Aquatic Sciences (2026) 88:29

https://doi.org/10.1007/500027-025-01263-2 Aquatic Sciences

RESEARCH ARTICLE q

Check for
updates

Methanogenesis pathways and methane oxidation in two clear-water
and two turbid-water urban ponds in Brussels (Belgium)

Alberto V. Borges' - Nathalie Gypens? - Thomas Bauduin'?

Received: 25 May 2025 / Accepted: 29 December 2025
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2026

Abstract

Ponds are a large source of atmospheric methane (CH,), a potent greenhouse gas, resulting from the net balance between input
from sedimentary methanogenesis and removal by CH, oxidation (MOX). Here, we test whether methanogenesis pathways
(acetoclastic or hydrogenotrophic) and MOX might differ between clear-water (macrophyte-dominated) and turbid-water
(phytoplankton-dominated) ponds. We measured the '3C/'2C ratio of CH, (8'3C-CH,) from gas trapped in bubble traps,
from bubbles deliberately released by the perturbing sediments, and in dissolved CH, in the water column in four urban
ponds in Brussels, Belgium (Leybeek, Pécheries, Tenreuken, Silex). In summer, the 613C—CH4 values of sediment bubbles
indicated that the hydrogenotrophic methanogenesis pathway appeared to be more important in clear-water (macrophyte-
dominated) ponds (Leybeek and Pécheries), whereas the acetoclastic methanogenesis pathway appeared to be more important
in turbid-water (phytoplankton-dominated) ponds (Tenreuken and Silex). The §'3C-CH,, values from bubble traps indicated
a seasonal shift from acetoclastic methanogenesis pathway in spring—summer to hydrogenotrophic methanogenesis in fall.
The 8'3C-CH, of dissolved CH, indicated higher rates of MOX in turbid-water ponds (Leybeek and Pécheries) compared
to clear-water ponds (Tenreuken and Silex), with an overall positive relation with total suspended matter and chlorophyll-a
concentrations. The presence of suspended particles likely enhanced MOX by reducing light inhibition of MOX and/or by
serving as substrates in the water column for attached methanotrophic bacteria. MOX represented ~80% of the total dissolved
CH, removal from the water column (MOX plus diffusive emission to the atmosphere) in the turbid-water ponds (Leybeek
and Pécheries) and <60% in the clear-water ponds (Tenreuken and Silex). Our results suggest that shifts from clear- to
turbid-water ecological states due to eutrophication may change CH, production pathways (with a higher contribution of
acetoclastic versus hydrogenotrophic methanogenesis) and enhance dissolved CH, removal by MOX in the water column.

Keywords Urban ponds - Methane emissions - Methane oxidation - Hydrogenotrophic methanogenesis - Acetoclastic
methanogenesis - Methane carbon stable isotopes

Introduction

Inland waters (rivers, lakes, and reservoirs) are quantitatively
important sources of greenhouse gases to the atmosphere
(Lauerwald et al. 2023). Lakes and ponds are particularly
strong sources of methane (CH,) and represent the second-
largest aquatic CH, source after freshwater wetlands (Rosen-
treter et al. 2021). The CH, emissions from lakes and ponds
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reflect the net balance between CH, inputs from methano-
genesis in sediments, soils, and groundwater, and removal
by microbial CH, oxidation (MOX) in sediments and the
water column. Between 60 and 90% of CH, produced in
lake sediments is consumed by MOX, efficiently mitigating
CH, emissions (Rudd and Hamilton 1978; Bastviken et al.
2002, 2008; Kankaala et al. 2006, 2007; Durisch-Kaiser
et al. 2011; Morana et al. 2015; Singleton et al. 2018; Thot-
tathil et al. 2018, 2019; Mayr et al. 2020).

MOX occurs aerobically, using oxygen (O,) as the elec-
tron acceptor, and anaerobically, using alternative electron
acceptors such as sulphate (SO42_), nitrate (NO;™), man-
ganese/iron (Mn/Fe) oxides. In fresh waters, because these
alternative electron acceptors are relatively scarce, most CH,
removal by MOX occurs under aerobic conditions (Rudd
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et al. 1974; Lopes et al. 2011; Roland et al. 2018; Sturm
et al. 2019). The CH, and O, availability are the major
factors regulating the abundance and activity of aerobic
CH,-oxidizing bacteria and therefore MOX rates (Rudd
and Hamilton 1978; Utsumi et al. 1998; Shelley et al. 2014;
Thottathil et al. 2018, 2019; Reis et al. 2020, 2022). Metha-
notrophs respond rapidly to favourable CH, and O, condi-
tions following environmental changes (e.g. vertical mixing)
(Mayr et al. 2020; Reis et al. 2020). MOX is inhibited by
NH4+ addition (Bosse et al. 1993; Murase and Sugimoto
2005) and by light (Dumestre et al. 1998; Murase and Sugi-
moto 2005; Morana et al. 2020). In the water column, MOX
increases with temperature (Thottathil et al. 2019; Iwata
et al. 2020), while MOX in lake sediments appears relatively
insensitive to temperature changes, according to Duc et al.
(2010). MOX has been shown to increase in rivers with total
suspended matter (TSM) content, due to a higher abundance
of particle-attached methanotrophs (Abril et al. 2007).

