi.nlm.nih.gov). Phylum- and
genus-level OTUs for bacteria and archaea with >4% abundance
was reported.

Statistical analysis

Redundancy analysis (RDA) with the RStudio was used to
determine statistically significant relationships between the mi-
crobial community composition of Archaeal and Bacterial Genus
with environmental variables (concentrations of total iron (Fe),
dissolved manganese (Mn), sulfate, dissolved oxygen (DO),
methane (CH,), temperature (T, °C), pH, PAR and ORP). Data
was collected at different depths over the months of July, August,
September, and October.
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RESULTS

Physiochemical profiles

During July, dissolved oxygen (DO) concentrations dropped
from 9.42 t0 9.09 mg L' in the surface waters and were under 4
mg L™ below the 15 m depth (Fig. 2a). During the stratification
period, DO concentrations showed a sharp gradient between 7-9
m depth, and oxygen depletion was observed below depths of 7
m in August and 9 m in September (Fig. 2a). The water column
in August could be divided into the oxic epilimnion (~1-6 m;
D0=6.39-8.94 mg L; Fig. 2a) and anoxic bottom waters (~7-16
m; DO<4 mg L'; Fig. 2a). In September, the water column DO
at the surface (~1-9 m) ranged from 4.85-7.8 mg L', while in the
anoxic bottom (~10-16 m), it was below 4 mg L' (Fig. 2a).

Temperature profiles show thermal stratification across
months, with surface temperatures starting at around 24°C in July
and changing to approximately 16.5°C by October (Fig. 2b). A sta-
ble thermal gradient was observed, indicating the persistence of a
thermocline throughout the summer-autumn season (Fig. 2b). The
temperature profiles showed a mixed water mass occupying the
upper parts of the water column during July and October (Fig. 2b).
While the water column was stratified during two samplings in
August and September, the thermocline was evidenced by gradi-
ents in temperature between 8-10 m and 7-11 m during August and
September, respectively (Fig. 2b). High temperatures (T=22.5-
27.1°C) in the oxic zone, mid-temperatures (T=18.5-21.5°C) in the
sub-oxic zone, and low temperatures (T=11.8-16.1°C) in the
anoxic zone were measured (Fig. 2b). The surface waters had tem-
peratures of 21.4-21.6°C in the oxic zone, and 12.6-15.5°C in the
anoxic zone (Fig. 2b). The water column temperature from surface
to bottom waters ranged from 9.9°C to 23.6°C in July and 14.5°C
to 16.3°C in October (Fig. 2b).

Oxidation-reduction potential (ORP) profiles showed strong
vertical gradients. Surface ORP values peaked at 319.8 mV in
July, declining to —38.9 mV at 16 m (Fig. 2¢). In August and Sep-
tember, ORP gradients intensified near the chemocline (Fig. 2c),
while by October, values stabilized across the water column due
to mixing (Fig. 2¢). The pH ranged from 6.48 in July to 7.59 in
October, with surface waters transitioning from mildly acidic to
slightly basic conditions (Fig. 2d). Conductivity values ranged
from 130 to 145 uS cm™, peaking in August and remaining stable
through October (Fig. 2¢).

The chlorophyll a (Chl a) concentrations showed distinct ver-
tical and temporal variations from July to October 2021 (Fig. 2f).
In July, the highest Chl a were observed at 8 m (7.12 pg L) and
7 m (6.35 pg L"), with moderate levels at 1 m (2.34 ug L™') and
lower concentrations at 16 m (0.860 pg L™). August had a signif-
icant increase in Chl ¢ at 6 m (12.83 pg L) and 5 m (11.06 pg
L. In September, the peak Chl a concentration was at 8 m
(8.205 pg L), with lower values at 2 m (1.084 ug L") and 16 m
(0.175 pg L. By October, Chl a generally decreased, with the
highest concentration at 11 m (2.837 pg L) and the lowest at 2
m (0.210 pg L") (Fig. 2f).

