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Abstract
Aim: Although running waters are getting recognized as important methane sources, 
large-scale geographical patterns of microorganisms controlling the net methane bal-
ance of streams are still unknown. Here we aim at describing community composi-
tions of methanogenic and methanotrophic microorganisms at large spatial scales 
and at linking their abundances to potential sediment methane production (PMP) and 
oxidation rates (PMO).
Location: The study spans across 16 European streams from northern Spain to north-
ern Sweden and from western Ireland to western Bulgaria.
Taxon: Methanogenic archaea and methane-oxidizing microorganisms.
Methods: To provide a geographical overview of both groups in a single approach, 
microbial communities and abundances were investigated via 16S rRNA gene se-
quencing, extracting relevant OTUs based on literature; both groups were quantified 
via quantitative PCR targeting mcrA and pmoA genes and studied in relation to envi-
ronmental parameters, sediment PMP and PMO, and land use.
Results: Diversity of methanogenic archaea was higher in warmer streams and of 
methanotrophic communities in southern sampling sites and in larger streams. 
Anthropogenically altered, warm and oxygen-poor streams were dominated by 
the highly efficient methanogenic families Methanospirillaceae, Methanosarcinaceae 
and Methanobacteriaceae, but did not harbour any specific methanotrophic organ-
isms. Contrastingly, sediment communities in colder, oxygen-rich waters with lit-
tle anthropogenic impact were characterized by methanogenic Methanosaetaceae, 
Methanocellaceae and Methanoflorentaceae and methanotrophic Methylococcaceae 
and Cd. Methanoperedens. Representatives of the methanotrophic Crenotrichaceae 
and Methylococcaceae as well as the methanogenic Methanoregulaceae were char-
acteristic for environments with larger catchment area and higher discharge. PMP 
increased with increasing abundance of methanogenic archaea, while PMO rates did 
not show correlations with abundances of methane-oxidizing bacteria.
Main conclusions: Methanogenic and methanotrophic communities grouping into 
three habitat types suggest that future climate- and land use changes may influence 
the prevailing microbes involved in the large-scale stream-related methane cycle, fa-
vouring the growth of highly efficient hydrogenotrophic methane producers. Based 
on these results, we expect global change effect on PMP rates to especially impact 
rivers adjacent to anthropogenically disturbed land uses.

K E Y W O R D S

inland waters, methane-oxidizing bacteria, methanogenic archaea, potential methane 
oxidation, potential methane production, stream sediments

1  | INTRODUC TION

Methane (CH4) has a global warming potential 34 times higher than 
carbon dioxide (CO2) (Ciais et al., 2013) due to its efficiency in ab-
sorbing infrared radiation (Etminan et al., 2016). While sources of 
CH4 are manifold and may be natural or anthropogenic, current esti-
mates suggest that 35%–50% of global CH4 emissions originate from 
natural sources (Ciais et al., 2013). Among these sources, natural 

wetlands are the largest, followed by geological sources and fresh-
waters (running waters and lakes), with running waters contributing 
3% of the global release or 15%–40% of the efflux from wetlands 
and lakes (Stanley et al., 2016).

Biogenic CH4 is almost exclusively produced by methanogenic 
archaea (MA) during the final step of anaerobic degradation of or-
ganic matter. MA mainly produce CH4 either from H2 and CO2 (hy-
drogenotrophic pathway) or from acetate cleavage (acetoclastic 
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pathway) (Nazaries et al., 2013). Lotic waters represent important 
components of the global carbon cycle through carbon mineral-
ization into CO2 and CH4 (Stanley et al., 2016) and first studies on 
river sediments revealed the dominance of Methanosarcinales and 
Methanomicrobiales (Chaudhary et al., 2017).

Environments facilitating the occurrence of communities pro-
ducing CH4 are also typical habitats for methane-oxidizing micro-
organisms (MOX) (Kalyuzhnaya et al., 2019), which consume the 
newly synthesized CH4 as a carbon and energy source. Some MOX 
belong to archaea, perform anaerobic methane oxidation (ANME) 
and involve three distinct methanotrophic groups. Of these groups 
(ANME-1 to ANME-3), ANME-2 is further divided into four sub-
groups ANME-2 a, b, c, and Candidatus (Cd.) Methanoperedens 
(Boetius et al., 2000). Furthermore, anaerobic CH4 oxidation can 
be performed by several bacterial species belonging to the phylum 
NC10 (Ettwig et al., 2010). Aerobic CH4 oxidation, however, is car-
ried out by a heterogeneous group of obligate or facultative meth-
anotrophic bacteria (MOB) usually divided into three main types: 
Gammaproteobacteria (type I or type X), Alphaproteobacteria (type 
II) and Verrucomicrobia (type III), all with different pathways of uti-
lizing CH4 (Kalyuzhnaya et al., 2019). Aerobic MOX, often inhabiting 
anoxic–oxic interfaces such as the upper sediment layers, are known 
to support a high potential for CH4 oxidation in riverbeds (Trimmer 
et al., 2015). Furthermore, a large-scale study on methanotrophic 
communities in boreal inland waters in Canada highlighted a clear 
niche differentiation between type I and type II methanotrophs in 
water and river sediments (Crevecoeur et al., 2019). Besides these 
works on specific groups, however, the taxonomic composition/dis-
tribution of both, methanogens and methanotrophs and the respec-
tive predominant key players in different streams across ecoregions 
have not yet been examined.