Methanogenesis proceeds via three main metabolic path-
ways (Borrel et al. 2011). Hydrogenotrophic methanogenesis
reduces carbon dioxide (CO,) to CH, using H, generated by
microbial fermentation; methanogens and fermenters form
syntrophic consortia because methanogenesis maintains
low H, concentrations necessary for fermentation. Aceto-
clastic methanogenesis cleaves acetate, oxidizing the car-
boxyl group to CO, and reducing the methyl group to CH,.
Methylotrophic methanogenesis produces CH, by reducing
methyl groups from methylated compounds (e.g. metha-
nol, trimethylamines, methyl sulphides). Methylotrophic
methanogenesis is expected to be minor in freshwater lakes
because methylated compounds are relatively scarce; thus,
methanogenesis is expected to proceed mainly via hydrog-
enotrophic and acetoclastic pathways. Based on theoretical
H,-to-acetate ratios from fermentation, hydrogenotrophic
methanogenesis is predicted to account for ~30% of overall
methanogenesis in freshwater lakes (Conrad 1999). Metha-
nogenesis rates in lake sediments are positively linked to
trophic status (Duc et al. 2010; Grasset et al. 2018) and
temperature (Zeikus and Winfrey 1976). Availability of
alternative electron acceptors (SO,>~, NO;~, Mn/Fe oxides)
indirectly affects methanogenesis rates because SO,>"-, iron-
reducing, and denitrifying bacteria outcompete methanogens
for H, and acetate (Winfrey and Zeikus 1979; Achtnich et al.
1995).

To date, there is no direct evidence for methylotrophic
methanogenesis in lake sediments (Su et al. 2025). Methy-
lotrophic methanogenesis has been shown to be important
only in SO,>-reduction zones of marine sediments (Xu
et al. 2021). Acetoclastic methanogenesis was traditionally
assumed to dominate in lake sediments (Whiticar 1999;
Whiticar et al. 1986), but more recent evidence shows
hydrogenotrophic methanogenesis can be dominant (Con-
rad et al. 2011; Meier et al. 2024; Su et al. 2025). In Lake
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Geneva sediments, there was no clear influence of organic
carbon source (phytoplankton versus terrestrial) on the dom-
inant methanogenic pathway (Su et al. 2025).

CH, produced by acetoclastic and hydrogenotrophic path-
ways exhibits distinct *C/'*C ratios (§'*C—CH,) (= 65%o to
— 50%o versus — 100%o to — 60%o, respectively) (Whiticar
et al. 1986), which can be used to infer the dominant path-
way. Methanotrophs preferentially consume '2CH,, result-
ing in an enrichment in *C of the residual CH, in the water
column, which can be used to estimate MOX with isotopic
fractionation models (Bastviken et al. 2002).

Shallow ponds occur in two alternative ecological states
determined by dominant primary producers: a clear-water
state dominated by submerged macrophytes and a turbid-
water state dominated by phytoplankton (Scheffer et al.
1993). Eutrophication drives the shift from clear- to tur-
bid-water states, altering food webs (Jeppesen et al. 1999),
although the shift is complex and context dependent (Schef-
fer and van Nes 2007; Davidson et al. 2023). It remains
unclear how these two states affect CH, dynamics and emis-
sions from ponds.

Bauduin et al. (2025) recently quantified seasonal vari-
ations of CH, concentrations and emissions in four urban
ponds in the city of Brussels. The Leybeek and Pécheries
ponds are turbid-water systems [higher chlorophyll-a (Chl-
a) and TSM concentrations, and lower macrophyte cover]
while the Tenreuken and Silex ponds are clear-water sys-
tems (Table 1). Bauduin et al. (2025) found no significant
differences among the four ponds in dissolved CH, concen-
trations and diffusive CH, emissions (F;zCH,), but ebul-
litive CH, emissions were significantly higher in the two
macrophyte-dominated clear-water ponds (Tenreuken and
Silex) than in the two phytoplankton-dominated turbid-water
ponds (Pécheries and Leybeek) (Table 1). The dominant
submerged macrophyte was the non-rooted species Lemna
trisulca, which may account for the higher ebullitive CH,
fluxes observed in the clear-water ponds (Cabrera-Lamanna
et al. 2025) (Table 1).

Here, we test the hypothesis that MOX is higher in turbid-
water ponds (Pécheries and Leybeek) than in clear-water
ponds (Tenreuken and Silex), due to a higher abundance
of particle-attached methanotrophs (Abril et al. 2007) and/
or the alleviation of light inhibition of MOX (Morana et al.
2020). We also test whether the methanogenesis pathway
(acetoclastic versus hydrogenotrophic) differs between
turbid- and clear-water ponds because of differences in
sediment organic matter composition and lability. In len-
tic systems, autochthonous organic matter (phytoplankton
and aquatic macrophyte) is more labile and susceptible to
methanogenic degradation than allochthonous terrestrial
organic matter (Grasset et al. 2018). Whether this affects
methanogenesis rates and pathways (Su et al. 2025), and
whether differences exist between phytoplankton- and
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Table 1 Surface area, average water column depth, macrophyte cover
in the summer, mean+SD of chlorophyll-a (Chl-a) and total sus-
pended matter (7SM) concentrations during the summer and all sea-
sons, dissolved CH, concentration, diffusive CH, fluxes (F;), and

ebullitive CH, fluxes (F,,,;) in four urban ponds in the city of Brus-
sels (Leybeek, Pécheries, Tenreuken, and Silex) sampled 38 times
each from January 2022 to December 2023