CH, concentrations peaked repeatedly at the chemocline and
coincided with oxygen oversaturation and higher PAR values (Fig.
3 a-d). The CH, profile was consistent across the four samplings,
with low concentrations in the hypolimnion and high concentra-
tions in the chemocline and epilimnion. Surface CH, concentra-
tions were 1.88+£0.01 pg L™ at 1 m depth in July, 0.95+£0.01 ug
L' at I mdepth in August, 4.69+0.01 pg L' at 2 m depth in Sep-

tember, and 1.43+0.01 pg L™ in October at 1-2 m depths (Fig. 3
a-d). In July, CH, concentrations declined with depth until the
chemocline, which persisted during stable stratification in August
and September but eroded in October. Below the chemocline, CH,
concentrations were lowest at 0.29+0.07 ug L' in July, 0.28+0.01
ug L in August, 0.27+0.01 ug L' in September, and 0.35+0.07
pg L™ in October at depths of 16-17 m (Fig. 3 a-d).

Iron and manganese profiles show redox sensitivity below the
oxic-anoxic interface. Total iron (Fe,,) concentrations peaked
below the chemocline, ranging from 3.48+0.03 uM L in July to
24.340.38 uM L in September at 16 m (Fig. 3 a-c). Dissolved
manganese (Mn*") concentrations were consistently higher than
iron, peaking at 2.02+0.03 pM L™ in August and 34.62+0.25 pM
L™ in October (Fig. 3 a-d). High Mn*" levels in the hypolimnion
highlight reducing conditions.

Photosynthetically active radiation (PAR) profiles showed
rapid attenuation with depth. In July, PAR values declined from
2396 uM photons s m2 at 1 m to 5.73 pM photons s m=2 at 7
m (Fig. 3a). Similar patterns were observed in August and Sep-
tember (Fig. 3 b,c). By October, PAR penetration remained limited
to surface layers, with values diminishing to less than 0.5 uM pho-
tons s' m2 below the chemocline (Fig. 3d).

Sulfate concentrations in surface waters ranged from 51.34 to
55.38 pM L, decreasing steadily with depth across all months
(Fig. 4 a-d). Ammonium (NH,") concentrations peaked at
1.67+0.3 uM L™ in July at 7 m and 3.1+0.43 uM L in August at
8 m, with reduced values observed in September and October. Ni-
trate (NO;") concentrations were highest in August at 5.39+0.06
uM L at 7 m and declined in subsequent months. Soluble reac-
tive phosphorus (SRP) showed concentrations of 0.71+0.16 uM
L™ in July and 1.44+0.07 uM L in August (Fig. 4 a-d).

Total organic carbon (TOC) concentrations peaked in surface
waters at 4.47+0.02 mg L' in July and declined to 3.50+0.07 mg
L at depth (Fig. 5a). Dissolved CO, concentrations were higher
in the hypolimnion, with maximum values of 7.25+0.37 mg L™
in August at 16 m and minimum values of 1.51+0.31 mg L™ in
October (Fig. 5 a-d). The 8"C-CO, values ranged from —
15.940.005%o in July to —21.2+0.006%o in September. The rela-
tionship between CH,, CO,, and 8"*C-CO, indicates active carbon
cycling driven by redox gradients and seasonal stratification.

Potential production and consumption of CH,
(August-September)

The calculated net CH, production rate (P, (Fig. 6), varied
at different depths between months of stable stratification period.
At the shallowest depth of 1 m, the production is 6.86 nM-L"'d"!,
indicating a high rate of CH, production. The highest net produc-
tion rate from August to September was at 7.22 nM-L-'d " at 2m.
As the depth increases to 5 m and 6 m, the CH, production rates
decrease to 2.11 and 0.23 nM-L"'d"!, respectively. CH, net produc-
tion ranged between 6.85 and 0.22 nM-L"'d" in the surface oxic
waters between depths of 1-6 m (Fig. 6). The CH, production rates
in the top 5 m during the stable stratification months are much
greater than those in the metalimnion (Figs. 3 b,c and Fig. 6). From
a depth of 7 m downwards, the flux values reveal a shift to CH,
consumption. The net consumption rates were estimated to be be-
tween —1.29 to —1.47 nM-L-'d"! between depths of 7-10 m, indi-
cating that CH, consumption in observed hypolimnion water
depths between August and September was on the rise, and CH,
oxidation was occurring below the chemocline. The consumption
rate at the deepest point of 16 m was —0.95 nM-L"'d"! (Fig. 6).