While molecular approaches are helpful in analysing community 
compositions and abundances of MA and MOX, studying the net 
CH4 balance of an ecosystem also requires the quantification and 
investigation of CH4 production and oxidation processes. Studies 
measuring potential methane production (PMP) in streams, rivers 
(Bednařík et al., 2017) or river impoundments (Wilkinson et al., 2019) 
are scarce and do not necessarily link PMP rates with MA abun-
dances. However, some recent studies on PMP in stream sediments 
(Chaudhary et al., 2017; Mach et al., 2015) reported two depth- 
related PMP maxima along sediment profiles dominated by hydrog-
enotrophic methanogenesis. While these studies could not prove 

a relationship between MA abundance and PMP, others (Crawford 
et al., 2017) observed highest PMP rates in sediments enriched in 
the methane-producing mcrA-gene. Data on potential CH4 oxida-
tion (PMO) in freshwater ecosystems are also scarce (e.g. Oswald 
et al., 2015), but it was shown that PMO from river sediments in-
creased with decreasing gravel size (Bodmer et al., 2020). Additional 
drivers of such distributions and rates in stream sediments have not 
been identified so far.

To our knowledge, an in-depth investigation of taxonomic dis-
tributions and abundances of both microbial groups involved in the 
CH4 cycle and of underlying environmental conditions has not been 
carried out on large continental (European) scale. Thus, the pres-
ent study aims to (a) describe the biogeography of MA and MOX 
in stream sediments, (b) identify the dominant species within each 
functional group, (c) examine the links between environmental con-
ditions and the distribution of both MA and MOX and (d) compare 
the absolute abundances of MA and MOX with their potential meta-
bolic activities across 16 European streams.

2  | MATERIAL S AND METHOD

2.1 | Sampling design

We sampled sediments from 16 streams across 10 European coun-
tries (Table S1, Appendix S2), using the EuroRun network (Bodmer 
et al., 2019; Bravo et al., 2018). Within a representative 50 m sec-
tion of the investigated stream three patches were sampled based 
on their sediment grain size: (a) coarse (gravel, >0.2 cm to 2 cm), 
(b) medium (sand/mud, >6 μm to 2 mm), and (c) fine (silt/loam/clay, 
<6 μm; Figure 1). If not applicable, sediment patches with the widest 
range of sediment grain size were selected (coarse, medium and fine 
sediment). Particle size distributions were additionally measured in 
the laboratory to assure for a comparability of the categories across 
the streams. In most cases, the categories did not completely match 
with the measured grain sizes and, therefore, the three areas were 
considered as replicates of the same stream. Sediment surface area 
(measured) was used as parameter describing the within-stream 
sediment heterogeneity (see chapter 2.2.)

From each of the three stream replicates (patches), 10 sediment 
cores were sampled with cut-off 100 mL syringes (diameter: 3.6 cm), 
avoiding sediment vertical profile disturbance or compression. To 

F I G U R E  1   Conceptual figure of 
the sampling design at European, 
stream reach and site-specific scale. 
PMP = samples retrieved for potential 
methane production measurements, 
PMO = samples retrieved for potential 
methane oxidation measurements, 
DNA = samples retrieved for qPCR and 
sequencing. Map in Lambert Conformal 
Conic projection
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gain insight into microbial spatial preferences resulting from ox-
ygen availability, cores were split into two samples from different 
depths (0–3 cm and 6–9 cm below the surface water interface), 
and transferred to 30 mL glass vials. Samples were stored at 4°C 
and shipped to the respective laboratories (University of Koblenz-
Landau, Germany: PMP, sediment nitrogen and organic carbon con-
tent; University of Basel, Switzerland: PMO; University Innsbruck, 
Austria: molecular work) the following day. Three parallel samples 
of each sediment layer per patch were combined to form one com-
posite sample of each depth, and an aliquot was taken for DNA 
extraction (n = 96; stored at −20°C; processed 7–21 days after sam-
pling; Figure 1). Furthermore, three 0-3cm sediment samples per 
sediment patch were used for PMO measurements (n = 144; stored 
at 3°C; processed 5–8 days after sampling), and both sediment layers 
of four sediment samples per patch were used for PMP measure-
ments (n = 384; stored at 4°C; processed 3–10 days after sampling; 
Figure 1).

2.2 | Physical and chemical parameters

The upstream catchment area, elevation (metres above sea level), 
Strahler stream order (Strahler, 1952), and land use within the catch-
ment were taken from Bravo et al. (2018), which covered the same 
sites (Table S1, Appendix S2). Land use within the catchment was 
further simplified after inspection via principal component analysis 
(PCA; see section 2.7) by unifying the classes 'urban' and 'agriculture' 
as well as 'forest' and 'others' into 'anthropogenically altered' and 
'natural' respectively. As those two variables represented co-corre-
lating values, only 'natural' was used for those analyses influencea-
ble by correlating descriptor variables (i.e. redundancy analysis; RDA 
and generalized linear mixed models; GLMMs). Besides these land-
scape variables, hydromorphological features were measured with 
standard methods (see Method S1, Appendix S3), including wetted 
stream width (m), cross-sectional area (m2), water depth (m), stream 
area (m2), discharge (m3 s−1), mean flow velocity (ms−1) and channel 
slope (%).

Physical and chemical parameters (pH, surface water oxygen 
concentration [mg/L], conductivity [µScm−1] and temperature [°C]) 
were measured with standard methods during daytime in the middle 
of the stream (Table S2, Appendix S2 for devices used at individual 
sites).

Particle size distribution was measured from a subsample of 
each PMP sample at the Thuringian Particle Size Laboratory using a 
Beckman-Coulter LS 13,320 PIDS following (Machalett et al. 2008; 
Method S2, Appendix S3). To estimate the area potentially coloniz-
able by microorganisms, sediment surface area (cm2 cm−3) was calcu-
lated using the mean size of each particle class assuming a spherical 
particle shape.

Sediment nitrogen and organic carbon content (expressed as 
weight percent of dry sediment) was measured from PMP samples 
after the incubation period by dry combustion (Vario MICRO Cube, 
Elementar Analysensysteme GmbH), assuming the consumption 

under anoxic conditions in this period of time to be negligible 
(Method S3, Appendix S3).

