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Abstract
Background: Globally, streams emit significant amounts of methane, a highly potent greenhouse gas.
However, little is known about the stream sediment microbial communities that control the net methane
balance in these systems, and in particular about their distribution and composition at large spatial
scales. This study investigated the diversity and abundance of methanogenic archaea and methaneoxidizing microorganisms across 16 European streams (from northern Spain to northern Sweden and
from western Ireland to western Bulgaria) via 16S rRNA gene sequencing and qPCR. Furthermore, it
examined environmental factors influencing both abundance and community composition and explored
the link to measured potential methane production and oxidation rates of the respective sediments.
Results: Our results demonstrated that the methanogenic and methanotrophic microbiomes of the
studied European streams were linked to both the temperature and degree of anthropogenic alteration.
The microbiomes could be separated into two to three groups according to environmental factors at both
stream and catchment scales. Main methanogenic taxa found within more anthropogenically-altered,
warm, and oxygen-poor environments were either Methanospirillum spp. or members of the families
Methanosarcinaceae and Methanobacteriaceae . Within such environments, methane oxidizing
communities were strongly characterized by members of the family Methylobacteriaceae ( Meganema
spp. and Microvirga spp.). Contrastingly, communities in colder environments rich in oxygen and with
relatively little anthropogenic impact at the catchment scale were characterized by the methanogenic
Methanosaetaceae , Methanocellaceae and Methanoregulaceae and the methanotrophic
Methyloglobulus spp ., members of the CABC2E06 group (all Methylococcaceae ) and by various
Candidatus Methanoperedens. Overall, diversity of methanogenic archaea increased with increasing
water temperature. Methane oxidizing communities showed higher diversities in southern sampling sites
and in streams with larger stream areas and widths. Potential methane production rates significantly
increased with increasing abundance of methanogenic archaea, while potential methane oxidation rates
did not show significant correlations with abundances of methane oxidizing bacteria, presumably due to
the more diverse physiological capabilities of this group.
Conclusions: We present the first large scale overview of the large-scale microbial biogeography of two
microbial groups driving the methane cycle dynamics within stream sediments and deduce the impact
that future anthropogenic alterations may cause.

1. Background
Methane (CH4) exhibits a 34 times higher global warming potential than carbon dioxide (CO2)[1] due to
its high efficiency in capturing infrared radiation [2]. While sources of CH4 are manifold and may be
natural or anthropogenic, current estimates suggest that 35–50 % of global CH4 emissions originate from
natural sources [1]. Among these sources natural wetlands are the largest, followed by geological sources
and freshwaters (running waters and lakes) [3], with running waters contributing 3 % of the global release
orLoading
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CH4 is almost exclusively produced by methanogenic archaea (MA) [6] during the final step of anaerobic
degradation of organic matter, a complex process carried out by a consortium of hydrolytic, fermenting,
syntrophic and acetogenic microorganisms [7]. MA metabolize substrates like hydrogen, CO2 and acetate
to CH4, mainly via the hydrogenotrophic, and acetoclastic pathways of CH4 production [6]. Although
methanogenesis is one of the main processes responsible for anaerobic organic matter mineralization in
river sediments, little is known about the involved methanogens within this environment. Prior research on
MA taxonomic distributions and community compositions has mainly focused on terrestrial habitats like
soils, peat bogs, wetlands, and rice fields, and on marine and lacustrine sediments [8, 9]. Although
representing important components of the global carbon cycle through carbon mineralization into CO2
and CH4 [5, 10], lotic waters have been scarcely addressed. Similar to lake sediments [11], first studies on
river sediments showed the dominance of Methanosarcinales and Methanomicrobiales [12–14], orders
performing the acetoclastic and hydrogenotrophic CH4 production pathways, respectively.
Environments facilitating the occurrence of communities producing CH4 are also typical habitats for
methane oxidizing microorganisms (MOX) [15], consuming the newly synthesized CH4 (and methanol) as
a carbon and energy source. Some MOX may belong to the archaea, performing anaerobic CH4 oxidation
and involving three distinct methanotrophic groups (ANME–1 to ANME–3), of which group ANME–2 is
further divided into four sub-groups (ANME2 a, b, c and GOM Arc I) [16]. Furthermore, anaerobic CH4
oxidation can be performed by some single known bacterial species belonging to the phylum NC10 [17].
Aerobic CH4 oxidation, however, is carried out by a heterogeneous group of obligate or facultative
methanotrophic bacteria (MOB) usually divided into three main types: Gammaproteobacteria (referred to
as type I or type X), Alphaproteobacteria (type II) and Verrucomicrobia (type III), all with differing
pathways in the specific utilization of CH4 [15, 18]. Aerobic MOX often inhabit anoxic-oxic interfaces,
such as the upper layers and surfaces of sediments. Most research on MOX in aquatic environments has
been conducted on lake sediments, where a variety of different MOX genera were found to be
predominant (i.e., Methylobacter, Methylomonas, Methylosarcina, Methylococcus, and Methylosoma) and
type I MOX were more abundant than type II MOX [19, 20].
Environmental parameters such as oxygen levels, pH, sediment organic carbon and nitrogen content are
highly spatially variable in stream ecosystems. Furthermore, transported and deposited sediments
originate from the catchment through erosion processes and are thus determined by terrestrial geology,
topography, climate, hydrology, vegetation and land-use. It is known that this multitude of parameters is
paramount in determining the composition, activity and abundances of MA and MOX at a local scale,
however, their role at a continental scale is still unknown.
While molecular approaches are helpful in analyzing community compositions and microbial
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 [21, 22], or river impoundments [23, 24] are scarce and do
not
necessarily
link PMP rates with MA abundances, but rather focus on the emission of CH4 by these
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systems. However, some recent studies on PMP in stream sediments [12, 25, 26] showed two depthrelated PMP maxima along the sediment profiles dominated by hydrogenotrophic methanogenesis. While
this study could not prove a relationship between MA abundance and PMP, others [27] observed highest
PMP rates in the sediment of streams enriched in the methane-producing mcrA gene.. Data on potential
CH4 oxidation (PMO) in freshwater ecosystems are also scarce (but see [28–31]). Within coastal marine
ecosystems, increased PMO rates were found close to the seafloor, but were not directly linked to CH4
concentrations [32]. In river sediment, PMO was found to increase with decreasing gravel size [33], and in
lake waters CH4 concentrations and temperature both had a positive effect on PMO [34].
To our knowledge, an in-depth investigation of taxonomic distributions, abundances, and underlying
environmental conditions of both microbial groups involved in the CH4 cycle has not been carried out on
large continental (European) scale. Thus, the present study aims to (i) describe the biogeography of MA
and MOX communities of stream sediments, (ii) identify the dominant species within each functional
group, (iii) determine the driving environmental parameters for their community compositions and
associated indicator species, and (iv) compare the absolute abundances of MA and MOX with their
potential activities across 16 European streams.