K. Avetisyan et al.

a Georgian Bay Georgian Bay
0 Honey Harbour North Bay DO, mg/L b 0 Honey Harbour North Bay
8.00
2 9.38
10.8
i 121
135
6 14.9
£ £ 16.3
-E— . _E' 17.6
gfl § 19.0
10 20.4
21.8
12 231
245
1 25.9
27.3
286
16 + T T T T —
July August September October July August September October
C Georgian Bay d Georgian Bay
0 Honey Harbour North Bay ORP, mV o Honey Harbour North Bay pH
-50.00
2 -21.43
7.143
4 35.71
64.29
6 92.86
€ |
£ 121.4
a
S 150.0
B o5 1786
207.1
12 235.7
264.3
“ 2929
16 3214
July August September October July August September October
e Georgian Bay f Georgian Bay

Honey Harbour North Bay ~ Conductivity, uS cm™'

0 130
, ]
131
132 .
133 :
134 .
135
136 E
137 £
@ -
139 O 104
10 140
141
12
L 142
143
14
14 Iy
16 145 16

T T 1
July August September October July August September October

Honey Harbour North Bay Chla, (ugL™")
S E 0.0
1.0
20
30
40
5.0
6.0
7.0
8.0
9.0
10.0
1.0
12.0
13.0

N

IS

(=2}

(o]

Depth, m
fo-]

Fig. 2. Contour plots of depth profiles. a) Dissolved oxygen (DO-mg L™). b) temperature (T, °C). ¢) Oxidation-reduction potential (ORP,
mV). d) pH. e) Conductivity (uS cm™). f) Chla (ug L™).




Biogeochemical drivers of methane dynamics in the water column of Georgian Bay’s embayment, Lake Huron

July August September October
PAR (uM photons s™' m?) PAR (uM photons s™' m?) PAR (uM photons s™' m?) PAR (uM photons s m?)
0 500 1000 1500 2000 0 500 1000 1500 2000 O 500 1000 1500 2000 O 100 200 300 400 500
CH, (ug L™ CH, (ugL™) CH, (ug L") CH, (ug L")
0o 1 2 3 4 5 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 s
0 1 L L " 04 " ! " L 0 L L 0 L "
Cl W Su.nny .Clo.udy Su.nny
§ Cloudy S
24 //?\A o« 2 ’ 2 ;u . o s 0 24 Cloudy g gsunny 4
" ¢
4 4. s/ 44 %
e A / ®
Sy \ 1 / 6 6
E , h —A—Fe,,. i
& B N‘\ —8—Mn - 84 " 8
- —e—CH, 1 e w
S 10- —e-D0 - 10+ 1 : 10 / /
—@— PAR (Sunny)
(@] —8— PAR (Cloudy
12+ 12 124
141 141 144
\ S
16 A 16 - . : 16 pea "
r a b C f:\ sd
18 Y ' r . 18 : : 18 o B e 18
1.2 3 4 5 0 5 10 15 0 5 10 15 20 25 30 O 5 10 15 20 25 30 35 40
Feyan Mn (M) Feyoay Mn (M) Feytar, Mn (M) Few, FE2*, Mn (UM)
0o 2 4 6 8 10 o 2 4 6 8 10 ©0 2 4 6 8 10 0 2 4 6 8 A0
DO (mgL™) DO (mg L") DO (mg L) DO (mg L™

Fig. 3. Seasonal depth profiles of environmental variables in the water column from July to October. a-d) Data for each month. Methane
concentrations (CH,, ug L™), dissolved oxygen (DO, mg L), photosynthetically active radiation (PAR, uM photons s m2; sunny and
cloudy conditions), and dissolved metals (Fe,,, tM L™; Mn, uM L) are shown.

