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Abstract
Anthropogenic activities are influencing aquatic environments through
increased chemical pollution and thus are greatly affecting the biogeochemi-
cal cycling of elements. This has increased greenhouse gas emissions, par-
ticularly methane, from lakes, wetlands, and canals. Most of the methane
produced in anoxic sediments is converted into carbon dioxide by methano-
trophs before it reaches the atmosphere. Anaerobic oxidation of methane
requires an electron acceptor such as sulphate, nitrate, or metal oxides.
Here, we explore the anaerobic methanotrophy in sediments of three urban
canals in Amsterdam, covering a gradient from freshwater to brackish condi-
tions. Biogeochemical analysis showed the presence of a shallow
sulphate–methane transition zone in sediments of the most brackish canal,
suggesting that sulphate could be a relevant electron acceptor for anaerobic
methanotrophy in this setting. However, sediment incubations amended
with sulphate or iron oxides (ferrihydrite) did not lead to detectable rates of
methanotrophy. Despite the presence of known nitrate-dependent anaero-
bic methanotrophs (Methanoperedenaceae), no nitrate-driven methanotro-
phy was observed in any of the investigated sediments either. Interestingly,
graphene oxide stimulated anaerobic methanotrophy in incubations of
brackish canal sediment, possibly catalysed by anaerobic methanotrophs of
the ANME-2a/b clade. We propose that natural organic matter serving as
electron acceptor drives anaerobic methanotrophy in brackish sediments.

INTRODUCTION

Freshwater and estuarine environments are increas-
ingly recognized as potential hotspots of greenhouse
gas emissions, with the rate of methane (CH4) release
from these ecosystems being of particular interest
(Peacock et al., 2021; Rosentreter et al., 2021; Saunois
et al., 2020). Atmospheric CH4 has a global warming
potential that is 86 times higher (20-year timescale)
than carbon dioxide (CO2; Dean et al., 2018; Myhre
et al., 2013; Nisbet et al., 2019). Sources of atmo-
spheric CH4 are often biological, such as estuaries,

lakes, and wetlands (Rosentreter et al., 2021). Like
estuaries, urbanised waters are putative hotspots of
CH4 emissions as they are heavily influenced by
anthropogenic nutrient input (Connor et al., 2014; van
Bergen et al., 2019) and not many studies have been
performed on urban waters to date (Hu et al., 2022;
Pelsma et al., 2022).

Relatively high CH4 concentrations and emissions
from fresh and estuarine waters have been reported for
several riverine systems in Europe (Alshboul
et al., 2016; Borges et al., 2018; Herrero Ortega
et al., 2019; Marescaux et al., 2018), China (Wang
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et al., 2018; Wang et al., 2021), and the United States
(Brigham et al., 2019). A recent study of built canals in
urban and agricultural environments showed that CH4

emissions from these systems can be as high as those
from tropical wetlands, and even higher than those from
freshwater lakes (Peacock et al., 2021). Most studies
find a positive correlation between temperature and
concentrations of CH4. However, other environmental
parameters, such as nutrient and oxygen concentra-
tions, are not always correlated to increased CH4 pro-
duction or emissions (Herrero Ortega et al., 2019)
illustrating that we do not yet fully understand how envi-
ronmental conditions influence CH4 emissions
(Gessner et al., 2014).

Methane is produced in anoxic sediments and
before it reaches the atmosphere, a large part of the
CH4 is removed by the activity of methanotrophic bac-
teria and archaea, in either the sediment or overlying
water (Conrad, 2009). Oxygen is used as a terminal
electron acceptor for bacterial methanotrophs and is
dominant in oxic environments. In anoxic environments,
the oxidation of CH4 occurs mainly by methanotrophic
archaea. Syntrophic consortia of methanotrophic
archaea and sulphate (SO4

2�)-reducing bacteria (SRB)
use SO4

2� as an electron acceptor and consume 7%–

25% of globally produced CH4 (Gao et al., 2022;
Knittel & Boetius, 2009). This process occurs in the
sulphate–methane transition zone (SMTZ) of marine
sediments (Reeburgh, 2007). SO4

2�-mediated anaero-
bic oxidation of methane (AOM) is thought to play a
less important role in brackish environments due to the
lower availability of SO4

2�compared with marine sys-
tems. Anaerobic methanotrophs may use other electron
acceptors as well, like nitrate (NO3

�), nitrite (NO2
�),

Fe(III), and Mn(IV) (Cai et al., 2018; Ettwig et al., 2016;
Haroon et al., 2013; Leu et al., 2020; Raghoebarsing
et al., 2006). Moreover, recently also natural organic
matter (NOM)-mediated AOM has been observed (Bai
et al., 2019; Valenzuela et al., 2017, 2019; Valenzuela
& Cervantes, 2021; van Grinsven et al., 2020).

