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Abstract. Estuaries are important natural sources of methane (CH4) to the atmosphere. These transitional aquatic 10 
systems connect freshwater, brackish and fully marine environments. The pronounced salinity gradient, characteristic 

of estuaries, impose particular challenges to microbes and influence the biogeochemical processes they mediate. 

Salinity changes can inhibit methanotrophic activity. Here we analysed methane dynamics and microbial communities 

in the estuary of the Scheldt River, which flows through northern France, western Belgium, and the southwestern 

Netherlands, and finally discharges into the North Sea. During a research cruise conducted in June 2022 from the river 15 
mouth to Antwerp, water samples were collected at ten stations along the estuarine salinity gradient. We investigated 

water column CH4 inventory and stable carbon isotope dynamics, together with methane oxidation rates. Elevated CH4 

concentrations of up to 110 nM with associated δ¹³C -values of about −46‰ were found in the freshwater zone of the 

upper estuary (in the area of the city of Antwerp). Rather than a gradual decrease in CH4 towards the North Sea, we 

observed a second maximum of 180 nM in the marine zone, with a contrasting isotopic composition of -66‰ 20 
indicating distinct methanogenic pathways and/or substrates in the estuary. Methane oxidation rates showed no clear 

relationship with the salinity gradient. In contrast, the composition of the methanotrophic community shifted markedly 

along the estuary and the salinity gradient, with Methyloparacoccus and Crenothrix prevailing in the freshwater zone 

Methyloceanibacter and PLTB-vmat-59 dominating in the mixing and marine zones. Our results thus demonstrate that 

the salinity gradient is not the primary control on estuarine methane oxidation capacity but the community composition 25 
of the methane oxidizing bacteria (MOB). In sediments, the MOB community composition mirrored the patterns 

observed in the overlying water column, indicating that estuarine sediments represent both a key habitat and an 

important recruitment source sustaining methanotrophic communities in the water column. Despite an active microbial 

filter, methane oxidation accounted for only a minor fraction of the estuaries’ CH₄ budget. Most methane (about 98%) 

was lost through advection and diffusive fluxes to the atmosphere, while a smaller fraction was exported to the North 30 
Sea, contributing to sustained methane supersaturation in coastal waters.  
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1 Introduction 

Methane (CH4) is the second most important anthropogenic greenhouse gas after carbon dioxide (CO2,  IPCC, 2021). 

On a molecular basis, atmospheric CH4 has a stronger impact on climate than CO2, which is reflected by its 32-fold 

higher global warming potential (GWP) relative to CO2 on a 100 year time horizon (Etminan et al., 2016). Moreover, 

CH4 has a relatively short atmospheric lifetime of ∼10 years (Canadell et al., 2021). Atmospheric CH4 concentrations 5 
have been rising since industrialisation, reaching 1930 ppb in 2025 (Lan et al., 2025). This increase is largely driven 

by human activity, especially agriculture, fossil fuel extraction and use, waste disposal and land use change 

(Woodward et al., 2010, Ciais et al., 2013; Canadell et al., 2021, Fluet-Chouinard et al., 2023). However, global 

change-related warming and eutrophication were discussed to potentially cause elevated CH4 fluxes from inland 

waters and the coastal ocean in the future. Coastal environments are extremely diverse encompassing shallow shelf 10 
seas as well as vegetated areas such as mangroves, salt marshes, and seagrass meadows, but also tidal flats and 

estuaries (Rosentreter et al., 2023).  

A recent data-driven synthesis estimated that global estuaries - including tidal systems, deltas, lagoons, and fjords - 

emit ~0.25 (0.07–0.46) Tg CH4 yr⁻¹ (Rosentreter et al., 2023). As for most natural sources of atmospheric CH4, 

estimates of CH4 emissions from estuaries also remains highly uncertain due to pronounced spatial and temporal 15 
variability and limited observational coverage. The distribution of CH4 input to estuaries is shaped by interacting 

processes, including upriver inputs, microbial production in the estuarine riverbed and inputs from industries (Scranton 

& McShane, 1991; Middelburg et al., 2002; Abril & Borges, 2004; Brown & Bass., 2022). Major removal pathways 

for dissolved CH4 include river water release to the open sea, emissions to the atmosphere and microbial oxidation 

within the water column. The latter is moderated by aerobic methane oxidizing bacteria (MOB; Knief, 2015), which 20 
convert CH4 to CO2 thereby retaining a potentially important fraction of CH4 in the estuarine water column (Abril & 

Iversen, 2002; Jacques et al., 2021; Mao et al., 2022).  

The known MOB comprise Gammaproteobacteria (type I and type X), Alphaproteobacteria (type II), Verrucomicrobia, 

and members of candidate division NC10 (Knief, 2015). Molecular identification commonly relies on the 16S rDNA 

and the pmoA genes (Tavormina et al., 2008), although these markers primarily target currently known methanotrophs 25 
and may overlook novel or phylogenetically divergent lineages (Knief, 2015). 

Microbial methane oxidation rates are strongly influenced by environmental conditions, including CH4 concentration 

(Jakobs et al., 2013; Mau et al., 2013; Gentz et al., 2014), temperature (Lofton et al., 2014), oxygen availability (Guérin 

& Abril, 2007), suspended particulate matter (Middelburg et al., 2002; Abril et al., 2007), light (Dumestre et al., 1999; 

Murase & Sugimoto, 2005), translocation of methanotrophs with currents and rising bubbles (Schmale et al., 2015; 30 
Steinle et al., 2015) and notably salinity (de Angelis & Scranton, 1993; de Groot et al., 2025). Salinity is particularly 

relevant in estuarine transition zones, where freshwater and marine water mix. Several studies have shown that 

increasing salinity in estuaries is associated with reduced methane oxidation rates (de Angelis & Scranton, 1993; 

Osudar et al., 2015; Sherry et al., 2016). Other studies showed that salinity changes seemed to have rather small effects 

on the activity of methanotrophs and it has been suggested that methanotrophic communities may have adapted to 35 
such variability (de Groot et al., 2023, 2025; Zhang et al., 2023). 
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Finally, aerobic oxidation preferentially removes isotopically light CH₄, causing progressive ¹³C-enrichment of the 

residual CH4 pool (Whiticar, 1999). Analyses of CH₄ stable isotope signatures (δ¹³C–CH₄ and δD–CH₄) have proven 

highly effective in identifying CH4 sources and sinks across diverse environments (Jacques et al., 2021). For example, 

Sasakawa et al., (2008) demonstrated that sinking particles are the primary source of subsurface CH₄ supersaturation 

in the oxygenated open ocean, where extensive microbial oxidation within particle microenvironments strongly 5 
modifies the isotopic signature of the produced CH₄. 