2. Results

2.1. Environmental data
The principal component analysis (PCA) of environmental variables (Fig. 1; c.f. Tab. S1, S4) revealed the
influence of variables measured at stream-level on the first axis, explaining 23.3 % of all variation in the
data. Physical stream characteristics describing stream size, such as stream area, cross-sectional area,
and slope were the best represented on the first axis, while physical and chemical properties including pH,
dissolved oxygen, and water temperature were less explained (Fig. 1). The second axis depicted 13.9 % of
the variation in the environmental data and discriminated the samples mainly based on grain size
distributions and organic carbon concentrations. Thus, differing sediment types from within streams (i.e.,
coarse, medium, and fine sediment patches) were mostly separated on axis 2, while axis 1 roughly
ordered samples according to latitude (as represented by the site colors from bright (south) to dark
(north)).

2.2. Alpha- and beta-diversity of MA and MOX
communities in streams across Europe
Total 16S rRNA read numbers ranged from 73249 to 140000. Of all reads, a mean of 728 (1.0 %)
belonged to MA and 799 (1.1 %) to MOX (Fig. 2a, c; Tab. S5). There were no significant differences in
overall microbiome composition of all sequenced operational taxonomic units (OTUs) (including all
bacteria and archaea) between samples from 0-3 cm and 6-9 cm sediment depths, as tested with
PERMANOVA.
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Reads of methanogenic archaea were assigned to ten different families, with Methanoregulaceae,

Methanosaetaceae, Methanosarcinaceae and Methanobacteriaceae being most abundant in terms of
relative reads (Fig. 2a, b; Tab. S5). The diversity of MA ranged from 9.7 to 32.8 OTUs and over a Shannon
index from 1.6 to 2.9 (Fig. 2a; Fig. S3; Tab. S5). MA species richness and Shannon diversity were
positively correlated to water temperature (Pearsonsr = 0.45) and catchmentarea(Pearsons r =
0.48), respectively, while they were both negatively correlated to increasing percentages of natural land
cover within the catchment (r = -0.48 and r = -0.5, resp.; Fig. 3).
For MOX, OTUs were assigned to 11 different families, with bacterial Methylococcaceae, unclassified

Methylococcales, Methylobacteriaceae and the archaeal clade GOM Arc I being among the most
abundant (Fig. 2c, d; Tab. S5). Within MOX, significant differences in read numbers between both
sampling depths (0-3 vs. 6-9 cm) were found for GOM Arc I as well as Nitrospirales inc. sed., yielding
higher read numbers in deeper sediment samples (p < 0.01, Tab. S5). For other families including
Methylocystaceae, CABC2E06, Crenotrichaceae and plW-20, differences were less pronounced (p = 0.014,
p = 0.017, p = 0.034 and p = 0.023, respectively) but all families displayed lower read numbers in the
deeper sediment layer. Similarly, read numbers of anaerobic methane oxidizers (GOM Arc I + Nitrospirales
inc. sed.) were significantly higher within the deeper sediment layer (p < 0.01), while read numbers of
aerobic methane oxidizers did not differ significantly between both sampling depths. MOX OTU numbers
ranged from 14.7 to 65.7 and Shannon diversities from 1.4 to 3.2, with Shannon diversity being
significantly correlated to geographical latitude (Pearsonsr = - 0.51), streamarea(Pearsons r = 0.51),
wetted stream width (Pearsonsr = 0.49) and slope(Pearsons r = 0.46).

2.3. Correlations among taxonomic groups and with
environmental variables
Exploring differences in OTU-based microbial community compositions without environmental
constraints, the non-metric multidimensional scaling (NMDS) analysis showed a more homogeneous
distribution of MA communities across European streams as compared to MOX communities, the latter
forming clusters that are more distinct among sampling sites and roughly grouped according to their
geographical latitude (Fig. S1). The differences of within-stream variability linked to both the sampling
depth and the differences in the sediment grain size (i.e., coarse, medium, and fine) are clearly depicted
by the individually sized convex hulls of each sampling site. According to the two-way-PERMANOVA, the
affiliation to a certain stream exhibited a significant influence on both, MA and MOX (p < 0.01), while the
sampling depth was found to be marginally influential only for MOX communities (p = 0.0314) and no
significant interaction effect was found. However, for both microbial communities, samples from the
three Spanish streams (ESP2_1, ESP2_2, ESP2_3) exhibited distinct communities as compared to the rest
of the samples. In addition, DEU2_1, AUT1_1 and GBR1_1 formed distinct clusters within both MOX and
MA, while DEU1_1 and SWE1_1 formed separate clusters within MOX.
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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Combined with significant environmental parameters, the forward selected explanatory variables chosen
in the redundancy analyses (RDA) accounted for an adjusted explained variation of 42.3 % for MA and
55.3 % for MOX (Fig. 4a, b). Important MA taxa found within more anthropogenically-altered, warm
environments with increased pH were represented by various Methanospirillum spp. as well as members
of the family Methanosarcinaceae (Methanomethylovorans sp., Methanosarcina sp. and Methanolobus
sp.) and by a variety of taxa belonging to Methanobacteriaceae (Fig. 4a). Within comparable
environments, MOX communities were characterized by members of the family Methylobacteriaceae
(Meganema sp. and Microvirga sp.; Fig. 4b).
Communities in well oxygenated streams within catchments dominated by natural land cover were
characterized by MA groups Methanosaeta spp., Methanocellaceae and Methanoregulaceae, and by MOX
representatives such as Methyloglobulus spp., members of the CABC2E06 group (all type I MOX) and,
interestingly, by various Candidatus Methanoperedens spp. (Fig 3a, b).
For MA a distinct cluster formed in accordance with the NMDS for AUT2_1 and ESP2_1 but no
characteristic community was defined (Fig. 4a). For MOX, however, a distinct community within a
separate environment featuring high values for discharge, catchment area and flow velocity favored the
occurrence of Methylocaldum spp. and Crenothrix spp. (Fig 4b) and included mainly sampling site
DEU1_1.
For MA families, relative read numbers of Methanocellaceae and MHLsu47-B8a increased with increasing
latitude, while Methanosarcinaceae decreased with latitude (Fig. 3a). Furthermore, Methanocellaceae and
Thermoplasmatales inc. sed. decreased with increasing water temperature, while Methanocellaceae in
addition decreased with organic carbon contents (Fig. 3a).
A large number of environmental variables significantly correlated with relative read numbers of various
MOX-families (Fig. 3a). Among the most influencing environmental variables (based on Pearson`s r) were
water dissolved oxygen, stream area, and elevation of the sampling site. Dissolved oxygen was positively
correlated with Methylococcaceae as well as unknown members of Methylococcales, and negatively
correlated to both the Marine Methylotrophic group and Methylobacteriaceae. Stream area, however, was
positively correlated to the Marine Methylotrophic group, Methylobacteriaceae and Methylocystaceae and
elevation to Hyphomicrobiaceae and Nitrospirales inc. sed. (Fig. 3a).
Significant correlations among relative read abundances of different MA families were found for