2.3 | Potential methane production and potential 
methane oxidation

PMP was measured according to Wilkinson et al. (2019) and PMO 
according to Steinle et al. (2016) and Su et al. (2019). In brief, for 
PMP, the sediment was incubated for 5 weeks in an air-tight vial at 
16°C in the dark. Headspace gas samples were analysed weekly with 
an ultraportable greenhouse gas analyser and PMP was calculated 
from the linear increase in CH4 partial pressure over time (g CH4 m−3 
fresh sediment d−1).

For PMO, fresh sediment samples were amended with trace 
amounts of 14C-labelled aqueous CH4 and incubated in the dark for 
~3 days at room temperature. Incubations were stopped with 20 mL 
2.5% sodium hydroxide and PMO (%CH4 d−1) was assessed by 14CH4 
combustion and 14CO2 acidification. Further details are given in the 
supplement (Method S4, Appendix S3).

2.4 | DNA extraction

DNA was extracted from approx. 500 mg fresh composite sediment 
sample for each depth using the Nucleo Spin® Soil Kit (Macherey-
Nagel). DNA quality was checked on 1% (w/v) agarose gels using 
GelGreen™ staining (Biotium Inc.,) and quantity was measured using 
a Quantus™Fluorometer and the QuantiFluor® Dye System for dou-
ble-stranded DNA (dsDNA; Promega).

2.5 | qPCR

Quantitative PCR (qPCR) was conducted using the SensiFastTM 
SYBR No-Rox Kit (Bioline, UK) on a Corbett Life Science Rotor-
GeneTMQ system (Qiagen). Total mcrA-genes of MA were deter-
mined using the primer set mlas/mcrA-rev (469bp) (Steinberg and 
Regan, 2009) and the abundance of pmoA gene of type Ia and type 
II methane-oxidizing bacteria with the primer pairs A189f/Mb601r 
(432bp) and II223f/II646r (444bp) (Kolb et al., 2003; Cai et al., 2016; 
Praeg et al., 2020; see Table S3, Appendix S2 for cycling condi-
tions). Detailed qPCR-related information is given in the supplement 
(Method S5, Appendix S3). In contrast to the sequencing, the qPCR 
approach does not include ANME and the quantified group tar-
geted with the pmoA is thus abbreviated as MOB (without archaea). 
Thereby, the separate investigation of type I and type II MOB pro-
vides (more) detailed information on methanotrophic physiology 
(Trimmer et al., 2015) and total methanotrophs can be quantified to 
a large extend by the aforementioned primer pairs (Cai et al., 2016; 
Kolb et al., 2003; Praeg et al., 2020). Thus, gene copies of type Ia 
and type II MOB were summed to represent an approximation to the 
total MOB gene copy number.
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2.6 | 16S rRNA gene sequencing and bioinformatics

For this first study investigating the biogeography and diversity of 
all microorganisms driving the CH4 cycle within stream sediments 
across Europe, we sequenced the 16S rRNA gene as a target, 
providing a broad overview of all present microbial taxa includ-
ing MA and MOX in equal measure. The gained rarefaction curves 
(Figure S1, Appendix S1) exhibited a high depth of 16S rRNA 
gene sequencing suitable for in-depth interpretation. Although 
targeting of functional marker genes might yield more informa-
tive sequence reads, the used primer set makes the results highly 
comparable to existing 16S rRNA-based studies and a careful in-
terpretation of the results offers noticeable first insights on the 
diversity of methanogens and methanotrophs across European 
stream sediments.

A total of 96 DNA extracts resulting from (composite) 
triplicates of 16 streams and two depths was subjected to 
high-throughput amplicon sequencing on an Illumina MiSeq 
platform (v2) performing a 300 bp paired-end run and simulta-
neously targeting bacteria and archaea via the V4 region of the 
16S SSU rRNA gene (StarSEQ) using the 515f/806r primer system 
(Caporaso et al., 2011).

Sequence data were processed applying the CoMA pipeline, 
a pipeline for amplicon sequencing data analysis based on var-
ious applications such as Qiime, Mothur and others (Hupfauf 
et al., 2020). In brief, merging of paired-end reads and trimming 
of barcodes and primers were done using the recommended 
settings. High-quality reads were selected to show <5% devi-
ation from the mode sequence length and at least 99.7% base 
call accuracy (phred score ≥25). Sequences were aligned apply-
ing a 97% similarity level and assigned taxonomically using the 
blast algorithm against SILVA SSU (release 132) and Greengenes 
(release 13_5) as primary and backup databases respectively. 
Operational taxonomic units (OTUs) represented by only one 
read within all samples were excluded and samples were subsam-
pled to 73'249 reads after rarefaction analysis, thereby dropping 
two samples (FRA1_1_2_B and FRA1_1_2_C) with considerably 
lower read numbers (37'630 and 34'099 reads, respectively). 
After even-sampling, OTUs assigned to MA and methane-oxi-
dizing microorganisms (containing both, archaea and bacteria 
and therefore abbreviated as MOX) as listed in recent literature 
(Kalyuzhnaya et al., 2019; Nazaries et al., 2013) were extracted 
and used for subsequent analyses.

2.7 | Data analysis

2.7.1 | Environmental data

To reduce the dimensions of the multivariate dataset and explore the 
environmental conditions of the streams, a PCA was performed using 
the FactoMineR and factoextra packages (Kassambra & Mundt, 2017; 
Lê et al., 2008; R Core Team, 2018).