Leybeek Pécheries Tenreuken Silex
Surface area (ha) 0.7 14 3.2 1.0
Average depth (m) 0.6 1.3 1.4 1.1
Macrophyte cover (%) summer 6 9 68 100
Chl-a (ug L") all seasons 55.8 +44.2 13.2+12.0 82+11.3 277+44
Chl-a (ug L™!) summer 88.8+55.2 21.5+15.7 29+22 09+14
TSM (mg L~") all seasons 39.0+31.8 12.6+9.3 10.5+8.3 6.4+4.7
TSM (mg L") summer 56.5+37.4 16.0+11.3 59+33 5.1+33
CH, (nmol L) 38858039 22552069 2827+6419 4252 +3055
F g CH, (mmol m~2 day ™) 1.7+3.1 L1+1.1 14432 21+16
F .1 CH, (mmol m~2 day™) 4.0+5.2 25+1.9 72469 13.3+10.8

For a detailed description of measurement methods, seasonal variations, statistical tests of difference of means, and putative drivers, refer to

Bauduin et al. (2025)

macrophyte-dominated systems (Wang et al. 2023), is
unclear and understudied. We also test whether the methano-
genesis pathway might change seasonally. We use §'°C—CH,
measurements of sediment bubbles to infer the relative
importance of methanogenic pathways (acetoclastic versus
hydrogenotrophic) and '>*C—CH, in surface water samples
to quantify MOX in four urban ponds in Brussels (Silex,
Tenreuken, Leybeek, and Pécheries) (Fig. 1 and Table 1).

Materials and methods
Site description

Belgium has a temperate climate with mild temperatures and
relatively high precipitation. From 1991 to 2020, precipita-
tion and temperature averaged 837 mm and 11 °C, respec-
tively. Summer and winter temperatures averaged 17.9 °C
and 4.1 °C, respectively. The ponds in Brussels are artificial,
small, shallow, and eutrophic (De Backer et al. 2010; Van
Onsem et al. 2010; Peretyatko et al. 2012). Ponds near the
city centre lie in recreational parks, while peripheral ponds
are within the Sonian Forest. Several ponds are in Natura
2000 protected areas and serve biodiversity and recreational
functions (e.g. boating, fishing). According to the classifi-
cation by Scheffer et al. (1993), Brussels’ eutrophic ponds
exhibit two alternative stable states: a clear-water state domi-
nated by a few submerged macrophyte species with variable
abundance (Peretyatko et al. 2007), and a turbid-water state
dominated by phytoplankton—primarily cyanobacteria—
which can produce harmful algal blooms (De Backer et al.
2010; Van Onsem et al. 2010; Peretyatko et al. 2012).
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Fig. 1 Location of the four sampled urban ponds (black diamonds) in
the city of Brussels (Belgium) and land use
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This study focuses on four ponds—Leybeek, Pécher-
ies, Tenreuken, Silex (Fig. 1; Table 1). All of these ponds
are relatively small (0.7-3.2 ha) and shallow (0.6-1.4 m)
(Table 1), differing mainly in dominant primary producers
during spring—summer. Leybeek and Pécheries are turbid-
water ponds with elevated summer Chl-a and TSM, indica-
tive of phytoplankton (mostly cyanobacteria) dominance.
Tenreuken and Silex are clear-water ponds with lower Chl-a
and TSM and submerged-macrophyte dominance, primar-
ily Lemna trisulca. Seasonal and interannual variations in
dissolved CO,, CH,, and N,O concentrations and emissions
in these ponds have been documented in companion stud-
ies (Bauduin et al. 2024, 2025), but their methanogenesis
pathways and MOX are unknown.

Sample collection

Water samples were collected at a single fixed station (a
floating pontoon extending ~ 10 m into the pond from
the shore) in each pond (Leybeek, Pécheries, Tenreuken,
Silex). Sampling occurred on the same day between 9 a.m
and 11 a.m., 38 times per pond between January 2022 and
December 2023. Sampling frequency was once per month
in fall and winter and thrice per month in spring and sum-
mer. Water was sampled 5 cm below the surface with 60-ml
polypropylene syringes for dissolved CH, concentration
(n=2) and 3C/'*C ratio of CH, (8'*C-CH,) (n=1), then
transferred via silicone tubing into 60-ml borosilicate serum
bottles (Wheaton), preserved with 200 ul of a saturated
solution of HgCl, (70 g L™"), sealed with a butyl stoppers
and crimped with aluminium caps, without headspace, and
stored at ambient temperature in the dark prior to analysis
in the laboratory.

Three bubble traps were deployed 50 cm apart at the same
depth (typically along the floating pontoon) to measure the
ebullitive CH, fluxes reported by Bauduin et al. (2025). Bub-
ble traps were deployed in 2022-2023, twice per pond to
cover a temperature gradient; each deployment lasted at least
3 days: Leybeek (5-9 September 2023, n=5; 19-21 October
2023, n=3), Pécheries (13-17 July 2023, n=5; 11-13 Octo-
ber 2023, n=3), Tenreuken (28-30 October 2023, n=3;
22-25 August 2023, n=4), and Silex (29 March-15 April
2022, n=18; 18-23 July 2022, n=6) ponds. Deployments
were in spring, summer, or fall, but not winter, because ebul-
lition is strongly temperature dependent and negligible at
low temperature (Aben et al. 2017).

The bubble traps consisted of inverted polypropylene
funnels (diameter 23.5 cm) mounted with 60-ml polypro-
pylene syringes and three-way stop valves to collect the
gas without ambient air contamination. The funnels were
attached with steel rods (length 35 cm) to square polystyrene
floats (30 cm X 30 cm) (Fig. S1). The gas collected in the
funnels was sampled once per day using graduated 60-ml
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polypropylene syringes and immediately transferred to pre-
evacuated 12-1 vials (Exetainers, Labco, UK) and stored at
ambient temperature in the dark prior to 8'3C—CH, analysis
in the laboratory.