The aim of this study is to quantify the distribution, transformation, and fate of dissolved CH4 in the Scheldt estuary 

by integrating CH₄ concentrations, flux measurements, stable isotope signatures, and microbial oxidation rates. 

Specifically, we seek to (i) assess the relative contributions of riverine input, sedimentary methanogenesis, 

atmospheric efflux, and export to the coastal ocean; to (ii) quantify the activity, abundance, and community 10 
composition of methane‐oxidizing bacteria and to (iii) evaluate environmental controls on MOB community dynamics 

and activity. 

2 Materials and methods 

2.1 Study area 

The Scheld estuary boarders Northwest Belgium (Flanders) and the southwestern part of the Netherlands. It is highly 15 
eutrophic due to larges inputs of nutrients (Struyf al., 2004), contains elevated levels of heavy metals (Perrot et al., 

20023) as well as organic pollutants (Van der Ael et al., 2012, Groffen et al., 2025). The estuary extends from the 

North Sea at Vlissingen (km 0) to Ghent (km 160). Upriver, sluices limit the tidal wave in the Upper Scheldt. The 

longitudinal salinity profile of the Scheldt estuary is primarily controlled by river discharge, with the transition 

between fresh and salt water being particularly variable (Van Damme et al., 2005; Soetaert et al., 2006). The estuary’s 20 
water column is vertically well mixed (except during peak discharges). The horizontal salinity gradient is highly 

sensitive to seasonal changes in river discharge and to tidal oscillation (Meire et al., 2005). Previous studies indicated 

that dissolved CH4 in the estuary is very high and variable at various spatial and temporal scales (Middelburg et al., 

2002; Jaques et al., 2021), CH4 was typically elevated at upriver locations.  

2.2 Sampling scheme 25 

Water column and atmospheric sampling was conducted during 

a cruise with R/V Navicula in June 2022 along a gradient from 

almost fully marine (SW off Vlissingen, see Fig 1) to fully 

lacustrine conditions (Antwerp). We selected 10 stations that 

were approximately equidistant from each other. Water samples 30 
were taken with Niskin bottles from two different depths (de    

Groot et al., 2023): about 1 m above the estuaries’ bed 

(“bottom”) and 1 m below the water surface (“surface”).  
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Figure 1.  Study area with the locations of sampling stations (black 

dots) and station sections. 
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Samples were taken to analyze dissolved CH4 and associated δ13C-values as well as MOx and associated MOB 

community structure. At four stations, we also collected sediments using a box corer (de Groot et al., 2023). 

Immediately upon recovery, the box corer was subsampled in triplicate with small pushcores (~18 cm sediment 

recovery). Surface sediments (0-5 cm) were collected in geobags (LDPE bags) and kept cold (4 °C) for incubation 

experiments. Finally, surface sediments were also sampled into 2 ml cryovials and kept at -80 ˚C for further molecular 5 
analysis. 

 
2.3 Atmosphere measurements of CH4 and water column atmosphere measurements 

pCH4a was measured with a Picarro G2301 gas concentration analyser on board. The instrument was directly 

connected to a floating chamber (0.08 m3) and atmospheric values were recorded when the chamber was uplifted. We 10 
additionally collected gas samples in Tedlar Bags to ananlyse pCH4 and associated δ13C-values as described previously 

(Jacques et al., 2021). The floating chambers were also used to measure the efflux of CH4 from the sea surface/river 

surface. For this, the chamber was placed on the water surface with the rim of the chamber being kept submerged with 

attached weights. In this way, liberated CH4 accumulates in the chamber. Accumulation was recorded online with the 

Picarro system and the efflux was calculated from the increase in CH4 mixing ratio over time. 15 

 
2.4 Dissolved methane concentrations and stable isotope ratios 

Dissolved CH4 concentrations were determined using a headspace (HS) technique (Green, 2005). In brief, 260 ml 

glass serum bottles were filled in triplicates from the Niskin bottle, closed with black-butyl rubber stoppers (Rubber 

B.V., the Netherlands) and crimped top-sealed. We then added 10 ml of N2 (in exchange with sample water) to create 20 
a headspace and fixed the sample with 5 ml NaOH solution (25% w/v). CH4 concentrations in the headspace were 

measured by gas chromatography with flame ionization detection (Thermo Scientific FOCUS GC) equipped with a 

Restek stainless steel column (HS-Q 80/100 SS GEN config, length 2 m, 2 mm ID, 1/8 OD) and using N2 as a carrier 

gas (de Groot et al., 2023). From the same samples/bottles, the stable carbon isotope compositions was measured with 

a gas chromatography isotope ratio mass spectrometry system (GC-IRMS, Thermo Delta V, Thermo Fisher Scientific 25 
Inc., Germany) (Brass and Röckmann, 2010; Röckmann et al., 2016). All Isotopic values are represented in the delta 

notation (δ13C) against the Vienna Peedee belemnite (VPDB) standard. The GC and GC-IMRS systems were also used 

to measure CH4 concentrations and stable carbon isotope composition during the incubation experiments (see below). 