Recent studies highlighted the presence of AOM in
several natural and engineered ecosystems (Fan
et al., 2020; Martinez-Cruz et al., 2018; Pelsma
et al., 2022; Shen et al., 2019; Valenzuela et al., 2019).
A recent study of the CH4-cycling microbial community
in the canals of Amsterdam showed the presence of
anaerobic methanotrophic (ANME) Methanoperedena-
ceae in the sediment leading to the question if anaero-
bic methanotrophy could take place, and which
potential terminal electron acceptors might be used
(Pelsma et al., 2022). In this study, we investigated
which electron acceptors are available through biogeo-
chemical characterization and microcosm incubations
of Amsterdam canal sediments. In addition, we aimed
to identify the key microbes involved in AOM. Since a
salinity gradient exists within Amsterdam, we sampled
three different salinities as this could impact the avail-
ability of electron acceptors such as SO4

2�.

EXPERIMENTAL PROCEDURES

Study sites

The canals of Amsterdam are subject to an influx of
brackish water from the IJ and the North Sea Canal.
Salinity is monitored by the Department of Waterways
and Public Works of the Dutch government
(Rijkswaterstaat). All corresponding data are publicly
available on their website (https://waterinfo.rws.nl). To
capture as much microbial diversity as possible within
the same urban canal network, we chose three sites
across a gradient in salinity, from fresh water in the
Amstel River (salinity of 1), an intermediate brackish
site, the Zoutkeetsgracht (salinity of 4) to the most
brackish water in the Dijksgracht (salinity of 5–6;
Figure 1 and Table 1). Furthermore, we hypothesised
that different salinities (or more or less marine influ-
ence) could alter the electron acceptors presence in
the sediment. For example, higher salinities could have
higher SO4

2� penetration into the sediment, whereas
NO3

� might be more available in freshwater canals.

Sampling strategy

Sampling of water and sediment was carried out from
17 to 19 May 2021. In situ water parameters (salinity,
dissolved oxygen, temperature) were measured using
a ProDSS Multiparameter Digital Water Quality Meter
(YSI Inc., Yellow Springs, OH, USA). Surface water
was collected using an acid-washed 10 L carboy. Sub-
samples were taken for the determination of dissolved
CH4, ammonium (NH4

+), NO3
�, dissolved iron and

manganese, and SO4
2� (stored at 4�C; Supplementary

Methods S1).
Per study site, six sediment cores were taken with a

UWITEC gravity corer (UWITEC GmbH, Mondsee,
Austria) using transparent PVC core liners of 60 cm in
length and an inner diameter of 6 cm. Presence of filter
feeders hampered the gravity coring at the Amstel
River and Zoutkeetsgracht sites, limiting the coring
depth. Samples for bottom and pore water CH4 and its
isotopic composition were collected directly after core
retrieval with 10 mL cut-off syringes via pre-drilled holes
at 2.5 cm depth intervals that were covered with tape
prior to coring. No porewater CH4 data could be col-
lected for the Amstel due to equipment failure. The
remaining five sediment cores were brought to the labo-
ratory at Utrecht University and processed the same
day. The second core was sliced in a glove bag under
a nitrogen atmosphere. First, two bottom water samples
were taken from the overlying water. The core was then
sliced at a depth resolution of 1 cm into 50 mL centri-
fuge tubes. Sample resolution was maintained at 1 cm
for the first 10 cm, after which the resolution was low-
ered to one sample per 2 cm. Details on core handling
and pore water extraction are described in the
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Supplementary Methods S1. For AOM microcosm incu-
bations, three sediment cores were sliced with five
intervals (0–2, 2–5, 5–10, 10–15, and 20–25 cm) and
collected in sterile plastic bags, stored anoxically in
nitrogen-filled aluminium bags at 4�C and brought to
the laboratory at Radboud University where the slices
were transferred into an anaerobic hood for further
processing.