2.7.2 | Community data

Differences among the community structure of all sequenced 
OTUs from different sediment depths (0–3 cm, 6–9 cm) and varia-
tion in community composition as a function of stream and depth 
were tested with one-way and two-way PERMANOVA (using 
Adonis function) with 9,999 permutations, based on Bray–Curtis 
dissimilarity matrix of both MA and MOX communities using the 
vegan package (Oksanen et al., 2019). As sampling depth had no 
significant influence on the community composition of MA or 
MOX, subsequent analyses were performed on sequencing data 
of both sampling depths combined (n = 96); α-diversity was in-
spected calculating Shannon index and OTU richness (Chao-index) 
using the Mothur software pipeline v.1.39.0 (Schloss et al., 2009) 
and averaging their distribution on family-level in each stream 
(i.e. combining the three composite samples per sediment depth 
of the three sampled patches). The top 5 families in each stream 
were determined by calculating mean ranks of all families, and 
 β-diversities were studied performing an NMDS with Bray–Curtis 
dissimilarities on OTU-level of MA and MOX including both sedi-
ment layers.

Univariate relationships between log-transformed relative read 
numbers of MA and MOX families with each other and with envi-
ronmental variables were examined with Pearson correlation ta-
bles using the corrplot package and a significance level of 1% (Wei 
et al., 2017). Correlation between environmental variables and MA 
and MOX communities were determined via redundancy analyses 
(RDA) with 499 unrestricted permutations on log-transformed read 
numbers using the default interactive forward selection mode in 
Canoco5 (Šmilauer & Lepš, 2014), considering only one representa-
tive of each co-correlating group of environmental variables (identi-
fied in the PCA, see above).

2.7.3 | Gene abundance data

Relationships between abundance of MA and MOB, between PMP 
and MA, and between PMO and MOB were explored using general-
ized linear models (GLMs) on log-transformed data. Differences in 
gene copy numbers at different depths were tested using pairwise 
comparisons (paired student's t test) in all technical replicate sam-
ples with the package ggpubr (Kassambra, 2018). Since the depth 
effect was negligible (small significant effect for MOX only, see re-
sults section 3.5), both depth levels were combined for subsequent 
analyses. Differences of gene copy numbers between individual 
streams were evaluated using Kruskal–Wallis rank sum test and 
best correlating stream-scale variables were identified with GLMs 
on the data aggregated by stream (n = 16) with forward selection 
based on Bayesian information criterion, using a log link function 
and considering multicollinearity between predictors. Generalized 
linear mixed models (GLMMs) were used to disentangle the site-
specific environmental drivers of MA and MOB gene copy numbers, 
while considering stream-scale differences (n = 96). Hence, stream 
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identity was considered as a random effect and the following site-
specific variables were included as fixed effects: sediment nitrogen 
and organic carbon content, sediment surface area, and sediment 
C:N ratio. Various models with different combinations of fixed ef-
fects were constructed using the packages lme4 (Bates et al., 2015) 
and r2glmm (Jaeger, 2017), while avoiding multicollinearity (checked 
using the package corrplot; Wei et al., 2017). The final GLMM for the 
two dependent microbial communities (MA and MOB) was selected 
based on the GLMMs fit by examining both the mixed effect mod-
els conditional R2 (Nakagawa & Schielzeth, 2012) and the prediction 
quality of gene copy numbers (correlation between observed and 
predicted gene copies). The importance of each environmental vari-
able was evaluated using the percentage of explained variation.

3  | RESULTS

3.1 | Environmental data

The PCA (Figure 2; Tables S1, S4 in Appendix S2) revealed the in-
fluence of hydromorphological stream characteristics and physico-
chemical water properties on the first axis (Figure 2). The second 
axis discriminated the samples based on grain size distributions and 
sediment organic carbon content. Axis 1 ordered samples according 
to site and latitude and axis 2 separated different sediment types 
within streams (i.e. coarse, medium and fine sediment patches).

3.2 | Alpha- and beta-diversity of MA and MOX 
communities in streams across Europe

Total 16S rRNA read numbers ranged from 73'249 to 140'000 per 
sample. Of all reads, a mean of 728 (1.0%) belonged to MA and 
799 (1.1%) to MOX. There were no significant differences in over-
all microbiome composition of all sequenced operational taxo-
nomic units (OTUs; including all bacteria and archaea) between 

samples from 0–3 cm and 6–9 cm sediment depths, as tested with 
PERMANOVA.

MA reads were assigned to 11 families, with Methanoregulaceae, 
Methanosaetaceae, Methanosarcinaceae and Methanobacteriaceae 
being relatively most abundant (Figure 3a,c), based on the num-
ber of reads. MA diversity ranged from 10 to 33 OTUs and over a 
Shannon index from 1.6 to 2.9 (Figure 3a; Table S5 in Appendix S2). 
MA species richness and diversity were positively correlated with 
water temperature (Pearson`s r = 0.45, p < 0.01) and catchment 
area (Pearson`s r = 0.48, p < 0.01), respectively, while they were 
negatively correlated with increasing natural land cover percent-
ages within the catchment (r = −0.48 and r = −0.5, resp., p < 0.01; 
Figure S2 in Appendix S1).

For MOX, OTUs were assigned to eight different families, 
with bacterial Methylococcaceae, unclassified Methylococcales, 
Methylocystaceae, Cd. Methylomirabilis and the archaeal clade Cd. 
Methanoperedens being most abundant (Figure 3b,d; Table S5, 
Appendix S2). Within MOX, significant differences in read numbers 
between both sampling depths (0–3 versus. 6–9 cm) were found for 
Cd. Methanoperedens as well as Cd. Methylomirabilis, yielding higher 
relative abundances in deeper sediment samples (Mann–Whitney 
U, p < 0.01, Table S5, Appendix S2). For other families including 
Methylocystaceae, CABC2E06, Crenotrichaceae and plW-20, differ-
ences were less pronounced (p = 0.014, p = 0.017, p = 0.034 and 
p = 0.023, respectively), but all families displayed lower read num-
bers in the deeper sediment layer. Similarly, read numbers of anaer-
obic methane oxidizers (i.e. the sum of Cd. Methanoperedens + Cd. 
Methylomirabilis reads) were significantly higher within the deeper 
sediment layer (Mann–Whitney U, p < 0.01), while read numbers of 
aerobic methane oxidizers did not differ significantly between both 
sampling depths. MOX OTU numbers ranged from 12 to 64 and di-
versities from 0.5 to 2.7, with diversity being significantly correlated 
with geographical latitude (Pearson`s r = −0.51, p < 0.01), stream 
area (Pearson`s r = 0.51, p < 0.01), wetted stream width (Pearson`s 
r = 0.49, p < 0.01) and channel slope (Pearson`s r = 0.46, p < 0.01, 
Figure S2, Appendix S1).