On 4 September 2023, sediment bubbles were directly
collected by perturbing sediments under bubble traps with
a wooden stick from pontoons extending ~ 10 m into the
ponds. Sampling was performed in triplicate in all four
ponds on the same day. Gas collected in the funnels was
stored in pre-evacuated 12-ml Exetainers. These samples
are henceforth referred to as ‘perturbed sediments’. Samples
collected in bubble traps during ebullition measurements are
henceforth referred to as ‘trapped bubbles’.

In the Leybeek pond, bubble trap deployment for ebulli-
tion measurements began the day after perturbed sediment
sampling, allowing comparison between approaches. The
mean perturbed-sediment §'°C—CH, on 4 September 2023
(— 69.7+0.7%0, n=13) was close to the mean trapped-bubble
613C-CH4 on 5 September 2023 (— 66.8 +0.4%o0, n=3).

Laboratory analysis

Chl-a, TSM, and dissolved CH, concentrations were
reported by Bauduin et al. (2025). Chl-a concentration was
measured in 90% acetone extracts by fluorimetry (Yentsch
and Menzel 1963). TSM was measured by mass difference
before and after filtration on 47-mm GF/F grade glass fibre
filters. Dissolved CH, concentration was measured by the
headspace technique (Weiss 1981) using a 20-ml ultra-pure
N, headspace (Air Liquide Belgium) and a gas chromato-
graph (SRI 8610C) with flame ionization detector calibrated
with CH,:N, mixtures (Air Liquide Belgium) at mixing
ratios of 1, 10, and 30 p.p.m., yielding a final precision
of +3.9%. The §'*C-CH, was measured in the headspace
gas (20 ml of synthetic air; Air Liquid Belgium) equili-
brated with the 40-ml water sample (total volume 60 ml) and
directly in the gas stored in Exetainers for bubble samples.
Gas samples were diluted to obtain a final CH, partial pres-
sure in the cavity < 10 p.p.m. (target 6 p.p.m.) to fall within
the operational concentration range of the instrument recom-
mended by the manufacturer, prior to injection into a cavity
ring-down spectrometer (G2201-i Isotopic Analyzer; Pic-
arro) with a Small Sample Introduction Module 2 (Picarro).
Data were corrected using 8'*C—CH, versus concentration
curves based on serial dilutions with synthetic air of two
Airgas Specialty Gases standards with certified 5'°C-CH,
values of — 23.9+0.3 %o and — 69.0+0.3 %eo.

CH, oxidation
The fraction of oxidized CH, (FOX) estimates the fraction

of dissolved CH, at the sampling moment that was oxidized
since its production in sediments. FOX contextualizes
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dissolved CH, concentrations in surface water and helps
the interpretation of seasonal and spatial (horizontal or
vertical) patterns. MOX is the rate of CH, consumption
by methanotrophs and can be compared consistently with
other CH, fluxes such as methanogenesis and emission to
the atmosphere.

FOX was calculated with a closed-system Rayleigh frac-
tionation model (Liptay et al. 1998):

In (1 — FOX)
In (8'3C - CH, iy + 1000) — In (8'3C - CH, + 1000)

a—1

where 8'*C-CH, ;i is the *C/'*C ratio of dissolved CH,
produced by sediment methanogenesis, '>°C-CH, is the in-
situ 13C/!2C ratio of dissolved CH,, and a is the fractionation
factor.

We used a=1.02, corresponding to a central value from
several studies that report ranges of 1.006—-1.028 in culture
experiments (Coleman et al. 1981; Templeton et al. 2006;
Feisthauer et al. 2011), 1.005-1.026 in soils (forest, grass-
land, cropland) from eight different studies summarized by
Malghani et al. (2016), 1.018-1.021 in the water column of
three Swedish lakes (Bastviken et al. 2002), and 1.012-1016
in two tropical lakes (Morana et al. 2015, 2020).

Because 8'3C-CH, sampling of dissolved CH, was more
frequent than sediment bubble sampling, we used seasonal
mean bubble-trapped §'*C-CH, values for 8'*C-CH,_; i
across all ponds: — 69%o for spring and summer, — 83 %o
for fall. For winter, we used — 76%o, the average of the fall
and spring/summer values. FOX was computed for each
individual value of 8'*C-CH, of dissolved CH, (n=38 for
each pond).

MOX (mmol m~2 day~") was computed from FOX and
F4#CH, following Bastviken et al. (2002):

FOX

MOX = FdiffCH4 X ———
1 — FOX

F4CH, (mmol m™2 day™") was computed as:

where k is the gas transfer velocity and ACH, is the
air—water CH, concentration gradient.

k was computed from kg, [normalized to a Schmidt num-
ber of 600 (cm h™")] and the Schmidt number of CH, in
fresh water using the temperature function of Wanninkhof
(1992). For nominal estimates, k4, was calculated with the
parameterization of Cole and Caraco (1998) as a function of
wind speed (U, ) based on tracer experiments in 14 lakes:

keoo =2.07 + 0215 x U}

For sensitivity analysis, we additionally applied the
parameterization of Maclntyre et al. (2010) (M10) based
on eddy-covariance measurements in Lake Merisjarvi
(Sweden) and Vachon and Prairie (2013) (VP13) based on
floating chamber measurements in Eastmain-1 reservoir
(Canada):

VP13 : kgyy = 1.62+2.78 x Uy

Daily U,, means were retrieved from https://wow.meteo.
be/en for the Royal Meteorological Institute station at St-
Lambert (50.8408°N, 4.4234°E), 2.5-5.0 km from the
ponds. ACH, was computed from measured dissolved CH,
concentration by gas chromatography (see above) and the
equilibrium concentration derived from the global average
present-day atmospheric mixing ratio of 1.9 p.p.m. (Lan
et al. 2024). Henry’s constant was computed from water
temperature by using the formulation of Yamamoto et al.
(1976).