Greenhouse gas flux measurements

Diffusive fluxes of CO2 and CH4 were measured in
the field with a floating chamber and a LI-COR 7810
CH4/CO2/H2O Trace Gas analyser (LI-COR, Inc., Lin-
coln, NE, USA). At least three replications at each

site were measured and the linear increase in green-
house gas concentration (ppm or ppb per second)
was used to calculate the flux (mmol m�2 day�1). Flux
data analysis was automated in Python 3.6 (https://
python.org) by filtering the data using a Savitsky–
Golay filter and using the filtered data to find the
peaks that indicated the end of a flux measurement.
Linear regression was performed on the peak point
and a data point that lay 2 min prior. Conversion of
the increase in mole fraction (ppb) to a flux rate of
CO2 and CH4 in mmol m�2 day�1 was done with
Equation (1)

FCH4 ¼Δppb
Δt

PMWVChamber

RTAreaChamber 1000
ð1Þ

F I GURE 1 City centre of Amsterdam with the study sites indicated by circles. Colour coding of the study sites is based on the ambient
salinity at the time of sampling (Table 1). Map data were obtained from Google Earth (Google, n.d.).
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Water column and pore water analysis

Dissolved concentrations CH4 of the canal water and
pore water were measured, after addition of a nitrogen
headspace (5 mL for the water column samples and
10 mL for the pore water samples) and equilibration of
the gas and water phase for a week, with a Thermo Fin-
nigan (Thermo Fisher Scientific, USA) trace gas chro-
matograph equipped with a flame ionization detector at
Utrecht University. A separate measurement was done
on a Hewlett Packard 5890 Series II (Agilent Technolo-
gies, USA) trace gas chromatograph equipped with a
Porapak Q-column (100/120 mesh) and a flame ionisa-
tion detector at Radboud University (pore water sam-
ples) by triplicate injections of 50 μL. Stable isotope
analysis of porewater-dissolved CH4 was performed at
the Institute for Marine and Atmospheric Research
at Utrecht University (see Supplementary Methods S1
for details). Dissolved sulphide, SO4

2�, NH4
+, NO3

�,
NO2

�, Fe, and Mn were measured using spectrophoto-
metric methods or ICP-OES as described in the Sup-
plementary Methods S1.

Sediment analysis

Sediment samples taken for the determination of poros-
ity were weighed, oven-dried (1 week at 60�C) and
weighed again to determine the water content. Sedi-
ment porosity was then calculated assuming a solid
phase density of 2.65 g cm�3 (Burdige, 2007). Sedi-
ment samples from the anoxic core were freeze-dried,
powdered, and homogenized in a nitrogen-filled

glovebox, using an agate mortar and pestle. Fe-
carbonates, Fe-monosulfides, and easily reducible Fe-
oxides were extracted from anoxic core samples using
1 M HCl. A second anoxic subsample was subjected to
a previously described five-step sequential extraction
(Lenstra et al., 2021) to separate the different sedimen-
tary forms of Mn and Fe (specifically aiming for the
more recalcitrant forms of the latter). Organic carbon
and nitrogen were measured using a subsample of
sediment that was processed outside of the glovebox
on a Fisons Instruments NA 1500 NCS analyser.
Details on the extraction procedure and measurements
are described in the Supplementary Methods S1.

Sediment incubations

To prepare the sediment slurries for the microcosm
incubations, canal water was filtered over a 0.22 μm
polyethersulfone filter. Subsequently, the filtered canal
water was made anoxic through a vacuum-gassing
cycle with N2 for a total of 5 cycles. Within an anaerobic
hood under N2 atmosphere, sediment core slices were
slurried 1:1 w/w with the filtered and anoxic canal water
using a scale. To set up the microcosm incubations,
autoclaved 120 mL serum bottles were transferred to
the anaerobic hood. Each microcosm incubation con-
tained 25 mL of this slurried sediment. All bottles were
closed off with red butyl rubber stoppers and sealed
with aluminium crimp caps inside the anaerobic hood to
minimise oxygen exposure as much as possible.
Before the addition of CH4 or electron acceptors, the
pressure was normalized to �0.3 bar N2 atmosphere

TAB LE 1 In situ water column characteristics at two different depths (surface and bottom).

Amstel River Zoutkeetsgracht Dijksgracht

Coordinates (DD.ddddd) N 52.36361 N 52.38818 N 52.37505

E 4.90238 E 4.88565 E 4.921396

Surface water

DO (%) 98.2 100 100

Water temperature (�C) 16 14 14.5

Salinity 1.28 2.69 2.28

Air temperature (�C) 11.2 12.9 13.6

CH4 flux (mmol m�2 day�1) 0.21 ± 0.06 0.44 ± 0.04 0.17 ± 0.09

CO2 flux (mmol m�2 day�1) 48.4 ± 6.4 N.D. N.D.