July August September October
SRP (UM L) SRP (UM L) SRP (M L) SRP (UM L)
00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 00 05 10 15 20
" 1 " | . 1 L 0 1 " 1 " 1 " 1 . 0 " | , | s | 4 0 . 1 = | . 1 .
oda b Y 1C ]d
Q 2 2pm @ 24 ®
2 = :
4 4 4 4
y : ° - s
= 6 ’. 6 [ ] I. 6 -
i S S ¢
= a 8 A ® s = ® 8
=3 1
g 10 10 A 10 N I
010 ] ¢ ® .
g 1 ®
12 4 12 12 4 12 S /
14 14 14 4
14 . Jme:
by / =A=NH;
16 = 16 ® & 6-m A @ 16 1MW 2 -y-sr
{m \“' -@-s0,”
18 111 R s e e e 18 T 1 18 | |

1 T T I 1 L}

0123 4586 0123456 01234356 012 3 4 5 86
NH,", NOg, (uM L") NH,*, NOy, (uM L) NH,*, NO;, (MM L) NH,*, NO,", (uM L)

T T T T T T T - 1 I J 1 = T ” I = 1 T ¥ T v T " T d 1 I ] T % T L T ¥ 1

35 40 45 50 55 35 40 45 50 55 35 40 45 50 55 35 40 45 50 55
SO, (MM L) SO%, (UML) SO, (MM L) SOZ, (M L)

Fig. 4. Depth profiles of nutrients and sulfate concentrations in Honey Harbour North Bay across different months. a-d) Represent July,
August, September, and October, respectively. Concentrations of ammonium (NH,*, uM L), nitrate (NO; ", uM L), sulfate (SO,>, uM
L), and soluble reactive phosphorus (SRP, uM L") are shown.




K. Avetisyan et al.

July August September October
5'%C-COy (%o) 5'3C-CO, (%) 5'%C-COy (%) 5'%c-COy (%o)
22-20-18-16-14-12-10  -22-20-18-16-14-12-10  -22-20-18-16-14-12-10  -22-20-18-16-14-12-10
0 P I I P T 0 ra N AT ) [ | 0 P I I T P 0 P I PO T T
{12 @ o 1b e o 1% {d
2 - o) 2 - 2 c» 24 @ o
4= 4 - 4 4
(Y 3= . ®o 1 1 €
6 — 6 — ® © 6 — o9 6
E o 1 ® D {1 o 1
~ 8- 2] 8 - D 84 © @ 8 @ coz,mglL’
..'E 4 1o ® { @ q O 5"3¢-C0o,%
& 10 10 10de ® 10 el
o ] | 1 @
12 - 12 - 12 4 12 -
14 14 - 14 - 14 -
- 4 {6
16 o) 64 © @ 16 o 164 o
o J l (=) §
Bt—T 77— BT Bt+———TT171118 LN LI L T

0O 2 4 6 8 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
CO,, TOC (mg L) CO,, TOC (mg L") CO,, TOC (mgL™) CO,, TOC (mg L)

Fig. 5. Depth profiles of TOC and CO, concentrations, and 8'*C-CO, isotopes in Honey Harbour North Bay across July, August, September,
and October (a-d). Panels show dissolved CO, concentrations (mg L', red circles), total organic carbon (TOC, mg L', black diamonds),
and 8"*C-CO, values (%o, blue circles).

CH, - (Aug - Sep 2021) Microbial community composition

Microbial community composition displayed distinct tem-

Consumption | Production poral and depth-related variation over the stratification period

1 _ Epilimnion (Fig. 7a). Proteobacteria, Actinobacteria, and Bacteroidetes

o] were the dominant phyla across most samples, with additional
but lower relative contributions from Verrucomicrobia, Eur-

5 yarchaeota, Cyanobacteria, Planctomycetes, Firmicutes, and

= il Metalimni Acidobacteria. July surface (1-5 m) and mid-depth (7-8 m and
E PEAPI 10-16 m) samples were characterized by high relative abun-
%_ 7 dances of Actinobacteria (up to 68%), and absence of Verru-
8 sl comicrobia and Planctomycetes. In contrast, August and
September samples exhibited increased Verrucomicrobia (up to

9 13%) and Planctomycetes (up to 12%), particularly in the epil-

10 4 Hypolimnion imnion and metalimnion layers. Firmicutes represented the third
most abundant phylum, with relative abundances ranging from