The CH, flux from the dissolution of rising bubbles was
computed using the McGinnis et al. (2006) model imple-
mented in the SiBu-GUI interface (Greinert and McGinnis
2009).

Statistical analysis

Group comparisons were conducted in GraphPad Prism
using log,,-transformed data. Data normality was assessed
with the Shapiro—Wilk test, and the results are summarized
in Table S1.

ANOVA with the Tukey honestly significant difference
post hoc test was used to test differences in means of (i)
8'3C-CH, in dissolved water, FOX, MOX, Chl-a, and TSM
among four seasons (spring, summer, fall, winter) in indi-
vidual pond (Leybeek, Pécheries, Tenreuken, and Silex);
(ii) 613C—CH4 in dissolved water, FOX, MOX among ponds
(Leybeek, Pécheries, Tenreuken, and Silex) all four seasons
merged; (iii)) MOX (ponds and four seasons merged) between
nominal and alternative calculations using two other kg,
parameterizations (M10 and VP13) or fixed 613C'CH4_initial
values (— 69%o0 and — 83%o); (iv) all dissolved CH, fluxes
(bubble dissolution flux, MOX, F4CH,, and sedimentary
diffusive CH, flux) in individual ponds (Leybeek, Pécheries,
Tenreuken, and Silex), all four seasons merged.

The Kruskal-Wallis test with Dunn's multiple compari-
sons test was used to test differences in means of bubble-
trapped 613C-CH4 (all ponds merged) between three sea-
sons (spring, summer, and fall). The Mann—Whitney test
was used to test differences of medians of (i) bubble-trapped
8!3C-CH, between two seasons (summer versus fall; spring
versus summer) in individual ponds (Leybeek, Pécheries,

@ Springer
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Fig.2 '3C/"C ratio of CH, (8'°C-CH,) in bubbles collected during
ebullitive flux measurements (trapped bubbles) in four urban ponds
(Leybeek, Pécheries, Tenreuken, and Silex) in the city of Brussels
(Belgium), measured in spring, summer, and fall in 2022 and 2023
(September 2023 and October 2023 in the Leybeek pond; July 2023
and October 2023 in the Pécheries pond; August 2023 and October

Tenreuken, and Silex); (ii) perturbed-sediment 613C-CH4
between turbid-water (Leybeek + Pécheries) and clear-water
(Tenreuken + Silex) ponds.

Quantile regressions were computed from the median
(tau=0.5) with the quantreg package (Koenker 2005) in R
(R Core Team 2022).

Results and discussion

Methanogenesis pathway inferred from §'*C-CH,
in bubbles

We measured 8'°C-CH, in trapped bubbles (ebulli-
tion measurements; Table 1) and in bubbles released by
sediment perturbation in four ponds in the city of Brus-
sels (Leybeek, Pécheries, Tenreuken, Silex). Across the
full dataset, trapped-bubble 613C-CH4 values were sig-
nificantly more negative in fall (— 83.2+5.2 %o) than in
summer (— 69.5+3.2 %o0) and spring (— 68.2+4.4 %o)
(Fig. 2; Table S3). Within individual ponds, trapped-bub-
ble 8'3C-CH, values were significantly higher in summer
in the Leybeek and the Pécheries ponds, but not signifi-
cantly different in the Tenreuken pond (Fig. 2; Table S2).
These trapped-bubble §'3C-CH, seasonal changes suggest
seasonal variation in the relative importance of hydrogeno-
trophic versus acetoclastic pathways of methanogenesis.
Hydrogenotrophic methanogenesis produces CH, with
more negative 8'°C (= 100%o to -60%0) compared to ace-
toclastic methanogenesis (— 65%o to — 50%0) (Whiticar
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2023 in the Tenreuken pond; April 2022 and July 2022 in the Silex
pond). Box plots show median (horizontal line), mean (cross), and
25-75% percentiles (box limits). Whiskers extend from minimum
to maximum values. Results of the statistical comparison of means/
medians are summarized at the top of the figures and detailed in
Tables S2 and S3, respectively. ND No data

et al. 1986). Thus, the observed seasonal trapped-bubble
8'3C-CH, pattern suggests greater importance of hydrog-
enotrophic methanogenesis in fall relative to spring and
summer, when acetoclastic methanogenesis appeared more
important. The environmental drivers controlling the relative
importance of these pathways remain unclear (Conrad et al.
2011). Hydrogenotrophic methanogenesis has been reported
to occur at higher temperatures than acetoclastic methano-
genesis (Schulz and Conrad 1996; Schulz et al. 1997), but
mean fall temperature (11.9+3.7 °C) was lower than mean
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Fig.3 Stacked measurements (n=3) of é’)”C—CH4 in bubbles released
from sediments after physical perturbation (perturbed sediments) in
four ponds (Leybeek, Pécheries, Tenreuken, and Silex) in the city of
Brussels (Belgium) on 4 September 2023. Results of the statistical
comparison of medians of turbid (Leybeek and Pécheries) and clear-
water (Tenreuken and Silex) ponds are summarized at the top of the
figure and detailed in Table S2
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Fig.4 Seasonal variations of 8'*C-CH, of dissolved CH, in surface
waters, fraction of dissolved concentration (FOX) and rate of CH,
removed by oxidation (MOX) in four urban ponds (Leybeek, Pécher-
ies, Tenreuken, and Silex) in the city of Brussels (Belgium) from

summer temperature (21.1 +1.9 °C) (Fig. S2). A shift from
acetoclastic to hydrogenotrophic methanogenesis has been
observed in soils in response to increased NH,* concen-
tration (Ni et al. 2022; Wang et al. 2022) and decreased
pH (Kotsyurbenko et al. 2007) expected with an increase of
CO,. An increase of NH,* and decrease of pH in the ponds’
sediment pore waters from spring to fall driven by sustained
benthic organic matter degradation, following the cycle of