Bottom water

DO (%) 98.2 100 12.7

Water temperature (�C) 16 13.7 12

Salinity 1.28 3.8 5.48

Water depth (m) 4 2 4.5

Macrofauna Yes, Corbicula Yes, Anodonta No

Abbreviations: DO, dissolved oxygen; N.D., not detected.

ANAEROBIC METHANOTROPHY IS STIMULATED BY GO 3107
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using an eight-way gas exchanging valve. Pressures
were checked with a digital pressure meter (GMH
3111, GHM Messtechnik GmbH, Germany).

Endogenic production of CH4 from the sediment
was measured for each slurry by following the
increase in CH4 concentration for 10 days (Figure S1).
A positive control was taken along by adding 2 mM
sodium acetate to the slurries. Killed controls were
made by autoclaving the sediment slurries for 20 min
at 120�C. Microcosm incubation for AOM was started
by adding 2.5 mL of 13CH4 using a syringe to the
headspace (total headspace volume of 95 mL) of each
bottle, resulting in an approximate headspace concen-
tration of 2% 13CH4. Care was taken not to drop the
overpressure in the bottles when using the syringe.
This gives a dissolved CH4 concentration of 37 μM
according to Henry’s Law. The effect of electron
acceptors was tested by adding 4 mM NO3

�, 4 mM
SO4

2�, 10 mM ferrihydrite, and 200 mg L�1 graphene
oxide (GO) to their respective bottles. GO was chosen
as a NOM analogue because it consists of a graphene
sheet with edge group hydroxyls, epoxides, carbonyls,
quinones, and carboxylic acids. The concentration of
200 mg L�1 was chosen as this was proven to be ade-
quate for an anammox enrichment culture and an
ANME enrichment culture (Berger et al., 2021; Shaw
et al., 2020). Stock solutions were made anoxic prior
to the start of the experiments using chemicals bought
from Sigma-Aldrich (Merck KGaA, Germany). Syringes
were used to inject electron acceptors into the micro-
cosm incubations. Before every injection, syringes
were flushed with 100% N2 three times their volume.
Control incubations were carried out without the addi-
tion of CH4 to the headspace and without the addition
of any electron acceptors. The amount of replicates
and treatments are summarised in Tables S1 and S2.
To determine the rate of AOM, the enrichment of
13CO2 was measured using a gas chromatograph
coupled to a mass spectrometer (6890 Series GC
coupled to a 5975C MS, Agilent Technologies).
Enrichment of 13CO2 was calculated by comparing it
to the Vienna Pee Dee Belemnite (VPDB) standard
using the formula:

δ13CO2 ¼
13CO2

h i�
12CO2�
h

Rsample
� � �1

0
BB@

1
CCA�1000

where Rsample was 0.01123720. The rate was calcu-
lated from data points of the first 10 days as the slope
of a linear least squares regression of each replicate
separately (data in Figure S2). Treatments were aver-
aged after normalization to gDW. All anaerobic incuba-
tions were performed at 20�C and in the dark, while
shaking on a plateau at 105 rpm.

DNA isolation and 16S rRNA gene
amplicon sequencing

Microbial community profiling was done by
sequencing 16S rRNA gene amplicons using DNA tem-
plate from core slices that were taken on the day of
sampling and stored at �80�C. Filters were stored at
�20�C until further processing. DNA was isolated for all
samples using the DNeasy PowerSoil DNA Isolation kit
according to the manufacturer’s instructions (Qiagen,
Venlo, The Netherlands), with the alteration that the
PowerBead tubes were bead-beated on a TissueLyser
LT (Qiagen) for 10 min at 50 Hz and the DNA was
eluted using DEPC-treated water. Eluted DNA was
stored at 4�C until sequencing. 16S rRNA gene ampli-
con sequencing was done by Macrogen (Macrogen
Inc., Seoul, Korea) using the Illumina MiSeq Next Gen-
eration Sequencing platform. Paired-end libraries were
constructed using the Illumina Herculase II Fusion DNA
Polymerase Nextera XT Index Kit V2 (Illumina, Eindho-
ven, The Netherlands). Primers used for bacterial
amplification were Bac341F (50-CCTACGGGNGGC-
WGCAG-30; Herlemann et al., 2011) and Bac806R (50-
GGACTACHVGGGTWTCTAAT-30; Caporaso et al.,
2012; Figure S5). Archaeal amplification was per-
formed with primers Arch349F (50-GYGCASCAGKCG-
MGAAW-30) and Arch806R (50-GGACTACVSGGGT
ATCTAAT-30; Takai & Horikoshi, 2000). The obtained
amplicon sequencing reads were processed as out-
lined in Pelsma et al. (2022). After processing the num-
ber of archaeal reads was between 45,000 and 84,000,
whereas bacterial sequencing yielded between 30,000
and 70,000 reads. Raw read data for this study was
deposited in the European Nucleotide Archive at
EMBL-EBI under accession number PRJEB60458
(https://www.ebi.ac.uk/ena/browser/view/PRJEB60458).