Loy 4.2% to 21.4%. The highest Firmicutes abundance was observed

r ! . - ; - in July samples, particularly at 10-16 m depth (21.4%), suggest-

% 2 0 2 4 6 8 10 ing depth-stratified community preferences. Bacteroidetes

Pt (nmol L' d) showed sporadic occurrence, being completely absent from sev-
eral samples but reaching up to 6.8% in July surface waters. Eu-
ryarchaeota were detected primarily in August and September
between 1-8 m, with relative abundances ranging from 2 to 4%,
while Cyanobacteria appeared sporadically in early August and

September (maximum 2.6%).

Fig. 6. Net CH, production and consumption rates (P, nmol L~
'd") in Honey Harbour North Bay during the stratification period
between the months of August and September 2021.
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Venn diagram analysis showed monthly shifts in the number
of phyla and geochemical parameters correlated with methane
concentrations, with the highest overlap of methane-associated
phyla and environmental variables occurring in September (Fig.
7b). August samples showed the highest number of methane-cor-
related phyla (8 total), suggesting peak activity of methane-related
processes during this period. This coincided with intermediate
temperatures and optimal conditions for both methanogenesis and
methane oxidation. September samples displayed reduced
methane-associated diversity (4 phyla), while October showed the
most restricted community (3 phyla), indicating seasonal decline
in methane cycling activity.

Redundancy analysis (RDA) at the Archaea and Bacteria
genus level showed associations between certain genus and geo-
chemical variables such as CH,, redox potential, and dissolved
oxygen, with separation between August and September samples
along RDA1 and RDA2 axes. The ordination revealed that
methane concentration (CH,), dissolved oxygen (DO), and oxi-
dation-reduction potential (ORP) were the primary environmental
drivers structuring archaeal communities.

DISCUSSION

Methanogenesis in oxic waters

The detection of methanogenic archaea in oxygenated surface
waters aligns with growing evidence from other freshwater and
marine systems showing that methanogens can persist, and po-
tentially remain active, under oxic conditions (Grossart ef al.,
2011; Donis et al., 2017; Guinthel et al., 2019, 2020). This con-
tributes to ongoing discussions about the microbial niches of
methanogens in oxic environments. The seasonal variations in
methanogen abundance suggest that environmental conditions
such as temperature, nutrient availability, and organic matter input
can influence methane production. Fig. 7a highlights the Eur-
yarchaeota at surface waters reaching around 3-4% at 1-6 m
depths in August and September 2021. Our results indicate that
Methanomicrobium and Methanobacterium were abundant in the
epilimnion, reaching 55.6% and 16.7% at 1-5 m in July, 19% and
4.8% at 2-6 m in September and 5.3% at 2-5 m in October (Fig.
7d), suggesting that methane production occurs under oxic con-
ditions (Fig. 7d).

However, both in oxic and anoxic waters, ammonia-oxidizing
archaea may also contribute to CH, cycling. The presence of Can-
didatus Nitrosoarchaeum, which constituted 20% in August at
1m, 23.8% in September at 2-6m, and 94.7% at 2—5 m in October,
indicates potential interactions between methane and nitrogen cy-
cling, particularly ammonia oxidation, which has been linked to
methane production in certain aquatic environments (Zhu et al.,
2012). The presence of Candidatus Nitrosoarchaeum, an ammo-
nia-oxidizing archaeon, at mid-depths (5-8 m in August and 2-15
m in October) further supports this interaction. Some aerobic bac-
teria (specifically, Acidovorax species) can produce methane
under oxic conditions via the metabolism of methylated amines,
which links nitrogen and carbon cycling in freshwater environ-
ments (Wang ez al., 2021). The MPn degradation has been shown
to produce methane as a byproduct in phosphorus-limited lakes,
driven by bacterial C-P lyase activity (Yao et al., 2016; Wang et
al., 2017).