 
2.5 Methane oxidation rates (MOx) 30 

MOx was determined through ex situ incubations with trace amounts of 3H-labelled CH4 as describe previously 

(Niemann et al., 2015). Aliquots from the Niskin bottle were filled in 20 ml glass vials in quadruplicates, sealed 

headspace free with grey-bromobutyl stoppers that are known to not hamper methanotrophic activity, and amended 

with10 µl N2/3H-CH4 (4.5 kBq; American Rabiolabeled Chemicals, USA). Samples were incubated for 72 h at situ 

temperature in the dark. Activity of residual C3H4 and the product of methane oxidation (3H2O) were measured by 35 
liquid scintillation counting. First-order constant (k) was determined from the fractional turnover of the added tracer 

(Reeburgh, 2007): 
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𝑘  = 
 3H2O 

 3H2O  + C3H4
× 

1

t
            eq 1.1 

   

Where t is incubation time in days. k was corrected for tracer turnover in killed controls (kKC, fixed with 10ul HgCl2 

directly after sampling) and multiplied with methane concentrations [CH4], to determine MOx:  5 

MOx = (𝑘 - 𝑘KC) × [CH4]           eq 1.2 

2.6 Stable isotope systematics of methanotrophy and methanogenesis 

Apparent isotopic fractionation (ε) of the water column MOB community was determined from incubation 

experiments with water collected at 6 stations along the estuary. For this, surface water was collected in 2 l bottles 

from each station and triplicates of 99.5 ml estuarine water were filled into 260 ml crimp top vials in our home 10 
laboratories. After sealing the vials with red butyl rubber stoppers (Rubber B.V., the Netherlands), the remaining CH4 

from the estuary water was stripped out by percolating it with compressed air. We then established homogenous CH4 

concentrations in serum vials in the following way: we firstly created CH4 saturated water by overlying 100 ml MilliQ 

with 100% CH4 gas (δ13C = -40‰) in a 260 ml crimp top vial which was left to equilibrate for 24h in a fridge. Then, 

0.5 ml of CH4 saturated water was injected into the incubation vials yielding a CH4 concentration of 2.25 mM  at the 15 
beginning of the incubation.  Four additional bottles were prepared similarly, but 40 µl of HgCl2 was added to stop 

biological activity (kill controls). The bottles were then incubated at 25°C in the dark and headspace measurements of 

CH4 concentrations and stable carbon isotope composition were conducted every day for 3 days. 

Ԑ-values associated with methane oxidation were determined from the fraction of the residual CH4 and associated 

δ13C-values considering Rayleigh distillation processes for a closed system:   20 

 

δ = δ0 + ε lnf               eq 1.3 

 

where δ is the δ13C value of the residual CH4, δo is the initial isotopic composition, and f is the fraction of CH4 

remaining. 25 
Because the incubations were closed and no external CH4 input occurred, the Rayleigh model appropriately describes 

the progressive ¹³C enrichment of the remaining CH4.  

To determine the sedimentary source δ13C-CH4 signature, 20ml sediment collected from box coring (see section 3.3) 

were mixed with 80 ml of local, CH4-free estuary water. The bottles were then crimp top sealed with red butyl rubber 

stoppers and incubated at 25°C in the dark for 10 days. CH4 concentrations and associated stable carbon isotope 30 
composition was measured every 2 days (see above). 

 

2.7 Molecular identification of methanotrophic communities  

DNA was extracted from particulate organic matter collected on filters (GF/F 47 mm, 0.3 µm nominal mesh size, 

Advantec MFS; pre-combusted at 450 °C for 4h) and sediment core tops using the DNeasy PowerSoil Pro Kit from 35 
Qiagen.  
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16S rRNA gene amplification was performed from biological triplicate with the universal SSU primer pair 515F-

Y/806-R (515F: GTGYCAGCMGCCGCGGTAA, 806R: GGACTACNVGGGTWTCTAAT) targeting the V4 

hypervariable regions. The forward and reverse primers were both barcoded with a unique 12 nucleotide Golay code. 

The PCR reaction mix contained 11.75 μl PCR grade water, 5 μl 5× Phusion HF buffer, 2 μl dNTPs (2.5 mM), 1 μl 

BSA (920 mg/ml), 0.25 μl (2 U/μl) Phusion polymerase, and 1.5 μl of each forward and reverse primer (10 μM) and 5 
2 μl of DNA. PCR was performed in a thermocycler with the following program: 98°C for 30 s followed by 45 cycles 

of 98°C for 10 s 50°C for 20 s, 72°C for 30 s, with a final elongation of 72°C for 7 min; thereafter, samples were kept 

at 4°C. 

PCR product concentrations were measured on a 4200 TapeStation - D1000 (Agilent, United States). Afterwards, they 

were pooled in equimolar amount and subjected to PCR purification using the QIAquick PCR purification kit 10 
(QIAGEN, United States) according to the manufacturer’s instructions, followed by 1% gel electrophoresis. The band 

was visualized on a UV illuminator, excised from the gel and purified using the QIAquick gel extraction kit.  Amplicon 

sequencing was carried out on an Illumina NextSeq 2000 sequencing platform (generating paired-end reads of length 

2 × 300 nt) at USEQ (Utrecht University, the Netherlands). 

The raw data were processed using the NIOZ in-house amplicon sequence analysis pipeline “Cascabel” (Abdala Asbun 15 
et al., 2020), according to the following specifications: Prior to AVS identification, reads were truncated to 270 bp and 

200 bp for forward and reverse reads, respectively. AVS designation was done using DADA2 v.1.19.1. Chimeric 

sequences were identified based on consensus across samples and subsequently removed from the dataset. Similarly, 

singletons with an abundance lower than 2, were excluded from further analyses. Taxonomy weas assigned using 

DADA2’s native implementation of the naïve Bayesian classifier method RDP by using the Silva v138.1 release 20 
(Quast et al., 2013) as reference database.  