Date

January 2022 to December 2023. White bands and grey bands corre-
spond to the fall/winter and spring/summer periods, respectively, and
dotted vertical lines represent the first days of each season

aquatic primary production, would be consistent with the
observed shift in the methanogenesis pathway.

In summer 2023, we simultaneously sampled perturbed-
sediment bubbles across all four ponds to compare 8'3C-CH,
values. Perturbed-sediment 8'*C-CH, were significantly (p
= 0.002) lower in the clear-water macrophyte-dominated
ponds (— 80.1+0.1 %o and — 78.4 + 1.2 %o for the Tenreu-
ken and Silex ponds, respectively) than in the turbid-water
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Fig.5 Box plots per season of 8'*C-CH, of dissolved CH, in surface
waters, FOX and MOX in four urban ponds (Leybeek, Pécheries,
Tenreuken, and Silex) in the city of Brussels (Belgium) from January
2022 to December 2023. Box plots show median (horizontal line),

phytoplankton-dominated ponds (— 69.7+0.7 %o and
—70.7 £0.4 %o for the Leybeek and Pécheries ponds, respec-
tively) (Fig. 3; Table S2). Two explanations may account for
this pattern: at the moment of sampling, perturbed-sediment
8'>C-CH, in the macrophyte-dominated ponds (Tenreuken
and Silex) reflected fall-like conditions based on the bubble-
trapped data (Fig. 2), whereas perturbed-sediment E‘S'SC—CH4
in phytoplankton-dominated ponds (Leybeek and Pécher-
ies) reflected summer conditions; or the perturbed-sediment
613C—CH4 differences reflect distinct methanogenic pathways
driven by differing organic matter sources (phytoplankton
versus macrophyte). The latter would imply a higher contri-
bution of hydrogenotrophic methanogenesis in clear-water
ponds where sediment organic matter is presumably pri-
marily macrophyte derived. Based on gene expression dur-
ing incubations, Wang et al. (2023) suggested acetoclastic
methanogenesis was stimulated by macrophyte organic car-
bon compared to phytoplankton in lakes Chaohu and Taihu
(China). Our 6'3C—CH4 data distribution across the four
Brussels’ ponds suggests the opposite: macrophyte organic

@ Springer

mean (cross), and 25-75% percentiles (box limits). Whiskers extend
from minimum to maximum values. Results of the statistical compar-
ison of means are summarized at the top of the figures and detailed in
Table S4. For abbreviations, see Figs. 2 and 4

carbon stimulating hydrogenotrophic methanogenesis. This
pattern aligns with the more refractory nature of macro-
phyte organic matter relative to more labile phytoplankton
organic carbon (Grasset et al. 2018). Macrophyte-derived
organic matter contains a large proportion of recalcitrant
molecules, such as cellulose, whereas phytoplankton organic
matter is rich in polysaccharides and proteins (West et al.
2012; Berberich et al. 2020). When organic matter is more
refractory, partial fermentation favours H, production over
acetate, which would favour hydrogenotrophic over aceto-
clastic methanogenesis (Liu et al. 2017).

CH, oxidation

The 8'3C-CH, of dissolved CH, in surface water samples
in the four ponds ranged from — 16 %o to — 64 %o (Fig. 4).
These values were enriched in '*C relative to trapped-bubble
values (— 55 %o to — 87 %o; Fig. 2), consistent with iso-
topic enrichment from MOX. FOX in surface water sam-
ples ranged from 22 to 97%, and MOX ranged from 0.1
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Fig.6 Box plots per pond of 8'*C-CH, of dissolved CH, in surface
waters, FOX and MOX in four urban ponds (Leybeek, Pécheries,
Tenreuken, and Silex) in the city of Brussels (Belgium) from January
2022 to December 2023. Box plots show median (horizontal line),
mean (cross), and 25-75% percentiles (box limits). Whiskers extend
from minimum to maximum values. Results of the statistical compar-
ison of means are summarized at the top of the figures and detailed in
Table S4. For abbreviations, see Fig. 2 and 4

to 73.0 mmol m~2 day~! (Fig. 4). Because FOX and MOX
were derived from the same isotopic model, their spatial and
temporal patterns mirrored those of 8'*C-CH, of dissolved
CH, in surface water.

Within individual ponds, 8'°C-CH, of dissolved CH,,
FOX, and MOX did not show significant seasonal varia-
tions, except FOX in the two clear-water ponds (Silex and
Tenreuken) (Fig. 5; Table S4). In the Silex pond, FOX in

fall and winter was significantly higher than in spring and
summer (Fig. 5; Table S4). In the Tenreuken pond, FOX in
fall and winter was significantly higher than in spring, but
not significantly different from summer (Fig. 5; Table S4).
These seasonal FOX differences might reflect increased
Chl-a and TSM concentrations in fall and winter relative
to spring and summer (see hereafter) in these two clear-
water ponds (Fig. S3; Table S4), presumably due to sediment
resuspension (Bauduin et al. 2025). However, these FOX
seasonal differences in Silex and Tenreuken did not translate
into significant seasonal differences in MOX rates in any
pond (Fig. 5; Table S4).