Methanosarcinaceae, being negatively correlated to Methanosaetaceae, MHLsu47-B8A and Rice Cluster
II, while positive relationships were found between Methanomicrobiaceae and Rice Cluster II and between
Methanocellaceae and Thermoplasmatales inc. sed. (Fig. 3b). Methanosarcinaceae were negatively
correlated to several families (MHLsu47-B8A, Rice Cluster II and Methanosaetaceae; Fig. 3b) that have
also been assigned to the contrasting environment by the RDA (Fig. 4a), while positive correlations
between MA families were only found for families indicative of the same environment (Fig. 3), confirming
the explanatory power of the RDA.
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Among MOX families, relative read numbers of Methylobacteriaceae were positively correlated to
Methylocystaceae and Nitrospirales inc. sed. and negatively to Methylococcaceae, while
Methylococcaceae also showed a negative relationship with Hyphomicrobiaceae and Nitrospirales inc.
sed.. The pLW-20 group was positively related to both CABC2E06 and Crenotrichaeceae, and
Methylocystaceae to the Marine Methylotrophic group and to Xanthobacteriaceae (Fig. 3b).
Finally, positive and negative correlations were found between MA and MOX. Methylobacteriaceae
showed a negative correlation with Methanoregulaceae, MHLsu47-B8A and Rice Cluster and a positive
one with Methanosarcinaceae. Methanosaetaceae were positively related to both unknown

Methylococcales and Methylococcaceae, while Thermoplasmatales inc. sed. showed a negative
correlation with the Methylococcales but a positive one with Nitrospirales inc. sed. In addition,
Xanthobacteriaceae and Methanocellaceae were positively correlated (Fig. 3b).

2.4. Methane production and oxidation potentials
PMP rates ranged from 0.000097 g CH4 m-3 d-1 (IRL1_1) to 9.46 g CH4 m-3 d-1 (CZE1_2) and PMO rates
from 0.00017 % CH4 d-1 (SWE1_1) to 0.32 % CH4 d-1 (IRL1_1; Tab. S5). 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 ± 1.58 g
CH4 m-3 d-1 at 6-9 cm.

2.5. Gene abundance data
While mcrA gene abundances ranged from 3.1x101 to 3.2x107 gene copies gFW-1, type Ia MOB gene
abundances ranged from 2.82x102 to 2.55x107 and type II MOB from 5.98x102 to 6.8x107 gene copies
gFW-1 (Tab. S5). Lower mean gene copy numbers were detected for all genes in the deeper sediment
samples, however, no significant difference in gene numbers between both sampling depths was found
(mcrA: 2.62x106 vs. 2.46x106 type Ia: 3.34x106 vs. 2.09x106 type II: 4.31x106 vs. 2.07x106).
Gene copy numbers of mcrA-genes were significantly correlated to both single MOB-deriving gene
abundances (R² = 0.670 for type Ia, R² = 0.348 for type II, Fig. 5a, b) as well as to the cumulative MOB
gene copy numbers (R² = 0.594, Fig. 5c), forming a LOG-LOG relationship. Similarly, mcrA gene copy
numbers showed a significantly positive LOG-LOG correlation with PMP rates (R² = 0.393, Fig. 5d). A
correlation between PMO rates and both MOB-related gene abundances was not detected (Fig. 5e, f).
While MA gene copy numbers did not differ between sampling depths, cumulative MOB gene copy
numbers were significantly higher in upper sediment layers of each sample (paired Student’s t-test, p <
0.01, Fig. S3), although the overall difference between shallow and deep subsamples was only marginal.
Table 1. Generalized linear mixed models (GLMM) summary statistics, with proportions of variance in MA
and
MOB[MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
gene copy numbers explained at stream-scale (among streams) and site-scale (within streams).
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GLMM are based on random and fixed effects, which explain differences on different levels (among and
within stream reaches respectively). Mixed Effects Model R² gives the proportion of variance explained by
both, random and fixed predictors, as outlined in [35].
Among streams

Within streams

Among and within streams

Dependent

random

%

fixed

F

group

predictor

deviance

predictors

values

p

explained
MA

Catchment 55
area

%

Mixed Effects Model R²

deviance

(conditional R²)

explained
-4

Org. C

17.5

1x10

Sediment surface

5.1

0.027

11

24.1

4x10 -6 15

0.65

7

area
MOB

Catchment 44

Org. C

0.54

area

Gene copies of MA and cumulative MOB differed significantly among sampled streams (Kruskal Wallis χ²
= 59 and 46, p < 0.05), with higher gene copy numbers in streams draining larger catchment areas (linear
model, p < 0.05) (among stream differences, Tab. 1). Within streams MA gene copies increased
additionally with higher organic carbon content and sediment surface area, and MOB gene copies with
sediment organic carbon content (Tab. 1). The increasing R²-value of the models due to site-scale
variables (R², from 0.55 to 0.65 for MA and 0.44 to 0.54 for MOB; Tab. 1) indicated positive 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 significant relationships with
response measures, but nitrogen concentration was significantly correlated to organic carbon content
and was therefore excluded from the model. Additionally, measured discharge correlated positively with
catchment area and was therefore not included as an independent variable. The applied GLMM
validation indicated no assumption violation regarding the residuals.