Our results show that Methanomicrobium and Methanobac-

terium were abundant in the epilimnion, reaching 55.6% and
16.7% at 1-5 m in July, 19% and 4.8% at 2-6 m in September and
5.3% at 2-5 m in October (Fig. 7d), suggesting that methane pro-
duction occurs under oxic conditions. Previous studies showing
that certain methanogens can tolerate low oxygen concentrations
and remain metabolically active (Yao et al., 2016). These
methanogens are traditionally considered strictly anaerobic, but
their persistence in oxic waters indicates either oxygen tolerance
or localized anaerobic niches within particulate organic matter.
This is consistent with studies demonstrating that methanogens
can survive in oxygenated waters associating with other microbes
that consume oxygen, creating micro-scale anoxic zones (Grossart
et al., 2011; Donis et al., 2017). The detection of Methanosaeta
in surface waters (40% at 1 m in August among Archaea) also
supports that acetoclastic methanogenesis may be occurring in
surface oxic waters during stratification within suspended organic
particles (Mori et al., 2012).

The RDA results (Fig. 7d) highlight the strong positive cor-
relation between methanogenic archaea and primary production,
as evidenced by the clustering of Methanomicrobium and
Methanobacterium near elevated CH, concentrations and photo-
synthetic activity. The RDA analysis suggests that methanogen
abundance is positively correlated with high PAR and DO levels,
which aligns with recent studies showing oxygen-tolerant
methanogenic activity in lake epilimnia (Bizi¢ et al., 2020; Giin-
thel et al., 2020). These results align with studies from freshwater
lakes and coastal systems where methane production has been at-
tributed to MPn degradation by Cyanobacteria under phosphorus-
limited conditions, a process that generates CH, in oxic waters
(Repeta et al., 2016; Bizi¢ et al., 2020).

Role of Cyanobacteria in CH, production

Cyanobacteria are key contributors to CH, production in oxy-
gen-rich waters, particularly under phosphorus-limited conditions.
During the study, Synechococcus were abundant in the epilimnion,
with their peak abundance coinciding with elevated CH, concen-
trations in August and September (Fig. 7c). This spatial and tem-
poral overlap supports that photoautotrophs play a direct role in
CH, production, likely through the enzymatic breakdown of MPn
(Repeta et al., 2016). The low phosphorus availability in surface
waters during the study period (Fig. 4) supports this mechanism,
as phosphorus stress often triggers MPn utilization in aquatic sys-
tems (Beversdorf ez al., 2010).

Laboratory experiments have demonstrated that Cyanobac-
teria, including Synechococcus, can produce CH, under oxic
conditions, particularly under high light availability (Klintzsch
etal., 2020; Bizi¢ et al., 2020). This aligns with our observation
that CH, concentrations correlated with PAR intensities (Fig. 4
a-d), suggesting that light-driven microbial metabolism con-
tributes to CH, formation in surface waters. Additionally,
Cyanobacteria-mediated CH, production may be linked to stress
responses, such as oxidative stress, which can lead to the break-
down of methylated precursors (Lenhart et al., 2016). The pos-
sibility of micro-anoxic niches within phytoplankton aggregates
providing localized anaerobic conditions for methanogenesis
further complicates the traditional understanding of CH, pro-
duction (Tang et al., 2016). The RDA results (Fig. 7c) describing
the connection between CH, production and Cyanobacteria,
Synechococcus closely associated with CH, concentrations and
environmental variables such as PAR and SRP availability. Our
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results align with previous studies demonstrating that Cyanobac-
teria contribute to CH, cycling in both freshwater systems
through MPn degradation and light-driven metabolic pathways
(Yao et al., 2016; Bizi¢ et al., 2020).