RESULTS

Canal water chemistry

The chemical analyses of the water of the three canals
confirmed the targeted salinity gradient (Table 1). The
water in the Zoutkeetsgracht (medium salinity) and
Amstel (freshwater) was fully oxygenated, and the top
5 cm of the sediment contained filter feeders (Anodonta
sp. and Corbicula sp., respectively). Their presence
increased the downward transport of oxygen in the sed-
iment, as evident from light-coloured burrows down to a
depth of 10 cm. The Dijksgracht (highest salinity)
showed much lower oxygen availability at the
sediment–water interface with an oxygen saturation
level of 12.7%. Flux chamber measurements revealed
CH4 emissions from all three canals (Table 1). The site
with the highest CH4 emission was Zoutkeetsgracht at
0.44 ± 0.04 mmol CH4 m

�2 day�1. The Amstel site was

3108 PELSMA ET AL.
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the only site with a net flux of CO2 to the atmosphere of
48.4 ± 6.4 mmol m�2 day�1.

Electron acceptor availability and
microbial community analysis

We characterised the sediments at all three study sites
for SO4

2�, NO3
�, reactive Fe and Mn and determined

their microbial community composition (Figures 2 and
S5). The Amstel River carries freshwater and therefore
the Amstel site only had low concentrations of SO4

2�

(1 mM) in the porewater. NO3
� was depleted in the first

centimetre. The pore water of the Zoutkeetsgracht sedi-
ments, the mildly brackish site, contained up to 4 mM
SO4

2�, while its ammonium concentration was lower
than that of the Amstel site. Sulphide concentrations in

the pore water were low, in line with the limited change
of SO4

2� concentration with increasing depth. NO3
�

was depleted after 4 cm at this site. Sediment pore
water of the Zoutkeetsgracht contained very little dis-
solved CH4 (0.5 μM).

The Dijksgracht canal had the highest bottom water
salinity (Table 1) and the highest SO4

2� concentration
at 5 mM (Figure 2). The pore water sulphide peaked at
10 cm depth, but absolute concentrations were very
low (2 μM). Moreover, the Dijksgracht showed a clear,
though shallow SMTZ between 5 and 20 cm core depth
and CH4 concentrations increasing up to 0.5 mM below
the SMTZ. Like the Amstel canal, NO3

� was depleted
in the first centimetre.

Reactive Fe and Mn in the sediments of all
three canals were dominated by Fe-sulphides and car-
bonates. Fe(III) and Mn(IV) were also present,
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F I GURE 2 Geochemical and microbiological depth profiles of the sediment at three sites in the Amsterdam canals. Please note the different
ranges for the x-axis in each column and different y-axis in each row. Asc, ascorbate; HCl, hydrochloric acid; CDB, citrate-dithionite-bicarbonate;
HNO3, nitric acid. Archaeal 16S rRNA gene sequencing results were normalized on merged read count and are displayed in relative abundance
per depth interval. All sequences that had <1% abundance were grouped into ‘Others’.
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especially in the upper part of the sediment. Surface
sediments at the Amstel site, for example, contained
around 200 μmol g�1 Fe(III). Ascorbate-extracted
Mn(IV) amounted to 17 μmol g�1. The Dijksgracht sedi-
ment contained most reactive Fe and Mn, 700 and
15 μmol g�1 on average, respectively.

The archaeal community of the Amstel site
showed a marked increase in the ANME family
Methanoperedenaceae at 5 cm to 20% relative
archaeal abundance. In the sediments of the Zout-
keetsgracht, no ANME families were detected. The
most notable CH4-producing archaea consisted of a
combination of Methanoregulaceae and Methanofas-
tidiales, both methanogenic lineages, at 9% relative
archaeal abundance. The ammonium-oxidizing fam-
ily Nitrosopumilaceae comprised 10% of the
archaeal community for the first 2 cm of the sedi-
ment and persisted to a depth of 10 cm. The Dijks-
gracht canal showed an increase in ANME2a-2b
methanotrophs at depths where NO3

� and SO4
2�

were depleted. Increasing from 5% at 5 cm depth to
more than 20% relative abundance at 25 cm depth,
these ANME archaea were more abundant than
Methanoperedenaceae. The methanogenic commu-
nity of the Dijksgracht canal consisted of the hydro-
genotrophic family Methanoregulaceae.