3. Discussion

3.1. Environmental constraints
A major interest in microbial ecology is the identification and conceptualization of biogeography, which is
shaped by processes such as habitat filtering, dispersal, drift and mutation [36]. Although the analysis of
drift and mutation is beyond the focus of the study, we could demonstrate a biogeographic pattern of
methanotrophic and methanogenic communities associated with geographic dispersal and
environmental influences, identify dominant species within each functional group, and compare the
absolute abundance of MA and MOX with their potential activities within 16 stream sediments across a
distance of 2700 km from east to west and north to south. Based on the first PCA-axis separating the
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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this axis. “Environment 1” represents warm streams with large stream areas, high conductivity values, low
oxygen concentrations, and high percentages of agricultural and urban land within their catchment (ESP
2_2, ESP 2_3, ESP 2_1). In contrast, “Environment 2” includes cold, medium-to-small sized streams with
low conductivity and pH, high oxygen concentrations and low percentages of agricultural and urban land
within their catchment (SWE 2_1, SWE1_1, GBR2_1, DEU2_1, IRL1_1). These two most diverging
environments should be kept in mind for the following discussion, which evaluates if these encountered
habitat diversities are mirrored in the biogeography of MA and MOX.

3.2. MA and MOX biogeography and diversity
3.2.1.Methanogenic archaea
The four dominating families of MA, Methanoregulaceae, Methanobacteriaceae, Methanosarcinaceae
and Methanosaetaceae across the studied European streams were comparable to those found in other
sediment-related studies [9, 11, 26]. Methanoregulaceae are known to be ubiquitous and abundant in
many terrestrial and freshwater habitats and have been suggested as a proxy for freshwater influence in
the marine realm [37]. They perform hydrogenotrophic methanogenesis similar to Methanobacteriaceae,
the dominant archaeal groups within lake ecosystems [38]. Methanosarcinaceae and Methanosaetaceae
are abundant in river ecosystems [26]. Across European streams, their relative abundances were
negatively correlated to each other probably due to their shared capability to perform acetoclastic
methanogenesis and the related competition for the same niche. Of these, Methanosarcinaceae were
relatively more abundant in southern sampling sites, probably due to their versatile metabolic capabilities
allowing them to adapt to the presence of other substrates besides acetate [6]. Further, they likely
experience growth advantages over Methanosaetaceae, as acetate has been shown to be a major
precursor of CH4 particularly under low-temperature-conditions [39].
Higher temperature and larger catchment area both increased MA diversity and richness (Fig. 3), probably
due to a higher variability in nutrient sources and subsequent niches to be exploited. Similarly, lower
anthropogenic influence within the catchment might lead to less nutrients entering running waters [40],
explaining the overall lower diversity and richness of MA in streams with higher percentages of natural
land within their catchment.

3.2.2.Methane oxidizing microorganisms
In accordance with previous studies, the predominant family of MOX across European streams was
represented by Methylococcaceae [19, 20], whereas a considerable number of OTUs (30) was assigned to

Methylococcales but could not be determined further (Fig. 2). The order and the family are both type I
MOB, while Methylobacteriaceae, the second most abundant family, is a representative of type II MOB,
with
each type performing a different pathway of CH4 oxidation, and inhabiting a different niche. The
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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general predominance of type I over type II MOB is consistent with previous findings [20], while increased
relative abundances of type II over type I MOB were observed in all Spanish and Austrian, as well as in
one British stream (GBR_1_1), being reflected by their distinct clustering in the NMDS (Fig. S1). For
Spanish sites experiencing high agricultural influence, this might be explained by a potential
eutrophication that favors type II MOB [41].
Next to the aerobic type I and type II MOB, the anaerobic CH4 oxidizing archaeal GOM Arc I was also
abundant, occupying anaerobic niches as corroborated by their higher abundance in deeper sediment
layers. Such layers are typically lower in oxygen supply than the layers immediately at the sediment-water
interface, what also explains the higher abundance of the second anaerobic MOX representative,
Nitrospirales inc. sed. Results on aerobic MOX showed the opposite trend. Furthermore, GOM Arc I were
positively correlated to higher sediment surface areas (i.e., smaller particle sizes) that might lead to more
anaerobic niches within those sites.
Shannon diversity of MOX was mainly correlated to variables describing stream size (e.g., wetted stream
width, stream area) and geographical latitude, with larger, southern streams exhibiting a higher diversity,
probably due to a more diverse nutrient input owing to a larger catchment area [42].

3.3. Environmental parameters driving community
composition, associated indicator species and abundances
3.3.1.Methanogenic archaea
Compared to MOX, MA showed a more homogeneous distribution across European streams, although
PERMANOVA confirmed that there were significant differences among sampled streams. On the one
hand, anthropogenically altered, warm streams (environment 1) with increased pH showed MA
communities housing members mostly of the hydrogenotrophic Methanospirillaceae and
Methanobacteriaceae and, the metabolically and physiologically versatile Methanosarcinaceae [43],
which were also negatively correlated with geographical latitude (Fig. S2). On the other hand, acetoclastic
Methanosaetaceae as well as hydrogenotrophic Methanocellaceae, Methanoregulaceae and MHLsu47B8A [44, 45] occurred in more natural environments rich in oxygen and with an elevated water velocity
and discharge (environment 2) (Fig. S2). Over past decades increased land use or land cover changes
have been recorded and are mainly attributed to the conversion of natural ecosystems to agricultural or
urban areas [46]. Our results suggest that a future increase of anthropogenically altered catchments
might result in an altered MA community with increased abundances of species characteristic for
environment 1. Due to their diverse metabolic capacities as well as the dependency of their metabolic
activity on the type and amount of present substrates, altered CH4 production rates are difficult to
estimate. However, according to our results, increasing stream temperatures might lead to higher
abundances of methanogens that use CO2 and H2 as substrates, a highly efficient CH4-production
Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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pathway [47]. On the other hand, relative abundances of Methanocellaceae as well as Rice Cluster II, a
hydrogenotrophic group dominant in partially thawed, cold environments [48], typically decrease with
increasing stream temperatures, and might thus be negatively impacted by climate change.