F I G U R E  2   Principal component 
analysis plot of the first two dimensions 
based on all combined environmental 
data collected at two depths (0–3 and 
6–9 cm depth) of three patches in 
each stream. Sample sites are coloured 
according to geographical latitude with 
SWE1_1 representing the northernmost 
and ESP2_3 the southernmost sampling 
points. Further information about units is 
listed in Tables S1 and S4 in Appendix S2. 
Proportions of explained variance of both 
dimensions are given in brackets
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F I G U R E  3   Mean biogeography of (a,c) methanogenic archaea (MA) and (b,d) methane-oxidizing bacteria and archaea (MOX) based 
on combined data from 0 to 3 and from 6 to 9 cm sediment depth in streams across Europe. a) and b) show relative α-diversities at family 
level with sampling sites ordered by geographical latitude. The line represents the Shannon Index. (c and d) show the top 5 families across 
European streams selected by mean rank of each family among all sites. Pie charts show percentages of reads belonging to MA or MOX. 
Map in Lambert Conformal Conic projection
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3.3 | Correlations among taxonomic groups and 
with environmental variables

The separation of communities via NMDS illustrated a more ho-
mogeneous composition of MA compared to MOX. The latter 
formed clusters that are more distinct among sampling sites and 
roughly grouped according to their geographical latitude (Figure S3, 
Appendix S1), but both groups exhibited a wide range of within-
stream variability, which is linked to both the sampling depth and 
patch-specific environmental constraints. According to the two-way 
PERMANOVA, the affiliation to a certain stream had a significant 
effect on both, MA and MOX (PERMANOVA, p < 0.01), while the 
sampling depth was found to be marginally influential only for MOX 
(PERMANOVA, p = 0.032) and no significant interaction effect was 
found.

The best (and significant) subset of the environmental variables to 
summarize the variation in species composition (identified via inter-
active forward selection in RDA) accounted for an adjusted explained 
variation of 39.5% (MA) and 55.4% (MOX; Figure 4a,b). MA com-
munities in more anthropogenically altered and warm environments 
with increased pH were represented by various Methanospirillum 
spp., by members of the family Methanosarcinaceae and by a variety 

of taxa belonging to Methanobacteriaceae (Figure 4a), while no rep-
resentative MOX community was established within comparable en-
vironments (Figure 4b).

Communities in well-oxygenated streams in natural land 
cover dominated catchments were characterized by MA groups 
Methanosaeta spp., Methanocellaceae and Methanoflorentaceae, 
and by many MOX of the family Methylococcaceae, of unassigned 
Methylococcales and, interestingly, by various Cd. Methanoperedens 
(Figure 4a,b).

For both, MA and MOX, another well-separated community 
was also found in streams draining larger catchments with high 
discharge (mainly sampling site DEU1_1) featuring MA representa-
tives Methanosaeta spp., Methanolinea spp. and Mehanoregula spp. 
and MOX representatives Methylocaldum spp. and Crenothrix spp. 
(Figure 4a,b).

Generally, relative read numbers of MA were mostly influenced 
by environmental parameters reflecting climatic conditions such as 
latitude and water temperature, while MOX read numbers correlated 
with surface water oxygen saturation and stream area (Figure S2a, 
Appendix S1). Moreover, identified positive and negative relation-
ships within and between MA and MOX families are reflecting the 
grouping in the RDA (Figure S3, Appendix S1).

F I G U R E  4   Triplots of redundancy analysis (RDA) of MA (top) and MOX (bottom) sequences from stream sediments in 0–3 and in 6–9 cm 
depth. Significant environmental parameters selected by forward selection are depicted and are grouping operational taxonomic units (OTU) 
as well as samples (sediment patch and depth) towards their predominant environmental characteristics and preferred habitats respectively. 
Explained variations of each axis are given as percentage of all eigenvalues. The stream-ID colour code refers to circles and the OTU colour 
code to labels
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3.4 | Methane production and oxidation potentials

PMP rates ranged from 9.7 × 10−5 g CH4 m−3d−1 (IRL1_1) to 9.46 g 
CH4 m−3d−1 (CZE1_2) and PMO rates from 1.7 × 10−4% CH4 d−1 
(SWE1_1) to 0.32% CH4 d−1 (IRL1_1; Table S5, Appendix S2). PMP 
rates did not differ significantly between both sediment depths, with 
mean values of 1.61 ± 0.69 at 0–3 cm and 0.56 ± 1.58g CH4 m−3d−1 
at 6–9 cm.

3.5 | Gene abundance data

Abundance of mcrA-gene ranged from 3.1 × 101 to 3.2 × 107 gene cop-
ies g fresh weight−1, type Ia MOB gene abundances from 2.82 × 102 
to 2.55 × 107 and type II MOB from 5.98 × 102 to 6.8 × 107 gene 
copies g fresh weight−1 (Table S5, Appendix S2). While mean copy 
numbers of all genes were lower in the deeper sediment samples 
(mcrA: 2.6 × 106 versus. 2.5 × 106 type Ia: 3.3 × 106 versus. 2.1 × 106 
type II: 4.3 × 106 versus. 2.1 × 106), the effect of sampling depth was 
not significant.