Methanogenesis and anaerobic
methanotrophy in canal sediments of the
Dijksgracht

Results of batch incubations for endogenic CH4 pro-
duction showed low production rates for the Zoutkeets-
gracht and Amstel River sites (Figures 3A and S3A).
Sediments of the Zoutkeetsgracht and Amstel River
showed potential for methanogenesis with the addition
of acetate (Figure S1A). The Dijksgracht site showed
no methanogenic activity in the first 10 cm of the sedi-
ment (Figure 3A) and displayed the highest rates in the
20–25 cm depth interval (0.7 μmol CH4 day�1 gDW

�1).
The addition of acetate stimulated CH4 production at all
sediment depths (Figure 3A). Furthermore, the isotopic
signature of the porewater 13CH4 (Figure 4A–D) in the
methanogenic zone (15–25 cm core depth) ranged
between �61.7‰ and �81.4‰ versus VPDB, while the
signature of D ranged between �170.8‰ and
�220.3‰ versus Vienna Standard Mean Ocean Water
(VSMOW). These signatures correspond to CH4 pro-
duction through hydrogenotrophic methanogenesis
(Milkov & Etiope, 2018; Whiticar, 1999).

The AOM activity for the brackish Dijksgracht site
(Figures 3B and S1) was the highest of all three studied
canals. The incubations with NO3

� showed enrichment

0.0 0.2 0.4 0.6

C
or

e 
de

pt
h 

[c
m

bs
f]

Methanogenic
Acetate Control

(A)

0 5 10 15 20
C

or
e 

de
pt

h 
[c

m
bs

f]

(B)

Nitrate
Graphene Oxide
13CH  Control4

Nitrate Control
Sulfate
Ferrihydrite

Graphene Oxide Control

Killed Control

Rate of 13CO2 enrichment [% gDW day–1]Rate [μmol CH4 gDW day–1]

20−25

10−15

5−10

2−5

0−2

20−25

10−15

5−10

2−5

0−2
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of heavy 13CO2 after 9 days at a rate of 3.07 ± 0.46‰
day�1 gDW

�1 for the 10–15 cm depth interval, with simi-
lar rates detected for 5–10 and 20–25 cm (Figures 3B
and S2). Incubations amended with GO exhibited mea-
surable enrichment of 13CO2 after 2 days of incubation
starting at the 2–5 cm core depth interval. The highest
GO-AOM rate was measured at the 20–25 cm depth
interval of 16.9 ± 2.3 ‰ day�1 gDW

�1. Sediment with no
additional electron acceptors exhibited an AOM rate
that was the second highest for the 10–15 cm depth
interval of 8.4‰ day�1 gDW

�1, indicating the presence
of residual, endogenous electron acceptors such as
NOM or SO4

2�. Incubations with ferrihydrite and SO4
2�

did not lead to higher rates of AOM than the untreated
sediment. The 16S rRNA gene sequencing results
revealed that either Methanoperedenaceae or
ANME2a-2b archaeal methanotrophs are present in
these, with the latter clade being more abundant with
increasing core depth.

Isotope measurements of porewater CH4 revealed
an enrichment in 13C up to �49.3‰ and D up to
+134.4‰ between 20 and 5 cm sediment depth
(Figure 4C,D). Enrichment of heavy isotopes is con-
sidered a consequence of biological CH4 oxidation,
where the light isotopologue 12CH4 is preferentially
consumed compared with 13CH4 and 12CH3D
(Whiticar, 1999), but enrichments in δD up to +100‰
are rarely reported. Jacques et al. (2021), reported
similarly high δD values in dissolved CH4 in the Dutch
Scheldt estuary and attributed them to oxidation.
Additionally, we calculated the isotopic fractionation
constants (Figure 4A,B), yielding values of �6.5‰
and �81.4‰ for 13CH4 and D, respectively. These
values are consistent with biological oxidation of CH4,
albeit on the low range of what is reported in literature
(Milkov & Etiope, 2018). Thus, AOM activity was
observed in the canal sediment that required an
uncharacterized electron acceptor.
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F I GURE 4 Methane isotope analysis of Dijksgracht porewater samples. Panels (A,C) show the isotopic signatures of porewater CH4 for
13C