3.3.2.Methane oxidizing microorganisms
In this study, MOX communities were more distinct among streams than MA communities (Fig. S1). In
addition, the sampling depth influenced the species composition, probably due to oxygen supply
variability with depth. As the major biological sink for CH4 is represented by MOX, these microorganisms
attenuate the rivers great CH4 production potential within the water column and the sediment.
Indeed, redundancy analysis analyses showed oxygen to be an important environmental parameter
shaping the MOX community compositions. Typical representatives of oxygen-rich and more natural
environments (environment 2) were Methyloglobulus spp. and other representatives of the family

Methylococcaceae as well as several OTUs assigned to CABC2E06, a suspected sister group of
Crenothrix [49] (Fig. 4, Fig. S2). All these MOX belong to type I MOB, performing the ribulose
monophosphate pathway of CH4 oxidation. Type I MOB (Gammaproteobacteria) are known to require
oxygen for CH4 activation [50]. In a study on floodplains of west Siberian rivers, type I MOB dominated
cold floodplains and featured a large proportion of psychrotolerant methanotrophs [51], which fits to their
higher abundance in environment 2. Interestingly, Candidatus Methanoperedens, mediating nitratedependent anaerobic CH4 oxidation, was also typically representative of these oxygen-rich environments,
although it was found to be relatively more abundant within the deeper sampling depth. This genus can
counteract oxidative damage and adapt in environments where it is regularly exposed to oxygen [52].
Contrastingly, environment 1 harbored representatives of mostly type II MOB (Alphaproteobacteria)
including Microvirga, Meganema and other representatives of the Methylobacteriaceae (Fig. S2). While
Microvirga and Meganema are putatively methylotrophic, Methylobacteriaceae are facultative
methylotrophs and able to grow on methanol and other one-carbon compounds as sources of energy and
carbon [53]. Indeed, this group was more abundant in southern streams, with low oxygen, high
conductivity, and larger stream areas (Fig. 3). However, among all detected MOB, this group was the least
restricted to perform CH4 oxidation, and the only MOX group significantly negatively correlated to several
MA-families. Expected future land use changes with increased percentages of agricultural or urban land
in the catchment area combined with increasing temperatures due to climate change might therefore lead
to a shift of MOX communities towards the increased importance of type II MOB exhibiting a lower CH4
oxidation capacity.
Besides the previously described environments, MOX communities formed a third cluster including
streams characterized by high discharge, large catchment areas, and high stream orders (environment 3)
(Fig. S2). This environment is preferentially inhabited by Methylocaldum spp., a genus fixing CO2 in
addition
to CH4 (Group X), and Crenothrix spp., an important type I MOB described in Swiss lakes forming
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multicellular and filamentous structures and exhibiting an unusual enzyme-clustering together with
nitrifying comammox bacteria [49].

3.4. Gene abundances and their relation to PMO and PMP
The logarithmic relationship between MA and MOB gene copies is evident for both MOB types (Ia and II)
and suggests a close dependency of CH4 oxidizing bacteria with the occurrence of methane-producing
archaea. Based on the observed R² of this relationship, type Ia MOB seem to be more dependent on the
occurrence of MA than type II MOB, which exhibits a weaker relationship. This might be because some
representatives of type II MOB including the genera Methylocella, Methylocystis, Methylocapsa, and all

Methylobacteriaceae, are facultative methanotrophs and thus capable of growing on carbon sources
other than CH4 [54].
Sufficient CH4 availability is a prerequisite for the proliferation of type I methanotrophs. The steeper slope
of the relationship between MA and type I MOB as compared to MA and type II MOB might be explained
by the ‘low-affinity’ CH4 oxidation kinetics of type I methanotrophs which enables the high oxidation of
CH4 at concentrations that are well above atmospheric levels. In contrast, type II methanotrophs are at an
advantage in niches where resources are more limiting [55]. Another explanation is that the ribulose
monophosphate pathway of CH4 oxidation is performed by type I MOB and this pathway is considered
more efficient than the serine pathway performed by type II MOB [34, 56].
According to the GLMM, organic carbon supply and thus nutrient availability increases the abundance of
MA and MOB within stream sites, and MA abundance is also positively influenced by sediment surface
area, negatively correlated to particle size. The latter dependency may reflect the general affinity of MA to
anaerobic microhabitats formed to a higher degree in fine sediments [57]. The significant positive
relationship between gene abundance and catchment area indicates that larger catchments receive more
diverse nutrients and thereby provide higher nutrient availability and number of present niches for a wider
range of organisms [58].
Across European stream sediments, gene abundances of MA showed a significant positive correlation
with PMP rates (Fig. 5 d), 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 to activity. This is most probably due to
extracellular DNA that might be produced with increasing activity, or due to changing counts of mcrA
gene copies in the genome of different MA species [59, 60]. Similarly, Mach et al. [26] 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. Studies linking the PMP function to microbial
abundance are rather scarce, especially in freshwater systems. Xiao et al [61], however, found the highest
PMP values in the top 0-2 cm layer of sulphate-rich marine surface sediments, in which they also found a
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peak in abundance of methanogenic archaea. The highest PMP was also consistent with a strong
expression of the mcrA gene in the oxygenated water column of an oligotrophic lake [62]. Other studies
determining CH4 emissions rather than the process of PMP itself found significant relationships between
abundance of methanogenic archaea and CH4 emissions in soils of an alpine wetland [63] and in natural
and restored peatlands [64].
Contrary to a previous study [65], no significant relationship was found between PMO rates and MOB
gene abundance across European stream sediments . There are several possible explanations for this: (i)
RNA or activity level of MOB might be more relevant than absolute abundance [26], (ii) alternative
pathways might be carried out to gain energy as many MOB are non-obligatory CH4 oxidizers, and (iii)
current methods are unable to distinguish aerobic from anaerobic PMO, while the sediment composition
might lead to a higher proportion of either through differences in oxygen availability [57]. The different
pathways and efficiencies of aerobic and anaerobic PMO might not allow a simple relationship between
abundance and PMO.