Gene copy numbers of mcrA-genes were correlated with both 
single MOB-deriving gene abundances (R2 = 0.670, p < 0.001 

for type Ia; R2 = 0.348, p < 0.001 for type II; Figure 5a,b) and to 
the cumulative MOB gene copy numbers (R2 = 0.594, p < 0.001 
Figure 5c), forming a LOG–LOG relationship. Similarly, mcrA-gene 
copy numbers showed a positive LOG–LOG correlation with PMP 
rates (R2 = 0.394, p < 0.001, Figure 5d). A correlation between PMO 
rates and both MOB-related gene abundances was not detected 
(Figure 5e,f).

Cumulative MOB gene copy numbers were significantly higher 
in upper sediment layers of each sample (paired Student's t test, 
p < 0.01, Figure S5, Appendix S1), although the difference was only 
marginal.

Gene abundances of MA and cumulative MOB differed among 
sampled streams (Kruskal–Wallis χ2 = 59 and 46, p < 0.05), with 
higher numbers in streams draining larger catchment areas (linear 
model, p < 0.05; Table S6, Appendix S2). Discharge correlated posi-
tively with catchment area and was therefore not considered as po-
tential predictor. Within streams, the number of MA gene copies was 
positively related to sediment organic carbon content and sediment 
surface area, while MOB gene copies were positively related with 
sediment organic carbon content (Table S6, Appendix S2). Overall, 
the increasing explanatory power of GLMMs due to the inclusion 
of site-scale variables (increasing R2, from 0.55 to 0.65 for MA and 

F I G U R E  5   Correlations of log-transformed mcrA-gene abundances of methanogenic archaea and type Ia MOB (a), type II MOB (b), 
cumulative MOB (c) and potential methane production rates (PMP) (d). Relation of type Ia (e) and type II MOB (f) and potential methane 
oxidation rates (PMO). MOB = methane-oxidizing bacteria. MA = methanogenic archaea. Colours refer to sampled streams described in 
Figure 2, circles to sediments sampled at 0–3 cm depth and squares to sediments sampled at 6–9 cm depth. Slope and intercept of the fitted 
lines are only reported for significant (p < 0.05) relationships
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from 0.44 to 0.54 for MOB; Table S6, Appendix S2) indicated pos-
itive correlations between gene copies and organic carbon content 
and/or surface area within streams, while the overall gene copy 
number differed among streams. No other parameter showed sig-
nificant relationships with response measures, but nitrogen content 
was significantly correlated with organic carbon content and was 
therefore excluded from the model.

4  | DISCUSSION

4.1 | Environmental constraints

A major interest in microbial ecology is the identification of biogeog-
raphy, shaped by processes such as habitat filtering, dispersal, drift 
and mutation. In that context, we demonstrate a biogeographic pat-
tern of methanotrophic and methanogenic communities associated 
with geographic dispersal and environmental influences, identify 
dominant taxa within each functional group, and compare the abso-
lute abundance of MA and MOX with their potential activities within 
16 stream sediments across a latitudinal and longitudinal distance 
of 2'700 km. Streams were separated in two groups based on envi-
ronmental conditions (first PCA component, Figure 2). 'Environment 
1' represents warm streams with large stream areas, high conduc-
tivity and low surface water oxygen concentrations, draining catch-
ments with high proportions of agricultural and urban land cover . 
In contrast, 'Environment 2' is cold, medium- to small-sized streams 
with low conductivity and pH, high surface water oxygen concentra-
tions and less agricultural and urban land use within their catchment 
(Figure S4, Appendix S1). These two most diverging environments 
should be kept in mind for the following discussion, which evaluates 
if these encountered habitat diversities are mirrored in MA and MOX 
biogeography.

4.2 | MA and MOX biogeography and diversity

4.2.1 | Methanogenic archaea

The four dominating MA families were comparable to those 
found in other sediment-related studies (Mach et al., 2015): 
Methanoregulaceae are ubiquitous and abundant in many habitats 
(Yang et al., 2017). They perform hydrogenotrophic methanogenesis 
similar to Methanobacteriaceae, the dominant archaeal group within 
lake ecosystems (Fan & Xing, 2016). Across the studied streams, rela-
tive abundances of Methanosarcinaceae and Methanosaetaceae were 
negatively correlated, probably due to their shared capacity to per-
form acetoclastic methanogenesis and the resulting competition for 
the same niche. Of these, relative abundance of Methanosarcinaceae 
was higher in southern sampling sites, probably due to their versatile 
metabolic capabilities that allow them to adapt to the presence of 
other substrates besides acetate (Nazaries et al., 2013). Furthermore, 
they likely experience growth advantages over Methanosaetaceae, as 

acetate has been shown to be a major precursor of CH4 particularly 
under low-temperature conditions (Nozhevnikova et al., 2007).

The higher MA diversity and richness (Figure S2a, Appendix S1) 
at higher temperatures and larger catchment areas are probably due 
to a higher variability in nutrient sources and niches to be exploited. 
Similarly, lower anthropogenic influence generally limits the nutri-
ent input into streams (Withers & Lord, 2002), explaining the overall 
lower diversity and richness of MA in streams with higher natural 
catchment proportions.