 

2.4 Abundance of methanotrophic bacteria assessed by quantitative PCR (qPCR) 

For qPCR-based quantification of 16S rRNA gene copy numbers, the universal SSU primer pair 515F-Y/806R was 

used. The qPCR reaction mix contained 11.13 μl PCR grade water, 5 μl 5× Phusion HF buffer, 2 μl dNTPs (2.5 mM), 25 
1 μl BSA (920 mg/ml), 0.625 μl EvaGreen 20× qPCR dye, 0.25 μl (2 U/μl) Phusion polymerase, and 1,5 μl of each 

forward and reverse primer (10 μM) and 2 μl of DNA template. A Bio-rad CFX Opus Real-Time PCR System was 

used to run the qPCRs. The cycling conditions for the qPCR reactions consisted of an initial 98°C for 30 s followed 

by 45 cycles of 98°C for 10 s 50°C for 20 s, 72°C for 30 s, with a final elongation of 72°C for 7 min; thereafter, 

samples were kept at 4°C. 30 

 
2.5 Analysis of nutrients and dissolved carbon 

Nutrients (PO4
3-, NH4

+, NO3
-, NO2

-) were analysed on a TRAACS Gas Segmented Continuous Flow Analyser 

(manufactured by Bran+Lubbe, now SEAL Analytical). All measurements were calibrated with standards diluted in 

low nutrient seawater (LNSW) in the salinity range of the samples (~35‰ to ensure that analysis remained within the 35 
same ionic strength; Murphy and Riley, 1962; Helder and de Vries, 1979; Grasshoff et al, 1983). Dissolved Inorganic 

Carbon (DIC) and Dissolved Organic Carbon (DOC) were analyzed as described in Delre et al. (2023). Briefly, for 
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DOC analyses, 30 ml was filtered using GF/F inline filters (nominal mesh size = 0.7 μm; pre-combusted at 450 °C for 

4 h) mounted in steel cartridges, and the effluent was collected in pre-combusted glass vials (EPA), acidified with 

concentrated HCl to pH <2 and stored at 4 °C until analysis. DOC was measured with a Shimadzu TOC-V VCSH with 

ASI-V auto sampler after removal of inorganic carbon by vigorous sparging with oxygen. The water was then injected 

onto a combustion column packed with platinum-coated alumina beads at 720 °C. Non-purgeable organic carbon were 5 
combusted and converted to CO2, which was then detected by a nondispersive infrared detector. For dissolved phase 

analysis, 5 ml of sample was taken immediately from the Niskin bottle for DIC analysis. This was also filtered over 

GF/F inline filters, and the effluent was collected headspace free in glass vials and analysed according to a method 

described previously (Stoll et al., 2001).  

 10 
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3 Results  

3.1 Physicochemical parameters: water column and atmosphere 

Salinity & Temperature - Following a concave down 

distribution pattern, salinity decreased from 33psu at 

station 1 in the North Sea to brackish/freshwater values 5 
of 2 psu at station 10 in the city of Antwerp (Fig 2 C).  

Three groups of water samples were defined: freshwater 

zone (salinity: 2 psu; station 10), mixing/brackish zone 

(salinity: 11-20.2 psu; stations 6-9) and seawater zone 

(salinity: 21.7-31.2 psu; stations 1-5). Water column 10 
temperatures showed an increasing trend from the North 

Sea (17.9°C) to Antwerp (20.5°C; Fig A1 appendix A). 

Methane - Water column CH4 concentrations (Fig 2 C) 

were generally >50 nM and thus supersaturated with 

respect to the atmospheric equilibrium (see below). We 15 
detected two CH4 maxima, one at stations 3 (180 nM) 

and a second at station 10 (110 nM), while CH4 

concentrations were more constant in the mixing zone 

between stations 5-8 (50-60 nM). In general, there were 

no notable differences in CH4 concentrations in surface 20 
and bottom waters. Given the minimal differences 

between the two layers, only surface water 

concentrations are presented here. Stable carbon isotope 

ratios of dissolved CH4 were generally low with values 

of -62‰ to -70‰ from station 1 – 7 but increased 25 
sharply to -46 ‰ at station 10.  

Atmospheric CH4 mixing ratios (Fig 2 A) showed small 

variations around 2 ppm with two peaks at station 4 and 

8 (respectively 2.12 and 2.1 ppm). The associated δ13 C-CH4 values (Fig 2 B) were generally around -48.8 and showed 

some smaller fluctuation, with the heaviest value at station 6 (-48.4‰). Atmospheric mixing ratios, surface water 30 
temperature and salinity levels translate to methane saturation levels of 2.9 nM at station 10 and 2.6 nM at station 1 

(Wiesenburg & Guinasso, 1979). The entire estuary (CH4 levels >50 nM at all sampling stations) was thus CH4 

supersaturated with respect to the atmospheric equilibrium and hence a source of CH4 to the atmosphere.  Also our 

floating chamber measurements revealed efflux of CH4 from the river surface; this was highest at station 3, exceeding 

12 mmol m⁻² d⁻¹. Station 1 showed lowest CH4 efflux with 0.2 mmol m⁻² d⁻¹ (Fig 2 A). 35 

Figure 2  CH4 dynamics in the Scheldt estuary. A Efflux of CH4 from 

water surface to atmosphere and methane concentrations in the 

atmosphere. B δ13C-CH4 (‰ vs VPDB) of CH4 dissolved and in 

atmosphere C Water column methane concentrations and salinity. 
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Nutrients, DIC, DOC - The distribution of NO3
-, DIC 

and DOC concentration showed an apparent 

anticorelation when compared to salinity with lowest 

values in the North Sea at sation 1 (NO3
-: 8 µM, DIC: 

2330 µM, DOC: 161 µM), and highest values at station 5 
10 (NO3

-: 248 µM, DIC: 4087 µM, DOC: 488 µM; Fig 

A1 appendix A).  Also NO2
- and PO4

3- followed this 

pattern with lowest concetrations at station 1 (NO2
-: 0.4 

µM, PO4
3-: 0.2 µM). Yet, both nutrient types displayed 

a maximum at station 9 (NO2
-: 1.25 µM, PO4

3-: 4.8 µM). 10 
With regards to NH4

+ concentration, two peaks were 

observed, one at station 3 (2 µM) and a second one at 

station 8 (4.2 µM), whereas values remained relatively 

constant in the mixing zone between stations 5-7  (0.4 

µM). 15 

3.2 Aerobic methane oxidation and methanotrophs 

Methane oxidation rates (MOx) were always >5 nM d-1 

and highest with values of > 29 nM d-1 in Antwerp 

(stations 8 and 9; Fig 3 A). We also found a second 

smaller MOx peak close to the river mouth (station 2) 20 
with 10 nM d-1.  