and D, respectively (black dots), overlain with porewater CH4 concentrations (red lines). Rayleigh fractionation plots for 13CH4 (B) and D (D) were
used to calculate the fractionation constants. The blue line is the linear model used for the regression. Each point is coloured based on its core
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plot for δ13C shows unexpectedly large scatter from the fit line, indicating the possible influence of other processes, which could not be identified.
VPDB, Vienna Pee Dee Belemnite; VSMOW, Vienna Standard Mean Ocean Water.
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DISCUSSION

Our study demonstrates that canals in Amsterdam are
a source of atmospheric CH4, in line with previous find-
ings for several other (urban) canal networks (Herrero
Ortega et al., 2019; Peacock et al., 2021). In situ flux
measurements showed that only the Amstel River was
a source of CO2 (Table 1), possibly due to aerobic res-
piration of organic matter (OM) in the water column and
the sediment. While the Amsterdam canals studied
here emitted CH4, the concentration of CH4 in the top
1 cm of the sediment pore water was lower than that in
the water column. This could be caused by losses dur-
ing sampling or spatial variability. Furthermore, ebulli-
tive fluxes of CO2 and CH4 can contribute greatly to
overall greenhouse gas emissions (Aben et al., 2017),
but were not quantified here. Further measurements
are needed on a larger scale to adequately determine
total canal greenhouse gas emissions.

We hypothesized that NO3
� could be driving AOM

in the urban canals, due to the presence of Methano-
peredenaceae since they are known to perform NO3

�-
dependent AOM (Haroon et al., 2013; Pelsma
et al., 2022; Raghoebarsing et al., 2006). NO3

� was not
detectable below the first two centimetres of sediment,
but Methanoperedenaceae were found in the Amstel
sediment at high relative abundances (Figure 2C).
Incubations of the Amstel and Zoutkeetsgracht sedi-
ment showed low AOM activity, however, indicating
that Methanoperedenaceae were not reactivated in the
incubation experiments (Figure S3B). Members of the
Methanoperedenaceae family are known to be able to
use Fe(III) and Mn(IV) as electron acceptor for metha-
notrophy (Cai et al., 2018; Leu et al., 2020). However,
the amendment of canal sediment with ferrihydrite
showed only a very low rate of 13CO2 enrichment, sug-
gesting that Fe(III) is not a major electron acceptor in
the canal sediments.

Since 5 mM of SO4
2� was measured at the Dijks-

gracht canal, SO4
2�-AOM could drive the anaerobic

removal of CH4. Moreover, a shallow SMTZ was
observed at this site with a peak in sulphide at 9 cm
sediment depth and ANME2a-2b are present from 5 cm
core depth on at a relative abundance of 5%. However,
the highest rates of AOM (both endogenous and GO-
AOM) were measured below the SMTZ and SO4

2�-
amended incubations did not differ from incubations
with autoclaved sediment. OM can be mineralized
anaerobically by SRB in the upper layers of the sedi-
ment. As can be deduced from the decrease in SO4

2�

and increase in dissolved ammonium with increasing
sediment depth, we hypothesize that the majority of
SO4

2� is used by SRB before it can penetrate to layers
where ANME are more active. The concentration of sul-
phide was low (<2 μM), but the sediment Fe speciation
shows the abundant presence of Fe(II), indicating that
the sulphide produced is captured by sediment Fe,

forming Fe monosulfide, and pyrite. The isotopic frac-
tionation constants indicated biological removal of CH4

in the sediment but are at the low end of values
reported for known AOM processes (Milkov &
Etiope, 2018; Whiticar, 1999). This may indicate that
the observed methanotrophic activity is not related to
the canonical SO4