4. Conclusions
Our results demonstrate that the methanogenic and methanotrophic microbiomes of the investigated
European streams mainly group into two major habitat types described by differing abiotic conditions.
Such distinguishable microbiomes 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 in
combination with an intensification of agricultural and urban land use might thereby lead to higher
abundances of highly efficient hydrogenotrophic CH4-producers (i.e., Methanospirillaceae,

Methanobacteriaceae and Methanosarcinaceae),, while for CH4-consumers the less efficient type II MOB
might gain importance. This combination potentially leads to a future increase of CH4 release from
stream ecosystems.
Furthermore, links between sediment organic carbon content with MA and MOB abundance, and between
MA abundances and PMP emphasize the importance of nutrient input for the magnitude of processes
involved in the CH4 cycle and thus for the overall CH4 emission from running waters. While the general
importance of nutrient effects on CH4 cycling has been highlighted in many previous studies (reviewed by
[5]), our results suggest, that these effects are mediated by the effects on the microbial communities
driving this cycle. We recommend that this nutrient effect should be addressed more intensively in future
studies, including nutrient sources such as phosphorous.

5. Explanatory Power Of The Study & Recommendations For Future
Studies
On the basis of environmental variables (PCA, Fig. 1) and their combination with community data (RDA,
Fig. 4), we were able to depict characteristic environments for the occurrence of specific communities of
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MA (two environments) and MOX (three environments). Due to time constraints of the experimental
design utilized in this study (i.e., coordinated collaborative collection of all samples across Europe within
a two-week period to minimize temporal variability), some potentially relevant environmental parameters
such as light availability/canopy cover, nutrient availability of the porewater etc. could not be measured.
Their inclusion into future studies is encouraged in order to refine the definition of the environments
described here, which nonetheless represent, to the best of our knowledge, the first described
microbiomes of stream MA and MOX communities.
Furthermore, with the aim to cover a wide span of sediment characteristics from coarse to fine, three
sediment patches per stream stretch were sampled, while the same environmental data (e.g., flow
velocity, surface water oxygen content) were attributed to all sediment patches within one stream (Figs. 1
and 3), neglecting sediment-patch-specific microenvironments. Acknowledging this shortcoming we
strongly recommend to measure physical and chemical parameters as well as flow conditions on a
microhabitat scale in further studies.

6. Methods

6.1. Sampling strategy
We sampled 16 streams across 10 European countries (Tab. S1), using the network of the EuroRun
project [66-68]. Within a representative 50 m section of the investigated stream [69] three areas were
selected for sampling based on their differing sediment grain size; (1) coarse (gravel, >0.2 cm to 2 cm),
(2) medium (sand and mud, >6 μm to 2 mm), and (3) fine (silt/loam/clay, <6 μm). If one sediment type
was not present or could not be sampled, sediment patches with the widest possible range of sediment
grain size were selected (coarse, medium, and fine sediment). Particle size distribution were additionally
measured in the laboratory in order to check for misalignments and comparability of the categories
across the streams. In most cases the categories did not agree 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 within-stream heterogeneity (see chapter 6.2.)
From each of the three selected sediment classifications, 10 sediment cores were sampled with cut-off
100 ml syringes (diameter: 3.6 cm), avoiding sediment vertical profile disturbance or compression. Cores
were then separated in the field into three sediment layers (0-3 cm, 3-6 cm, and 6-9 cm below the surface
water interface, SWI), and transferred to 30 ml glass vials. Following their collection samples were always
transported in cooling boxes, and stored at 4°C, with shipping to the respective laboratories occurring the
following day by express mail. Three replicates of the top (0-3 cm) and bottom (6-9 cm) sediment layers
per patch were combined to form one composite sample of each depth, and a subsample was taken for
DNA extraction (n = 96; stored at -20°C; processed between 7 and 21 days after sampling). Furthermore,
three 0-3 cm sediment replicates per sediment patch were used for potential methane oxidation rate
(PMO) measurements (n = 144; stored at 3 °C; processed between 5 and 8 days after sampling), and four
sediment
cores of all three depths per sediment patch were used for potential methane production rate
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(PMP) measurements (n = 384; stored at 4 °C; processed between 3 and 10 days after sampling). The
samples for DNA-extraction and subsequent 16S rRNA and qPCR analyses were processed at the
University of Innsbruck, the samples for PMO at the University of Basel, and the samples for PMP at the
University of Koblenz-Landau.