Mirroring the distribution of MOx, the relative 

abundance of water column MOB was highest at station 

8 and 9 (accounting for ~0.5% of all ASVs), and a 

second maximum with a relative abundance of ~0.2% 25 
was encountered at station 2 (Fig 3 A). The number of 

16S gene copies of the total community was generally ~1-2 × 107 copies ml-1 across most stations, with a peak at 

station 2 (3 × 107 copies ml-1).  

The distribution of MOB genera differed between stations in the North Sea and the mixing zone (stations 1-7) versus 

the freshwater zone (stations 8-10; Fig. 3 B). Waters from stations 1-7 were dominated by members of the potential 30 
MOB Methyloceanibacter and to a lesser degree by members of the Pltb-vmat-59 group. Upriver at stations 8, 9 and 

10, the contribution of Methyloparacoccus and Chrenotrix and to a lesser degree of Methylobacter and Methylosarcina 

became increasingly more pronounced, while the contribution of MOB dominant in the marine and mixing zone 

declined.   

In sediments, MOB followed the same abundance pattern as observed in the water column, with a clear dominance of 35 
Methyloceanibacter at station 1, while upriver (stations 8 and 10), this trend shifted with Crenothrix emerging as the 

Figure 3 A Relative abundance of MOB in total microbial community 

(%), methane oxidation rates (MOx) and abundance of 16S gene 

copies. B MOB community composition (%) in the water column and 

(C) in the sediments. Station 10 has biological replicates but technical 

replicates are absents. 
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most dominant genus (Fig 3 C). All MOB types detected in the water column were also present in sediments, however, 

we additionally detected minor abundances of Candidatus Methylomirabilis, Methylocystits, Methyloferula, IheB2-

23, Methylopila, Methyloglobulus, Methylocaldum and Methylomarinum.  

3.3 Isotope fractionation of methanotrophy and methanogenesis  

The amount of CH4 in the headspace of closed 5 
incubations with river water decreased from 0.02 mmol 

to 0.002 mmol, while the corresponding δ¹³C– CH4 

values increased from −39‰ to approximately +20‰. 

Only incubations with water from Station 1 deviated 

from this pattern, only showing a minimal decrease in 10 
CH4 concentrations, from 0.02 mmol at the start to 0.016 

mmol at the end of the experiment. The δ¹³C–CH4 

signature at this sttion increased only slightly, from 

−34‰ to -32‰. The incubations were terminated after 

three days, by which time CH4 concentrations were still 15 
sufficient for isotopic analysis. Apparent isotope 

fractionation (ε; Fig 4) was calculated using equation 

1.3. Incubations with water from stations 2-10 showed comparable ε values of −26.9‰. Fully marine waters (station 

1) showed a markedly lower ε value of −15.9‰). 

We only found CH4 production during incubations with riverbed sediments at two stations. Here, δ¹³C measurements 20 
revealed CH4 isotope signatures of −57.78‰ at Station 8 and −46.5‰ at Station 10. 

 
4 Discussion 

4.1 Methane distribution along the estuarine salinity gradient  

CH4 concentrations (52-184 nM) were consistently supersaturated relative to the atmospheric equilibrium (2.6-2.9 25 
nM) throughout the estuary, directly showing that the river’s surface waters are a source of CH4 to the atmosphere. 

This observation aligns with previous publications from the Scheldt estuary reporting CH4 concentrations in the range 

of 20-485 nM (Middelburg et al., 2002, Jaques et al., 2021). In fact, Jacques et al. (2021) observed highest CH4 

concentrations in the lower estuary near Vlissingen (95 nM; December 2015) and in the upper estuary near Antwerp 

(303 nM; November 2016). In our study, the highest concentration was detected near the lower estuary (station 3, 184 30 
nM) and a second maximum near Antwerp (station 10, 114 nM). CH4 concentrations of Scheldt waters are similar to 

other European estuaries typically showing supersaturation with respect to the atmospheric equilibrium, too (Stanley 

et al., 2022). Concentrations in the river Elbe, for example, were found to amount to 4-111 nM, while 5-273 nM were 

found in the river Thames and 4-559 nM in the river Gironde (Middelburg et al., 2002). In the Lena Delta, CH4 

concentrations were elevated nearshore and decreased with distance from the coast, ranging from 10 to 218 nM 35 
(Bussmann et al., 2017).  Similar concentrations have also been documented in other European estuaries (Abril et al., 

Figure 4 Rayleigh plot of CH4 data from the incubation of water 

column methanotrophs. f is the fraction of methane remaining (the ratio 

between the CH4 concentration at the beginning of the incubation and 

at the end). Linear regressions are plotted through the different 

stations, and the slope Ԑ is equivalent to the isotope enrichment factor. 
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2007; Upstill-Goddard et al., 2016; Matoušů et al., 2017; Stanley et al., 2022) suggesting similar types and strength 

of driving forces controlling CH4 dynamics in these systems.  