8'3C-CH, of dissolved CH, and FOX were significantly
higher in the two turbid-water ponds (Leybeek and Pécher-
ies) than the two clear-water ponds (Silex and Tenreuken)
(Fig. 6; Table S4). MOX was significantly higher in the two
turbid-water ponds (Leybeek and Pécheries) than in one
of the clear-water ponds (Tenreuken), but not significantly
different from the Silex clear-water pond (Fig. 6; Table S4).
These differences of means of §'*C-CH, of dissolved CH,,
FOX, and MOX among the four ponds were consistent,
with significant positive relationships between these quan-
tities and Chl-a and TSM (Fig. 7; Table S5). These positive
relationships may reflect the increase of abundance of par-
ticle-attached methanotrophs with higher TSM, as shown
in rivers (Abril et al. 2007). Attached microorganisms can
colonize inorganic particles, aggregates of detrital organic
matter (Kirchman and Mitchell 1982), and aggregates of
living cyanobacteria (Li et al. 2021). Increased particle
load in the water column attenuates light, alleviating MOX
inhibition by light (Dumestre et al. 1999; Murase and Sugi-
moto 2005; Morana et al. 2020), which may further con-
tribute to higher MOX with rising TSM and Chl-a along
the turbidity gradient, from clear- to turbid-water ponds.
Both increased particle-attached methanotroph abundance
and reduced light inhibition likely co-occur, explaining the
observed positive relationships between MOX and TSM/
Chl-a (Fig. 7).

Limitations of modelled MOX

We assessed uncertainty in MOX estimates from the isotopic
fractionation model arising from o, 613C—CH4_iniﬁal, and k.
We used a constant @ =1.02, informed by culture studies
(Coleman et al. 1981; Templeton et al. 2006; Feisthauer
et al. 2011), soil field measurements (Malghani et al. 2016),
and lake studies (Bastviken et al. 2002; Morana et al. 2015,
2020). In landfills, « was found to be temperature depend-
ent, decreasing with temperature (— 0.00039 °C~!) (Chanton
et al. 2008). Conversely, Bastviken et al. (2002) reported
season- and temperature-independent o values in three
Swedish lakes. Propagating an o error of +0.005 produced
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Fig.7 '3C-CH, of dissolved

1| A Tenreuken
-10—| Ll Pécheries
O Leybeek
< Silex

CH, in surface waters, FOX and
MOX versus total suspended
matter concentration (7SM)

and chlorophyll-a concentra-
tion (Chl-a) in four urban ponds
(Leybeek, Pécheries, Tenreu-
ken, and Silex) in the city of
Brussels (Belgium) from Janu-
ary 2022 to December 2023.
Black lines indicate quantile
linear regressions (Table S5).
For other abbreviations, see
Figs. 2 and 4
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estimated uncertainties of +6.5% and + 28.7% for FOX and
MOX, respectively, in our dataset.

We used seasonal varying 613(3-CH4_mm‘dl based on bub-
ble trap measurements (— 83 to — 69%o), within the range
reported in freshwater sediments (Schenk et al. 2021; Bala-
thandayuthabani et al. 2024), to derive nominal MOX esti-
mates. Recomputing MOX using fixed 613C-CH4_iniﬁal values
for the whole year gave mean MOX of 4.3 + 12.0 mmol m™>
day~! for a constant — 69%o (1.35-fold lower than the nomi-
nal 5.9+ 18.1 mmol m~2 day~") and 11.1+27.4 mmol m~>
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day~! for a constant — 83%o (1.89-fold higher than the
nominal value); the latter difference was significant (Fig. 8;
Table S4).

Nominal MOX computations were made using the Cole
and Caraco (1998) k¢, parameterization. The nominal
mean MOX (5.9 +18.1 mmol m™ day~!) was 1.66-fold
higher than that computed with Maclntyre et al. (2010)
(3.5+11.4 mmol m~2 day~!) and 1.39-fold lower than with
Vachon and Prairie (2013) (8.2 +25.5 mmol m™ day™") k4,
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Fig.8 Comparison of CH, oxidation (MOX) computed with an iso-
topic fractionation model with nominal choices of gas transfer veloc-
ity (kggo) and of initial §'*C-CH, (8'*C-CH, ,,.) versus alternative
kgop and 8'3C-CH, ,;;,; Values. The Cole and Caraco (1998) kg
parameterization was used nominally, while the Maclntyre et al.
(2010) (M10) and Vachon and Prairie (2013) parameterizations
(VP13) were used as alternatives. Different values of 8'*C-CH, ; i
were used per season nominally (-69%o for spring and summer, -83%
for fall, -76%o for winter), while fixed values for all seasons (— 69
and — 83%o) were used as alternatives. Results of the paired statisti-
cal comparison of means are summarized at the top of the figures and
detailed in Table S4

parameterizations, although the latter difference was not sig-
nificant (Fig. 8; Table S4).