CH, production and consumption dynamics

CH, concentrations in Honey Harbour’s North Bay exhibit
distinct spatial and seasonal trends, with the highest concentra-
tions found in the oxic epilimnion (top 5 m) and declining with
depth due to CH,, oxidation. Net production and consumption rates
indicate that CH, production in surface waters increased from Au-
gust to September (Fig. 6), coinciding with periods of high
Cyanobacterial abundance and photosynthetic activity. This sug-
gests that the oxic epilimnion serves as the primary CH, produc-
tion zone during stable stratification, while CH, oxidation
dominates below the oxic-anoxic interface (Fig 7c).
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During late summer stratification (August-September), sur-
face CO, concentrations declined while CH, and TOC levels in-
creased in the epilimnion. Although photosynthetic uptake may
have contributed to the CO, drawdown, the concurrent shift to-
ward more negative §*C-CO, values indicates input of isotopi-
cally light CO,, primarily from heterotrophic respiration. Minor
contributions from methane oxidation are also possible where CH,
and oxygen co-occur, but given the lower CH, concentrations, its
overall influence on the §'*C-CO, signal was likely limited. In the
hypolimnion, both CO, concentrations and *C-depletion in-
creased with depth, consistent with ongoing remineralization of
organic matter below the chemocline.

This oxidation of methane below the chemocline is likely
driven by aerobic methanotrophs, such as Methylobacter near the
oxic-anoxic interface, and by Fe- and Mn-dependent anaerobic
oxidation of methane (AOM) at greater depths.
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Fig. 7. Microbial community structure, diversity, and environmental correlations in the water column of Honey Harbour North Bay (Geor-
gian Bay, Lake Huron) across sampling months in 2021. a) Relative abundance of dominant prokaryotic phyla across depths and sampling
dates. b) Venn diagram illustrates the number of methane-associated phyla and geochemical parameters detected and in common across
the four sampling months. ¢) Redundancy analysis (RDA) showing relationships between Bacteria genus community composition and
measured geochemical parameters. d) Archaeal genus community composition and measured geochemical parameters. Sample points
(black dots) denote individual depth and month combinations used in each ordination.
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The increasing abundance of Fe- and Mn-reducing bacteria,
such as Geothrix and Shewanella, below the chemocline (where
CH, consumption is highest) indicates that metal-coupled CH,
oxidation plays an important role in regulating CH, fluxes in the
hypolimnion (Su et al., 2022). This aligns with previous studies
in stratified lakes and coastal systems, where metal oxides serve
as electron acceptors in CH, oxidation pathways (Egger et al.,
2015; Sivan et al., 2011; Su et al., 2020). The correlation be-
tween CH, oxidation and Fe/Mn cycling in our study supports
the role of metal-dependent microbial processes in controlling
CH, dynamics, consistent with findings from Fe-rich lacustrine
environments (Ettwig et al., 2016; He et al., 2019).

The interplay between methane-producing and CH,-consum-
ing microbes regulates CH, dynamics in the embayment. If
methanotrophic activity decreases due to environmental limita-
tions (e.g., temperature, light, or nutrient availability), CH, may
accumulate, increasing CH, flux to the atmosphere. Future studies
should aim to quantify the relative contributions of microbial-dri-
ven CH, production and consumption pathways through incuba-
tion experiments, as well as their role in regulating CH, fluxes
from sediments and emissions to the atmosphere.

CONCLUSIONS

This study provides compelling evidence that CH, production
in the oxygenated surface waters of the Georgian Bay embayment
is driven by microbial processes involving both methanogenic Ar-
chaea and Cyanobacteria. The presence of methanogens in the
oxic epilimnion, their correlation with environmental factors such
as PAR, DO, and temperature, and the dominance of Cyanobac-
teria suggest that CH, oversaturation results from a combination
of photoautotrophic and archaeal methanogenesis. Additionally,
the low phosphorus availability likely enhances CH, production
through MPn degradation, a pathway extensively reported in olig-
otrophic freshwater systems. Below the oxic-anoxic interface,
CH, oxidation is primarily mediated by Fe/Mn-dependent bio-
geochemical processes, leading to CH, consumption at hy-
polimnion depths. These results challenge conventional views on
methane production in oxic freshwaters and underscore the need
for further research on alternative CH, production pathways in
freshwater ecosystems. Despite these findings, uncertainties re-
main regarding the specific enzymatic mechanisms driving CH,
production in oxic waters, highlighting the need for further re-
search. Understanding the drivers of CH, production in oxy-
genated waters of Georgian Bay’s embayments is important for
improving CH, budget in Laurentian Great Lake Huron, particu-
larly in response to climate-driven changes in freshwater aquatic
ecosystems.
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