Our measurements show, moreover, that CH4 concentrations did not exhibit a unidirectional trend along the estuary 

(i.e., a concentration gradient - increasing or decreasing – up- or downriver) and CH4 concentrations did not follow 

the estuary’s salinity gradient. This pattern has also been observed in the Elbe estuary (Matoušů et al., 2017) and other 5 
estuaries across Europe (Hackbusch et al., 2019; Upstill-Goddard and Barnes, 2016; Sánchez-Rodríguez et al., 2022). 

Even though some studies have reported decreasing CH4 concentrations with increasing salinities (Rehder et al. 1998; 

Middelburg et al. 2002; Osudar et al. 2015), our data, together with previous results, challenge the paradigm that CH₄ 

and salinity are anticorrelated in estuaries. In contrast, our data rather suggest that local sources, including inputs from 

tributaries, sedimentary methanogenesis, and sinks such microbial oxidation and atmospheric efflux strongly modulate 10 
local CH4 concentrations (de Groot et al., 2024). CH4 dynamics in the Scheldt and potentially in other delta systems 

are thus not only governed by a two-endmember mixing comprising inflow from the upper river and export from the 

river mouth to the open sea with influences by tributaries and canals.  

4.2 Methane oxidation rates in the water column 

Methane oxidation rates showed a non-linear distribution along the estuary, with lower values in the mixing zone and 15 
distinct peaks both in saline and freshwater regions (Fig 3 A). Our observation is consistent with findings from the 

German Bight and the Elbe estuary, where microbial communities are frequently exposed to salinity—largely due to 

tidal influence. Along the salinity gradient of the Elbe, methane oxidation rates have been reported to range from 0.8 

nM d-1 in the lower estuary to as high as about 5542 nM d-1, particularly at the Hamburg harbour (Matoušů et al., 

2017). In the German Bight, the highest methane oxidation rates (2.6 nM d-1) were observed at coastal stations, 20 
whereas the lowest rates (0.4 nM d-1) were found at the marine stations (Osudar et al., 2015). Several studies, 

nevertheless, observed a negative correlation between salinity and methane oxidations, highlighting salinity as the 

major factor controlling MOx by affecting the composition and activity of methanotrophic communities (Poffenbarger 

et al., 2011; Ho et al., 2018; Zhang et al., 2023). Specifically, salinity has been described to inhibit methane oxidation 

in freshwater systems (de Angelis and Scranton, 1993) and is often attributed to osmotic stress on freshwater MOB 25 
(Osudar et al., 2017). In contrast, we found relatively high rates of MOx (up to 5 nM d⁻¹) throughout the entire estuary, 

apparently independent of salinity. This consequently suggests that salinity changes are not necessarily inhibitory for 

methane oxidation. Similarly, more recent observations from the Wadden Sea (de Groot et al., 2023) and Svalbard 

(Steinle, et al., 2015) also showed that salinity changes seemed to have rather small effects on MOx and it has been 

suggested that methanotrophic communities may have adapted to such variabilities (de Groot et al., 2023, 2025; Zhang 30 
et al., 2023). Nevertheless, whether this pattern was related to an adaptation of specific MOB to variable salinity levels 

or to changes in the composition of the MOB community as a function of salinity variation was not investigated in 

previous studies.  

 

 35 
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4.3 Methanotroph community shifts along the salinity gradient 

Methanotrophs were detected throughout the entire Scheldt estuary, both in the water column and in sediment samples. 

However, we observed a clear shift in community structure along the salinity gradient: Crenothrix, Methylobacter, 

Methyloparacoccus and Methylosarcina in the upper, fresh water part of the estuary were successively supplanted by 

Methyloceanibacter and Pltb-vmat-59 in the middle, brackish water section, while the marine endmember of the 5 
estuary water column was dominated by Methyloceanibacter. These shifts are likely driven by the differential 

sensitivity of MOB groups to a range of salinities, which was discussed to shape community composition of MOB 

(Osudar et al., 2017, Zhang et al., 2023) and broader prokaryote community structure in estuarine water columns (Wu 

et al., 2024). Crenotrix is indeed typically detected in freshwater systems (Yang et al., 2022) and Methyloceanibacter 

in marine waters (Vekeman et al., 2016; de Groot et al., 2024, 2025). Members of the Methylobacter, 10 
Methyloparacoccus and Methylosarcina genera have previously been found in brackish, coastal zones such as 

mangroves (Das et al., 2024) and the Dutch Wadden Sea (de Groot et al., 2025), but also in fully marine systems, e.g. 

cold seep systems (Tavormina et al., 2008) and sediments (Tavormina et al., 2015). Pltb-vmat-59, on the other hand, 

has mostly been found in marine waters (de Groot et al., 2024) and was also found as a dominant group in incubation 

experiments with North Sea waters (de Groot et al., 2025). Our findings of these genera in the upper – mid estuary, 15 
but not the lower, marine dominated sections of the estuary suggests that these groups may contain strains that are 

specifically adapted to brackish/freshwater conditions.  

Absolute microbial abundance determined by 16S copy numbers together with the relative contribution of MOB to 

the prokaryote community indicates that the overall abundance of MOB remained relatively constant across the 

freshwater-marine transition. Note that this is only a rough approximation as the frequency of 16S operons per genome 20 
can vary between 1 up to 15 (Klappenbach et al., 2001). However, despite the differential water column MOB 

community composition, overall MOx was not substantially affected by salinity (see previous section), but instead 

followed MOB abundances. This suggest that salinity may indeed exert a selection pressure on the composition of the 

MOB community but that system-level MOx is determined by the abundance of MOB rather than their identity. It 

needs to be stressed, however, that this may be different for other environments. In incubations experiments, de Groot 25 
et al., (2025), for example, found that salinity had only a week effect on MOB community composition. Other studies 

showed that elevated salinity often led to an immediate decrease in MOx in terrestrial/lacustrine systems (Ho et al., 

2018; Zhang et al., 2023). Likewise, marine methanotrophs seem to function best at salinity levels of 20 psu (Osudar 

et al., 2017), while a sudden decrease in salinity can inhibit MOx (Hirayama et al., 2013; Tavormina et al., 2015).  