4.2.2 | Methane-oxidizing microorganisms

In accordance with previous studies, the predominant family of MOX 
across European streams was represented by Methylococcaceae 
(Costello et al., 2002), whereas a considerable number of OTUs (30) 
was unassigned Methylococcales (Figure 3). The order and the family 
are both type I MOB, while Methylobacteriaceae, the second most 
abundant family, is a representative of type II MOB, each type in-
habiting a different niche. The general predominance of type I over 
type II MOB in freshwater sediments is consistent with previous 
findings (Costello et al., 2002). In contrast, the increased relative 
abundances of type II over type I MOB applied to all Spanish and 
Austrian samples (and GBR_1_1) was also reflected in the MOX com-
munity since the aforementioned streams clustered separately in the 
NMDS (Figure S3b, Appendix S1). For Spanish sites within mostly 
agricultural catchments, this might be explained by a potential eu-
trophication favouring type II MOB (Yang et al., 2019). Next to the 
aerobic type I and type II MOB, anaerobic CH4-oxidizing archaeal 
Cd. Methanoperedens occupied anaerobic niches as corroborated 
by their higher abundance in deeper sediment layers. Deeper lay-
ers are typically supplied with less oxygen than the layers at the 
sediment-water interface, which also explains the higher abundance 
of the second anaerobic MOX representative, Cd. Methylomirabilis. 
Accordingly, Cd. Methanoperedens seems to benefit from higher 
surface areas (i.e. smaller particle sizes), leading to more anaerobic 
niches within those sites.

The diversity of MOX was mainly correlated with variables de-
scribing stream size (e.g. wetted stream width, stream area) and geo-
graphical latitude, with larger, southern streams exhibiting a higher 
diversity, probably due to a higher spatiotemporal variability in nu-
trients inputs of such streams draining larger catchments (Wilhelm 
et al., 2015).

4.3 | Climate and land use drive methanogenic and 
methanotrophic community compositions

4.3.1 | Methanogenic archaea

Compared to MOX, MA showed a more homogeneous distribu-
tion across European streams, although PERMANOVA confirmed 
that there were significant differences among sampled streams. On 
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the one hand, 'environment 1' streams showed MA communities 
mostly harbouring hydrogenotrophic members (Methanospirillaceae 
and Methanobacteriaceae) and the metabolically and physiologi-
cally versatile Methanosarcinaceae, which were negatively corre-
lated with geographical latitude. On the other hand, acetoclastic 
Methanosaetaceae and hydrogenotrophic Methanocellaceae oc-
curred in 'environment 2' streams (Figure S4, Appendix S1). The oc-
currence of methanogens in partly oxygenated soils and sediment 
has been acknowledged in upland soils (Angel et al., 2011), wetland 
sediments (Angle et al., 2017; Steinle et al., 2017) and lakes (Grossart 
et al., 2011) and in many cases they are dominated by the order 
Methanocella, due to its ability to detoxify reactive oxygen species 
(Angel et al., 2011).

Land use and land cover changes generally increased over the past 
decades and are mainly attributed to conversion of natural ecosystems 
to agricultural or urban areas (Hurtt et al., 2011). In that context, our 
results suggest that an ongoing increase of anthropogenic catchment 
alteration might result in altered MA communities with increased abun-
dances of species characteristic for the defined 'environment 1'. Due 
to their diverse metabolic capacities and since their metabolic activity 
depends on the type and quantity of present substrates, altered CH4-
production rates are difficult to estimate. Our results suggest, how-
ever, that increasing stream temperatures lead to higher abundances 
of methanogens that use CO2 and H2 as substrates, a highly efficient 
CH4-production pathway (Lackner et al., 2018). On the other hand, rel-
ative abundances of Methanocellaceae and Cd. Methanoflorentaceae, 
the latter being a hydrogenotrophic group dominating partially thawed 
and cold environments (Mondav et al., 2014), typically decrease with 
increasing stream temperatures, and might, thus, be negatively im-
pacted by climate change.

Irrespective of water temperature and human impact, sediments 
of high-discharge streams featuring large catchments ('environment 3'; 
Figure S4, Appendix S1) harboured a high proportion of the methano-
genic family Methanoregulaceae, dominated by the genera Methanolinea 
and Methanoregula. The large catchment areas may provide more di-
verse nutrients, promoting the aforementioned genera. In addition, the 
family Methanoregulaceae is used as a proxy for freshwater influence in 
the marine realm (Yang et al., 2017). Since the occurrences of this family 
were higher in high-discharge streams, Methanoregulaceae might be an 
indicator family of fresh water supply also in streams.

4.3.2 | Methane-oxidizing microorganisms

As the major biological sink for CH4, MOX attenuate the rivers' 
CH4 production within the water column and the sediment (Shelley 
et al., 2015). In this study, MOX communities were more distinct 
among streams than MA communities (Figure S3, Appendix S1). In ad-
dition, the sampling depth influenced the species composition, most 
probably due to the changed oxygen supply. Indeed, redundancy 
analysis identified oxygen as important environmental parameter 
shaping the MOX community composition. Typical representatives 
of oxygen-rich 'environment 2' streams were Methyloglobulus spp. 

and other representatives of the family Methylococcaceae (Figure 4), 
all belonging to type I MOB, performing the ribulose monophos-
phate pathway for carbon assimilation and requiring oxygen for 
CH4 activation (Kits et al., 2015). Oshkin et al. (2014) showed that 
type I MOB dominate cold floodplains of Siberian rivers and feature 
a large proportion of psychrotolerant methanotrophs, which fits to 
their higher abundance in the 'environment 2'. MOX utilize CH4 as 
their sole carbon and energy source at the sediment-water interface 
when oxygen from bottom waters is available as electron acceptor. 
In case of oxygen depletion and the presence of alternative electron 
acceptors, methane oxidation can be performed by anaerobically 
(ANME). The redox state, driven significantly by oxygen concentra-
tion, is a major environmental factor influencing microbial activity 
and diversity. ANME is mostly coupled to the reduction of iron, man-
ganese, sulphate and nitrate (Boetius et al., 2000). Interestingly, Cd. 
Methanoperedens was also a typical representative of oxygen-rich 
environments in this study, although it is an ANME methanotroph 
mediating nitrate-dependent anaerobic CH4 oxidation. It featured, 
however, higher abundances in the deeper sediment layer. This 
genus can counteract oxidative damage and adapt to regular oxygen 
exposure (Guerrero-Cruz et al., 2018).