2�-AOM.
Our experiments showed that GO was the only

alternative electron acceptor that exhibited higher rates
of AOM compared with the endogenous control incuba-
tions. Microbial utilization of GO has been shown for
five separate strains of Shewanella (Salas et al., 2010),
the anammox bacterium Ca. Kuenenia (Shaw
et al., 2020) and the anaerobic methanotroph Ca.
Methanoperedens (Berger et al., 2021). When GO is
reduced, it is converted to graphene, which is insoluble
and precipitates. GO has the potential to act as a model
molecule for NOM because it contains similar redox-
active molecular structures, like quinone groups. NOM,
previously referred to as humic substances, was impli-
cated as a significant electron shuttle in coastal man-
groves (Valenzuela et al., 2017) and paddy soils
(Zhang et al., 2021). Valenzuela et al. (2017) reported
on the stimulating effects of NOM on AOM. Similarly,
Zhang et al. (2021) demonstrated that NOM addition
can increase the efficiency of AOM. In both studies, the
ANME2 clade of methanotrophic archaea were impli-
cated to perform the observed AOM activity. In our
experiments, ANME2a-2b were the most abundant
anaerobic methanotrophs in the sediment layers where
we observed that AOM was stimulated by the addition
of GO. ANME2a-2b and Methanoperedenaceae are
the two ANME clades that were detected in the sedi-
ment of the Dijksgracht. For ANME2 it was shown that
in the presence of an organic electron acceptor they
can oxidize CH4 without a partner SRB (Scheller
et al., 2016). Methanoperedenaceae were shown to be
able to use NOM as electron acceptors by Bai et al.
(2019) and Ca. Methanoperedens is able to oxidize
CH4 by donating electrons to an anode in a bioelectro-
chemical system (Ouboter et al., 2022; Ouboter
et al., 2023). The relative abundance of ANME2a-2b
increases with depth and is �20% in the core slices
with the highest rates of AOM. Therefore, we have no
indication that Methanoperedenaceae would be the
main CH4 oxidizers in the sediment. We suggest that in
these canals AOM by ANME2 is decoupled from an
SRB partner by the abundance of NOM present, allow-
ing AOM activity to persist when SO4

2� was depleted.
Our solid phase analyses of the sediment supported
this hypothesis as the sediments were rich in organic
carbon (Figure S4). NOM-driven AOM has been shown
in several ecosystems, such as rice paddy soils (Fan
et al., 2020), marine anoxic waters (van Grinsven
et al., 2020), mangrove soils (S�anchez-Carrillo
et al., 2021), and anoxic lake sediments (Vigderovich
et al., 2022). These data, combined with our results,
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suggest that redox-active NOM may also act as the
dominant electron acceptor for AOM in Amsterdam
urban canals.

AOM has been described as a potential sink for
CH4 in sediments of freshwater lakes (Martinez-Cruz
et al., 2018), streams (Shen et al., 2017), and in rice
paddy soils (Fan et al., 2020). Parallels can be drawn
between sediments from the Dijksgracht site and the
Baltic Sea, since both are characterised by high OM
input and brackish waters (Figure 2). In a study of estu-
aries sediments in Finland, for example, the highest
AOM activity was observed in sediment layers below
the SMTZ (Myllykangas et al., 2020), like the results
reported in this study. The microbial community that
was implicated for AOM was dominated by ANME2a-
2b archaea. Furthermore, ANME2 archaea previously
were suggested to oxidize CH4 through AOM with
SO4

2� and Fe oxides in sediments of the brackish
Bothnian Sea (Egger et al., 2015; Rasigraf et al., 2020).
So far, no AOM mediated by NOM has been reported
for Baltic Sea sediments. Future assays for AOM are
advised to include treatments with NOM analogues to
further assess their importance.

The shallow SMTZ that is described at the Dijks-
gracht site could be due to a relatively high rate of OM
deposition in this canal. Such a shallow SMTZ is not
unusual for eutrophic coastal systems (Van Helmond
et al., 2020; _Zygadłowska et al., 2023). The sediment at
the Dijksgracht site indeed was also very rich in organic
carbon (5 wt%) and SRB were detected in the top
10 cm of the sediment (Figures S2 and S3). In this set-
ting, SO4

2� reduction coupled to oxidation of OM
appears to explain most of the SO4

2� removal. Canoni-
cal marine SO4

2� AOM typically dominates in sedi-
ments where SO4

2� is more persistent due to lower
organic carbon loading (Knittel & Boetius, 2009). We
conclude that the urban OM at the Dijksgracht site is
likely quite easily degradable, possibly as a result of
anthropogenic pollution.

CONCLUSION

In conclusion, the results suggest that anaerobic
methanotrophs and AOM activity were present in
Amsterdam’s canals. However, AOM did not capture all
the CH4 as we measured a CH4 flux to the atmosphere
at all tested sites. We found strong indications that
NOM may act as an important electron acceptor in
urban sediments. Because the ANME2a-2b implicated
in AOM may rely on NOM as electron acceptor only,
enrichments of these archaea could provide insight into
an important environmental CH4 filter.
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