6.2. Physical and chemical parameters
The upstream catchment area, altitude (meters above sea level), Strahler Stream order [70], and land use
within the catchment were taken from [66], which covered the same sites (Tab. S1). Land use within the
catchment was further simplified after inspection via PCA (see section data analysis) by unifying the
classes “urban” and “agriculture” as well as “forest” and “others” into “anthropogenically altered” and
“natural”, respectively. As those two variables represented inverse values, only one of them (“natural”)
was used for those analyses that could be influenced by autocorrelated variables (i.e., the RDA and
GLMM).
Three cross-sectional areas per stream were calculated by measuring the wetted stream width and the
water depth at five characteristic points of the riverbed (e.g., deepest point, slope toe) perpendicular to the
main flow direction and summing the partial areas. The stream mean cross-sectional area (m2), water
depth (m), and stream width (m) were computed by averaging the corresponding data obtained at the
three cross-sections.
Stream area (m2) was calculated by measuring the wetted stream width every five meters, calculating
partial areas and summing them up. In the case of three streams in Spain (ESP2_1, ESP2_2. ESP2_3),
only the first five partial areas were summed up and multiplied by two in order to get the area of the 50 m
stream section.
Discharge (m3 s-1) was measured at one cross-section at an almost straight area of the studied 50 m
stream section, without recirculating flows and without protruding elements creating local flow
accelerations. Eleven depth measurements were performed, and at five evenly spaced spots (wetted
stream width divided by five) flow velocities at 20 % and 80 % of the local water depth were measured (if
water depth was below 20 cm, one measurement at 60% of the local water depth was performed; see
supplementary Tab. S2 for devices used by the individual teams). Mean flow velocity (in m s-1) was
calculated by dividing the discharge by the total cross-sectional area.
The slope (in %) of the 50 m stream sections was calculated by averaging five to six slope measurements
along the stream section using a water level gauge. Briefly, a transparent tube filled with water was
placed along the stream (about 10 m apart) and the distance of the meniscus within the tube to the water
surface was measured at both ends. The slope was calculated by subtracting the meniscus to water
surface difference from upstream to downstream, divided by the distance between the measurements.
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Physical and chemical parameters (pH, oxygen (mg L-1), conductivity (µS cm-1), temperature (°C)) were
measured during daytime in the middle of the stream, approximately 10 cm below the surface (see
supplementary Tab. S2 for devices used by the individual teams).
Particle size distribution was measured from a subsample of each PMP sample at the Thuringian Particle
Size Laboratory using a Beckman-Coulter LS 13320 PIDS following B Machalett, EA Oches, M Frechen, L
Zöller, U Hambach, NG Mavlyanova, SB Markovic and W Endlicher [71], resulting in 116 reported particle
size classes per sample. The Aqueous Liquid Module and an Auto-Prep station were used to measure
each sample under equal conditions using a completely degassed and clean water supply and a defined
standard operating method [72]. Prior to particle size analysis, representative sub-samples were treated
with 11.9 % H2O2 and heated to a maximum temperature of 50° C, aiming at a gentle, yet effective
chemical treatment to remove organic matter that may not alter the particle size of the primary sediment
[73]. All samples were sieved using a 1800 µm sieve, in order to remove and quantify particles larger than
1800 µm. All weighted samples were dispersed, by spiking each sample with 1% ammonia solution
(NH4OH) and treating them for at least 12 hours in overhead tube rotators. Results are reported in volume
percent for each individual particle size class [74]. Finally, the 116 particle size classes were grouped into
four particle classes: clay (0,04 µm – 2,2076 µm), silt (2,2076 µm - 63,4192 µm), sand (63,4192 µm –
1800 µm) and > 1800 µm (i.e., coarse). Due to material shortage, this analysis was only conducted on
512 of the 574 collected samples. To estimate the area that can be potentially colonized by the
microorganisms, a parameter describing the sediment surface area (cm² cm-3) was calculated using the
mean size of each particle class assuming a spherical shape of all particles.
Sediment nitrogen and organic carbon content was measured from PMP samples after the incubation
period, assuming the consumption under anoxic conditions in this period of time to be negligible. The
sediment was freeze dried, sieved with a mesh size of 2 mm (D = 200 µm, ISO 3310-1, ATECHNIK,
Germany) and the subsequent < 2 mm fraction homogenised by grinding. A known amount (15 – 20 mg)
of ground material was weighed into silver boats, exposed to HCl (37 %, 12 M) vapor for 6 hours in order
to remove carbonates [75] and dried again for 4 hours at 60 °C. Prior to dry combustion (Vario MICRO
Cube, Elementar Analysensysteme GmbH, Germany), 20 – 30 mg tungsten trioxide (WO3) was added to
the sample. Nitrogen and organic carbon content of the sediment is expressed as weight percent of dry
sediment.

6.3. Potential methane production and potential methane
oxidation
PMP was measured according to Wilkinson et al. [23]. Briefly, a subsample was transferred to an
incubation vial (flushed with nitrogen and crimp sealed with a butyl rubber stopper) in a glove box flushed
with nitrogen gas under low oxygen conditions (ca. 0.5 mg O2 L-1; atmospheric concentration ca. 12 mg
O2 L-1 ), and incubated for about five weeks at 16 °C in the dark. Weekly, 100 µL gas samples were
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withdrawn from the headspace using a gas-tight syringe (1710RN, 100 µL, Hamilton, Switzerland) for
analysis in a closed loop with an Ultraportable Greenhouse Gas Analyzer (UGGA, model 915-0011, Los
Gatos Research Inc., Mountain View Calif., USA) [23, 76, 77]. PMP was calculated from the linear increase
in CH4 partial pressure in the headspace over time (g CH4 m-3 d-1).
PMO was measured according to [78] and [79]. Briefly, samples were amended with trace amounts of 14Clabelled aqueous CH4 solution (10 µL, 24 kBq, ~75 nmol CH4, American Radiolabeled Chemicals) and
incubated in the dark for ~3 days at room temperature. Then, incubations were stopped by fixing
extruded sediment samples in 20 mL 2.5% sodium hydroxide. PMO was assessed by 14CH4 combustion
[80] and 14CO2-acidification [81] and expressed in % CH4 d-1. All samples were measured in triplicates and
results were corrected for abiotic tracer turnover.

6.4. DNA Extraction
DNA extraction was carried out on approx. 500 mg of fresh sample of the composite sediment for each
depth using the Nucleo Spin® Soil Kit (Macherey-Nagel, Düren, Germany), choosing buffer SL1 as the
lysis buffer and following the manufacturer’s instructions. DNA quality was checked on 1 % (w/v)
agarose gels using GelGreen™ staining (Biotium Inc., Fremont, Canada) and its quantity was measured
using a Quantus™Fluorometer and the QuantiFluor® Dye System for double-stranded DNA (dsDNA)
(Promega, Fitchburg, MA, USA).

6.5. Quantitative PCR
Quantitative PCR (qPCR) was conducted using the SensiFastTM SYBR No-Rox Kit (Bioline, UK) on a
Corbett Life Science Rotor-GeneTMQ system (Qiagen, Germany). Total mcrA genes of methanogenic
archaea (MA) were determined using the primer set mlas/mcrA-rev (469 bp) (Steinberg and Regan, 2009)
and the abundance of pmoA gene of type Ia and type II methane-oxidizing bacteria was determined using
the primer pairs A189f/Mb601r (432 bp) and II223f/II646r (444 bp) respectively, with cycling conditions
summarized in Tab. S3. In contrast to the sequencing approach, the qPCR approach does not include
anaerobic methane oxidizing archaea (ANME) and the quantified group targeted with the pmoA is thus
abbreviated as MOB (methane oxidizing bacteria).
qPCR reactions (20 µL) contained 10 µL SensiFastTM SYBR No-Rox, 0.3 µM of each primer (10 µM), 5 mM
MgCl2, 0.04 % (v/v) bovine serum albumin, and 2 µL of DNA template. Non-template DNA and nontemplate controls (UltraPure DNase/RNase Free Distilled Water, Invitrogen, USA) were included in the
runs. After amplification, PCR products were quality-controlled via melt-curve analysis. Pure culture DNA
for the generation of calibration curves was extracted from Methanosarcina barkeri (DSMZ 800),

Methylosarcina fibrata (DMSZ 13736) and Methylosinus sporium (DMSZ 17706) for MA and MOB type Ia
and type II, respectively and PCR-amplifying them with the primer pairs stated above. Amplicons were
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purified using the GenEluteTM PCR Clean-Up Kit (Sigma-Aldrich, St. Louis, USA) and diluted to fit the range
from 105 to 101 (MA) or 102 to 106 (MOB) gene copies µL-1 after measuring their concentrations using the
QuantiFluor® Dye System for double-stranded DNA (dsDNA) (Promega, Fitchburg, MA, USA). All standard
curves exhibited a high model fit R² > 0.999, and all qPCR runs were conducted with 40 cycles.
Calculation of gene copy number per g fresh sample was performed using the Rotor-Gene 6000 Series
Software 1.7 (Qiagen, Germany).
Finally, gene copies of type Ia and type II MOB were summed in order to represent the final gene copy
number for MOB.