Referring to the generally ongoing land use changes, increasing 
the agricultural and urban land cover in many European stream catch-
ments (Hurtt et al., 2011), together with the accelerated warming of 
stream water, the here presented MOX community of 'environment 
1' may gain importance in the future. This finding is supported by a 
recent study postulating that climate controls microbial functional 
gene diversity in streams at large spatial scales (Picazo et al., 2020). 
However, 'environment 1' did not harbour any conspicuous MOX 
except a few representatives of Cd. Methylomirabilis and of the 
genus Methylogobulus (Methylococcaceae), probably reflecting the 
importance of other drivers that we did not measure. Rather, MOX 
communities formed an additional cluster including high-order and 
high discharge streams draining large catchments ('environment 3'; 
Figure S4, Appendix S1). This environment is preferentially inhabited 
by Methylocaldum spp., a genus able to fix CO2 in addition to CH4 
(Group X), and Crenothrix spp., an important type I MOB described 
in Swiss lakes (Oswald et al., 2017).

4.4 | Gene abundances and their relation to 
PMO and PMP

The logarithmic relationship between MA and MOB gene copies sug-
gests a close dependency of CH4-oxidizing bacteria with the occur-
rence of methane-producing archaea (Figure 5). However, type I MOB 
showed a higher dependency on the occurrence of MA than type II 
MOB. One possible explanation is that some representatives of type 
II MOB (e.g. Methylocystis and all Methylobacteriaceae) are faculta-
tive methanotrophs and capable of growing on carbon sources other 
than CH4 (Dedysh & Dunfield, 2011), while sufficient CH4 availabil-
ity is a prerequisite for the proliferation of type I MOB. Further, the 
'low- affinity' CH4 oxidation kinetics of type I methanotrophs, enabling 
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high oxidation of CH4 at concentrations well above atmospheric levels 
might additionally explain this different relationship. In contrast, type 
II MOB has their niche in resource limited habitats (Cai et al., 2016).

According to the GLMM, organic carbon supply and thus nu-
trient availability within streams is positively related to the abun-
dance of both, MA and MOB, while MA abundance additionally 
depends on sediment surface area. The latter dependency may 
reflect the general affinity of MA to anaerobic microhabitats 
formed to a higher degree in fine sediments (Higashino, 2013). 
The significant positive relationship between gene abundance 
and catchment area indicates that streams draining larger catch-
ments receive more diverse nutrient species and provide higher 
nutrient availability and number of present niches for a wider 
range of organisms (Kosek et al., 2019).

Across European stream sediments, gene abundances of MA 
showed a significant positive correlation with PMP rates (Figure 5d), 
clearly linking the microbial abundances to its function by forming a 
LOG–LOG relationship. However, a slope of <1 suggests that with 
more methanogenic gene copies, the PMP is slightly lower as compared 
to smaller gene copy numbers. Thus, increased gene copy numbers 
within the investigated environmental DNA are not linearly correlated 
with activity. This is most probably due to extracellular DNA being pro-
duced with increasing activity, and/or due to changing counts of mcrA-
gene copies in the genome of different MA species (Nagler et al., 2018). 
Similarly, Mach et al. (2015) were not able to link PMP and mcrA-gene 
copy numbers in river sediments due to a regulation of PMP on the MA 
RNA or activity level rather than their absolute abundance.

In contrast to these findings, no significant relationship was 
found between PMO rates and MOB gene abundances. This find-
ing, however, must be interpreted with care as not all MOX have 
been targeted with the qPCR and type Ib MOB (mostly represented 
by Methylocaldum spp. and Cd. Methanoperedens) have not been 
quantified although they might represent an important share of all 
MOB according to the sequencing results. Besides this, there are 
several possible explanations for a lack of a clear relationship be-
tween PMO and MOB: (a) RNA or activity level of MOB might be a 
better indicator than absolute abundance (Mach et al., 2015), (b) al-
ternative pathways might be carried out to gain energy since many 
MOB are non-obligatory CH4 oxidizers, (c) current methods are 
unable to distinguish aerobic from anaerobic PMO, while the sed-
iment composition might lead to a higher proportion of either aer-
obic or anaerobic PMO through differences in oxygen availability 
(Higashino, 2013). Hence, the different pathways and efficiencies 
of aerobic and anaerobic PMO might not allow a simple relationship 
between abundance and PMO.

4.5 | Conclusions

Our results demonstrate that the methanogenic and methanotrophic 
communities of the investigated European streams mainly group 
into three habitat types characterized by different abiotic condi-
tions and catchment characteristics. Such distinguishable microbial 

communities suggest, that future climate- and land use changes may 
influence the prevailing microbes involved in the large-scale stream-
related CH4 cycle. Increasing water temperatures as consequence of 
climate change in combination with agricultural intensification and 
urban land use might thereby lead to higher abundances of highly 
efficient hydrogenotrophic CH4 producers (i.e. Methanospirillaceae, 
Methanobacteriaceae and Methanosarcinaceae), while the expected 
changes for CH4 consumers are less clear and seem to be more de-
pendent on site specificities. In that context, this study gives a first 
overview of MA and MOX biogeographical patterns in stream sedi-
ments. However, additional in-depth studies are needed to further 
affirm our findings. The links between sediment organic carbon con-
tent and MA/MOB abundance, and between MA abundances and 
PMP rates emphasize the importance of nutrient input for the CH4 
cycle in streams, with potential consequences for the overall CH4 
emissions from running waters. While many previous studies high-
lighted the general importance of nutrient effects on CH4 cycling 
(reviewed by Stanley et al., 2016), our results suggest, that these 
effects are mediated by changes within the microbial communities, 
whose composition and activity regulate this cycle.
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