This sensitivity analysis highlighted the need to quan-
tify the error from using a constant a, as done here and

in other lake studies (Bastviken et al. 2002). A constant
o reflects limited lake data to develop a more elabo-
rate approach (e.g. including temperature dependence).
Choice of 613C_CH4_initial values and k¢, parameterization
exerted a larger impact on MOX estimates than a uncer-
tainty. To model MOX reliably using isotopic fractionation,
613C-CH4_iniﬁal should be determined from sediment gas or
pore water measurements in addition to dissolved 8'3C-CH,
in the water column, because 613C-CH4_imtial may vary sea-
sonally, as observed here. Selecting a k¢, parameterization
from U, is challenging (Klauss and Vachon 2020). We
used Cole and Caraco (1998) for nominal computations
because it was derived from deliberate tracer estimates
in 14 lakes spanning a wide depth (1-109 m) and surface
area range (0.2—-487 km?), thus implicitly integrating other
turbulence sources (e.g. nighttime convection) and fetch
limitation. Computed kg, values for our ponds using Cole
and Caraco (1998) ranged from 2.1 to 3.5 cm h~!, and the
mean (2.2+0.3 cm h™") fell within the 0.9-3.0 cm h™! range
reported by Holgerson et al. (2017) for four small ponds
(~0.02 ha). Within our U, range (0-3 m s71), Maclntyre
et al. (2010) yielded a lower mean kg, (1.6 +1.6 cm h™h
than Cole and Caraco (1998) because of a lower y-intercept
(0.16 versus 2.07 cm h™"), though at higher U, the higher
slope in Maclntyre et al. (2010) produces larger k.

Budget of dissolved CH, fluxes
Figure 9 compiles mean dissolved CH, fluxes in the four

ponds: MOX, F,;CH,, bubble dissolution, and the sedi-
mentary diffusive CH, flux computed as a closing term
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Fig.9 Bubble dissolution flux (Bub. Diss.), CH, oxidation (MOX),
diffusive CH, emissions to atmosphere (F,;;CH,), and sedimentary
diffusive CH, flux (Sed. Diff.) computed from the other fluxes assum-
ing steady state (= MOX—Bub. Diss. + F;;zCH,) in four urban ponds
(Leybeek, Pécheries, Tenreuken, and Silex) in the city of Brussels

(Belgium) between June 2021 and December 2023. Box plots show
median (horizontal line), mean (cross), and 25-75% percentiles (box
limits). Whiskers extend from minimum to maximum values. Results
of the statistical comparison of means are summarized at the top of
the figures and detailed in Table S4
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(assuming a steady state). Mean bubble dissolution
(0.2+0.2 to 0.6+ 0.4 mmol m~2 day~!) was significantly
smaller than the diffusive sedimentary flux (3.4 +6.0 to
12.6+12.1 mmol m~2 day™!) in each pond. Mean diffusive
sedimentary flux was 88 + 18% of the total dissolved CH,
input to the water column across ponds (Fig. 9; Table S4).
The low contribution of bubble dissolution results from pond
shallowness because bubble dissolution depends on ascent
time, which scales with depth (McGinnis et al. 2006). In
the turbid-water ponds (Leybeek and Pécheries), MOX was
a significantly larger sink of dissolved CH, than F;zCH,,
representing 80+ 19% and 80+ 14% of total dissolved CH,
removal, respectively (Fig. 9; Table S4). In the clear-water
ponds (Tenreuken and Silex), MOX did not significantly dif-
fer from F 4;3CH, and accounted for roughly half of dissolved
CH, removal (59+21% and 51 +27%, respectively). Across
all ponds, MOX accounted for 66 +26% of total dissolved
CH, removal, consistent with other lentic studies (Kankaala
et al. 2006; Bastviken et al. 2008; Morana et al. 2020; Reis
et al. 2022).

Conclusions

Continued eutrophication will likely increase CH, emissions
from lakes and ponds (Davidson et al. 2018) and promote
the transition from clear- to turbid-water states. Our results
indicate that such a transition will likely increase MOX, as
evidenced by positive relationships between MOX rates and
Chl-a. Increased MOX in eutrophic, turbid ponds will alter
pond CH, budgets: MOX represented the largest fraction
of dissolved CH, removal (MOX plus atmospheric emis-
sion), corresponding to ~80% in the turbid-water ponds and
50-60% in the clear-water ponds. Enhanced MOX in turbid
ponds may partly explain why diffusive CH, emissions did
not differ significantly between clear- and turbid-water ponds
in the sampled dataset (Bauduin et al. 2025). Eutrophica-
tion will also likely alter sediment microbial community
structure (Han et al. 2020), including methanogens (Yang
et al. 2020; Bosco-Santos et al. 2025). We documented likely
shifts in the relative importance of methanogenic pathways
(acetoclastic versus hydrogenotrophic) among pond types
and seasonally: in summer, hydrogenotrophic methanogen-
esis was likely more important in the two clear-water ponds
than in the two turbid-water ponds. Acetoclastic methano-
genesis was likely more important in spring—summer than
fall, across the dataset. We could not identify the exact driv-
ers of these shifts, but we suggest several plausible explana-
tions, including organic matter origin (phytoplankton versus
macrophyte) and pore water chemistry (pH and NH,*). The
dynamic spatial and seasonal changes in the methanogenic
pathway suggested here by 8'*C-CH,, data in shallow ponds
contrast with evidence from profundal lake sediments, which
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appear to exhibit more stable methanogenic pathways (Su
et al. 2025). This contrast may reflect fundamental differ-
ences between shallow and deep lakes in physical and eco-
logical stability (Vicente et al. 2006; Scheffer and van Nes
2007). Such a working hypothesis deserves to be verified by
additional measurements of '>C-CH, in sediment bubbles.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00027-025-01263-2.
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