6.6. 16S rRNA gene sequencing and bioinformatics
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 performing a 300 bp
paired-end run and targeting bacteria and archaea via the V4 region of the 16S SSU rRNA gene
(Microsynth, Austria) using the 515f/806r primer system [82].
Data were processed applying the CoMA pipeline [83]. 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 % deviation from the mode sequence length and at least 99.7 % base call accuracy (phred score
≥ 25). Sequences were aligned applying a 97 % similarity level and assigned taxonomically using the
blast algorithm against SILVA SSU (release 123) 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 subsampled to 73249 reads after rarefaction analysis, thereby
dropping two samples (FRA1_1_2_B and FRA1_1_2_C) with considerably lower read numbers (37630 and
34099 reads, respectively). From the resulting OTU-files, MA and methane-oxidizing microorganisms (
containing both, archaea and bacteria and therefore abbreviated as MOX) were extracted referring to
literature data [6, 15] and used for subsequent analyses.

6.7. Data analysis
6.7.1. Environmental data
To condense the multivariate dataset and explore the environmental conditions of the streams, a
principal component analysis (PCA) was performed using the FactoMineR and factoextra packages in R
[84-86].

6.7.2.Community data
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Differences among all sequenced OTUs from different sediment depths (0-3 cm, 6-9 cm) were tested with
PERMANOVA (using Adonis function) based on Bray-Curtis dissimilarity matrix of both MA and MOX
communities using the vegan package in R [84, 87]. Additionally, variations in community composition as
a function of stream and depth were tested applying a two-way PERMANOVA with 9999 permutations
again based on Bray-Curtis dissimilarities of MA and MOX OTU communities using the vegan package in
R [87]. Sampling depth itself did not significantly influence the community composition of MA and MOX,
thus all subsequent analyses were performed on sequencing data of both sampling depths (n = 96): αdiversity was inspected calculating Shannon diversities and OTU richness (Chao index) using the Mothur
software pipeline v.1.39.0 (64 bit executable) and averaging their distribution on family-level in each
stream (i.e., combining the three samples of supposedly different particle sizes). The top five families for
each stream in the upper and lower sediment sections were determined by calculating mean ranks of all
families. β-diversities of both communities were studied performing an NMDS with Bray-Curtis
dissimilarities on OTU-level of MA and MOX including both sediment layers.
Relationships between log-transformed relative read numbers of MA- and MOX-families with each other
and with all environmental variables were examined by generating Pearson correlation tables with the

Corrplot package, using a significance level of 1% [84, 88]. Influence of environmental variables on
communities of MA and MOX communities were determined via redundancy analyses (RDA) performed
with 499 unrestricted permutations on log-transformed read numbers using Canoco5 [89]. Only one
representative of each auto-correlating group of environmental variables identified in the PCA (see above)
was included for RDA analysis and significant environmental variables were selected via the default
interactive forward selection process.

6.7.3

Gene abundance data

Relationships between MA and MOB, between PMP and MA, and between PMO and MOB were studied
using generalized linear models (GLM) on log-transformed data. Differences of methanogenic and
methanotrophic gene copy numbers at different sediment depths were evaluated and tested using
pairwise comparisons (Wilcoxon signed-rank test) between both depths (0-3 and 6-9 cm) in all technical
replicate samples with the package ggpubr [90] and visualized with ggplot2 [91]. Differences of the same
gene copy numbers between distinct 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 identity was considered as random effect and the following site-specific variables were included
as fixed effects: concentration of organic carbon, substrate surface area, nitrogen content, and C:N ratio.
Various models with different combinations of fixed effects were constructed using the packages lme4
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[92] and r2glmm [93], multicollinearity between variables was previously checked using the package

corrplot [82]. The final GLMM for the two dependent microbial groups (MA and MOB) was selected based
on the GLMMs fit by examining both the mixed effect models conditional R² according to [35] and the
prediction quality of gene copy numbers (correlation between observed and predicted gene copies). The
importance of each environmental variable was evaluated using the percentage of deviance explained.
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Figure 1
Principal component analysis plot of the first two dimensions based on all environmental variables.
Sample sites are colored according to geographical latitude with SWE1_1 representing the northernmost
and ESP2_3 the southernmost sampling points. Further information about units may be found in Tab. S1
and S4. Proportions of explained variance are given in brackets.
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Figure 2
Biogeography of (a, b) methanogenic archaea (MA) and (c, d) methane-oxidizing bacteria and archaea
(MOX) from 0 to 9 cm sediment depth in streams across Europe a) and c) show relative α-diversities as
well as absolute read numbers at family level with sampling sites ordered according to geographical
latitude, with southernmost sites to the left and northernmost sites to the right. The line represents the
Shannon Diversity Index. b) and d) show the top five families across European streams selected by mean
rank of each family among all sites. Pie charts show percentages of reads with regard to all reads
belonging to MA or MOX.
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Figure 3
Pearson correlation heat map of microbial families and environmental parameters Heat map showing
significant (p<0.01) Pearson correlation coefficients (r) of log10 transformed relative read abundances of
MA and MOX families with environmental parameters (a) and among each other (b).
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Figure 4
Triplots of redundancy analysis of a) MA and b) MOX sequences Significant environmental parameters
selected by forward selection are depicted and are grouping OTUs as well as samples towards their
predominant environmental characteristics and preferred habitats, respectively. Explained variations of
each axis are given as percentage of all Eigenvalues. The stream-ID color code refers to circles and the
OTU
color
code to labels.
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Figure 5
Gene abundance correlations 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. MOB =
methane oxidizing bacteria. Colors refer to sampled streams described in Figure 1, circles to sediments
sampled from 0-3 cm depth and squares to sediments sampled from 6-9 cm depth. Slope and intercept
of the fitted lines are only reported for significant relationships.
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