Our data consequently show that salinity seemingly influence MOB community composition but not their overall 30 
activity, but that MOB abundance primarily governs overall MOx. Considering the current velocity of the Scheldt 

(~95 km d-1, Meire et al., 2005), a typical doubling time of MOB (~9 days, Mayr et al., 2020) and the length of the 

estuary investigated here (87 km) it seems unlikely that shifts in MOB composition are primarily driven by growth 

within the water column. However, given the presence of similar methanotrophs in both sediments and overlying 

waters, it is more plausible that the sediment community acts as a reservoir supplying MOB to the water column. 35 
Shear forces exerted by the river current likely cause resuspension and thus mobilisation of sedimentary MOB. Similar 

to resuspension caused by tidal currents (de Groot et al., 2023) and bubbles peculating through sediments (Steinle et 
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al., 2015, Jordan et al., 2020, 2021), this could be a key driver in determining estuarine water column MOB 

communities in rivers.  

4.4 Isotopic signature along the Scheldt estuary   

The ¹³C–CH₄ signatures measured along the Scheldt estuary are consistent with a predominantly microbial methane 

source (Whiticar., 1999) and match the isotopic composition of newly produced methane in our sediment incubation 5 
experiments (Fig 4). Previous investigations, however, reported unusually heavy δ¹³C–CH₄ values of up to −25‰ in 

the upper Scheldt estuary (Jacques et al., 2021), whereas our maximum δ¹³C–CH₄ value was -46 ‰. We cannot fully 

explain this discrepancy. Based on CH₄ concentration and isotopic composition, Jacques et al. (2021) estimated an ε-

value for water column MOx of -12.8 ‰. Considering this and their CH₄ concentration and associated δ¹³C-values, 

they concluded that ~80% of the methane must have been oxidized by MOB to account for such enrichment. Our 10 
experimental measurements, in contrast, yielded MOx-related ε-values of ~-26.9‰.  

Considering the highest CH₄ concentration and associated δ13C-value measured here (180 nM and -64.6‰; Fig 2 C, 

B), we re-calculated that about 50% of the CH₄ had been consumed to account for the observed isotope enrichment. 

However, these theoretical CH₄ consumption estimates are in stark contrast when compared to our CH₄ budget of the 

Scheldt estuary (see next section below). Our CH₄ budget combines ex situ MOx rate measurements and direct CH₄ 15 
efflux measurements and indicates that only ~1% of CH₄ was consumed in the water column. We cannot fully explain 

the discrepancy between CH₄ isotope dynamics and direct measurements of consumption. However, isotope signatures 

can integrate metabolic processes over larger spatial and temporal scales (Parnell et al., 2010). It seems hence likely 

that the observed signatures are inherited from riverine oxidation processes upstream of the city of Antwerp. 

Additionally, the CH₄ source isotopic composition might likely be variable along the river. This is also indicated by 20 
the change in the CH₄ δ13C-values, rapidly dropping from about -46‰ in the city of Antwerp to <-60‰ just 

downstream of the city (station 7). This spatial trend agrees with the overall pattern reported previously (Jacques et 

al., 2021; note that absolute isotopic values differed in the previous and our study). The observed shift suggests a 

transition from a relatively ¹³C-enriched methanogenic substrate to a lighter one or, alternatively, a change in 

methanogen community composition and associated methanogenic pathways and/or isotope fractionation (Krzycki et 25 
al., 1987; Whiticar, 1999; Gropp, 2022). Finally, MOx in the estuary might have been considerably higher during the 

sampling period of Jacques et al. (2021), leading to stronger enrichment of the residual CH₄ in ¹³C (Whiticar, 1999; 

Jacques et al., 2021). 

4.5 Fluxes and budget  

By applying an area-weighted extrapolation of CH₄ fluxes from the ten, roughly equidistant floating chamber stations 30 
we estimate a mean methane efflux to the atmosphere of approximately 4 mmol m⁻² d⁻¹ across the entire Scheldt 

estuary. This is well within the range of previous reports from other estuaries (Tab. 1). 
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Table 1. Efflux of methane in estuaries inside and outside Europe 

River Efflux (mmol m-2 d−1) Reference 

Danube 1.176 ± 1.464 Canning et al., 2021 

Guadalquivir 0.12  Sanchez et al., 2022 

Randers Fjord 0.02-0.4* Abril and Iversen (2002) 

Temmesjoki, Finland 1.6* Silvennoinen et al. (2008) 

Río San Pedro 0.08* Ferrón et al. (2007) 

Ria de Vigo 0.003* Kitidis et al. (2007) 

Tay 0.05*  

 

Upstill-Goddard and Barnes, 2016 

Tees 0.5* 

Tyne 1.3* 

Tamar 0.3* 

Forth 0.2*  

Humber 0.03*  

White Oak River estuary 17.1  Kelley et al., 1990 

Yangtze estuary 0.003-0.4 Zhang et al., 2008 

German Bight 0.003-0.277  Bussmann et al., 2021 

* recalculated from annual averages 

Per unit area, many estuaries thus emit >10-fold more CH₄ to the atmosphere when compared to fully marine coastal 

zones (Rosentreter et al., 2023). For example, methane efflux from the highly active seeps in the Belgium coastal zone 

were found to range between 0.001–0.4 mmol m⁻² d⁻¹ (Borges et al., 2016). Similarly, the highly active cold seeps at 5 
the Doggerbank in the North Sea were found to emit between 0.06  to 0.18 mmol m⁻² d⁻¹ (de Groot et al., 2024). In 

deeper continental shelf systems, CH4 bubbles exchange gas with the adjacent water during their rise (Gentz et al., 

2014; Leifer & Patro, 2002; McGinnis et al., 2006). For example, a pure methane bubble of ~5 mm diameter rising 

from 40 m water depth will have lost ~50 % of its methane content before breaking the surface (McGinnis et al., 

2006). The dissolved CH4 can then be removed through microbial oxidation and advective transport can translocate 10 
and further disperse the CH4 (Abril & Iversen, 2002; von Deimling et al., 2011; James et al., 2016; de Groot et al., 

2024). In contrast, in shallow systems such as estuaries and tidal flats, bubbles emitted from sediments may only 

exchange a minor fraction of their gas content during their ascent (de Groot et al., 2023; McGinnis et al., 2006). In 

addition, rivers are typically not stratified and characterized by turbulent mixing so that dissolved gases are rapidly 

exchanged with the atmosphere. 15 

 

 

 

 

 20 
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Towards a rough estimation of a CH4 budget of the 

Scheld   estuary, we integrated efflux data as determined 

from our floating chamber measurements, ex situ MOx 

measurements and methane concentration data as well as 

estimates of water volume and flow velocity (Fig 5, see 5 
also appendix A table A1). With respect to the volume 

flux of the river at Antwerp (100 m3 s-1, Waterinfo 

Vlaanderen) and the CH4 concentration of 114 nM 

measured here (station 10), we estimate an input of CH4 

from upriver to the city of Antwerp (Fin) of 985 mol 10 
CH4 d−1, at least during the time period of our 

observations (Fig 5).  Similarly, considering the river’s 

discharge (110 m3s-1, Rijkswaterstaat) and our measured 

CH4 concentration of 71 nM (station 1), CH4 export into the North Sea (Fout) is ~674 mol CH4 d⁻¹. Along the flow 

path, we divided the estuary between the measurement stations in equidistant sections (Fig 1). Considering areal CH4 15 
efflux measurements (0.2-12.7 mmol m-2 d-1) and the surface areas of the sections (5-61  km2), approximately 1.4 × 

106 mol CH4 d−1 are released to the atmosphere (Jatm). Similarly, our MOx (3.2-29.2 nM d-1) measurements and the 

volume of each section (1.8 – 8.5 × 1011 m3) translate to a total CH4 consumption (MOxtot) of ∼1.7 × 104 mol CH4 d−1. 

Hence, considering all input and output terms for CH4 as outlined above, the amount of CH4 supplied to the estuary 

from sediment methanogenesis (MOgtot) can be  calculated as:  20 

MOgtot = Jatm + MOxtot + Fout – Fin    eq 1.4 

We estimated that MOgtot amounts to 1.4x106 mol CH4 d−1.  

Overall, these results suggest that most of the methane in the Scheldt estuary is released to the atmosphere, while only 

a minor fraction is transported toward the adjacent coastal marine environment and consumed within the water column. 

Also, only a minor fraction of the estuary’s methane originates from upriver, while most is produced in the estuary’s 25 
sediments.  

5 Summary and Conclusions 

The Scheldt estuary is a transitional environment characterized by a pronounced salinity gradient that divides the 

system into three distinct zones, ranging from freshwater in the upper estuary to fully marine conditions near the 

estuarine mouth. Our study revealed substantial spatial variations in methane dynamics that are not directly related to 30 
the salinity gradient. Salinity appears to be an important selection factor for MOB. This suggests that estuarine 

sediments not only serve as a critical habitat for methanotrophic communities but also play a key role in sustaining 

and replenishing the MOB population in the overlying water column. Nevertheless, the MOx filter capacity in estuaries 

seems to be limited only retaining a minor fraction of CH₄, while most is released to the atmosphere. Furthermore, our 

and previous observations show that CH₄ in the upper estuary was unusually enriched in ¹³C, sindicating that these 35 
isotopic signatures are likely inherited from riverine oxidation processes occurring upstream. Nevertheless, temporally 

Figure 5 (Generated with AI) Methane budget for the Scheldt estuary 

(mol d-1) is calculated based on the area between the 10 stations. 1 

influx from Antwerp (into the estuary) 2 outflow into the North Sea 3 

methane efflux 4 methane oxidation 5 methane liberation from the 

sediments   
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differential CH₄-isotope compositions suggests that seasonal variability strongly influences CH₄ production and 

oxidation dynamics.  
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Appendix A 

Table A1. Water flow from Antwerp 100 m3 s-1, water flow to the North Sea 110 m3 s-1. With respect to individual 

measurements: Fin is 985 mol CH4 d−1, Fout is 674 mol CH4 d−1, Jatm is 1.4 × 106 mol CH4 d−1, MOxtot is 1.7 × 104 mol 

CH4 d−1, MOgtot is 1.4 × 106 mol CH4 d−1.  

Station km2 m3 CH4 (nM) MOx (nM d-1) Efflux (mmol m-2 d-1) 

10 4.94 31139580 114.0 ± 1.4 11.8 ± 0.2 3.4 

9 7.12 29690140 101.4 ± 1.9 29.2 ± 0.7 1.5 

8 8.33 85257713 52.2 ± 1.4 28.8 ± 0.9 0.9 

7 16.33 169022630 57.6 ± 0.9 8.3 ± 0.1 5.5 

6 17.82 179336603 56.3 ± 0 4.8 ± 0.3 2 

5 31.94 248137846 60.3 ± 0.5 3.9 ± 0.1 2.4 

4 43.58 435557352 91.6 ± 1.7 4.8 ± 0.2 6.3 

3 60.80 658437303 184.1 ± 1.9 3.2 ± 0.2 12.7 

2 24.47 417182404 140.5 ± 2.8 9.9 ± 1.5 4.7 

1 36.83 432399513 70.9 ± 2.5 5.4 ± 0.4 0.2 

 5 
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Figure A1. Properties of water column along the Scheldt 

Estuary. A and B Concentrations in μM of nutrients (NH4
+, 

NO2
-, PO4

3- and NO3
- C and D DOC and DIC in μM  E 

Temperature. 
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