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Methane oxidation in African and European rivers
depends on stream size and wetland connectivity

Alberto V. Borges1*, Cédric Morana'?, Fleur A. E. Roland’, William Okello>*, Mwapu Isumbisho?®,
Jean-Jacques Bowangas, Likoko Kashala®, Patrick Omejas, Willy Champenois1, Steven Bouillon?

Rivers are large natural sources of methane (CH,) resulting from the net balance of inputs from methanogenesis
and removal by methane oxidation (MOX). Here, we use an extensive dataset collected from African and European
rivers to investigate spatial patterns and causes of variability of MOX. The MOX rates were highest in African
streams draining flooded forests and increased with river catchment size. In large rivers, MOX represented the
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more important pathway of dissolved in-stream CH, removal compared to diffusive degassing to the atmosphere;
but this relative share was minimal in small rivers and was, on average, higher in African streams (37%) than Euro-
pean streams (9%). The relationships between MOX rates and potential drivers such as total suspended matter,
pH, or dissolved nutrient concentrations did not follow the patterns expected from controlled experiments re-
ported in the literature and reflected the broad spatial patterns across and within the studied river networks driv-

en by stream size and wetland connectivity.

INTRODUCTION

Emissions of CH, from rivers to the atmosphere are quantitatively
important in the global CH4 budget (1). Current estimates of global
riverine CHy emissions [~28 TgCH,4 year_l; (2)] correspond to ~18%
of the freshwater wetland emission (~157 TgCH,4 year_l), which rep-
resents the largest natural source of CH, (I) and are comparable to
recent estimates of global lake CH,4 emissions [~42 TgCH4 yearfl;
(3)]. Diffusive fluxes account for about half of riverine CH, emis-
sions, with the remainder attributed to ebullition, although estimates
of ebullitive fluxes are more uncertain due to limited data availability
and their highly stochastic nature (2, 4). Diftusive riverine CH4 emis-
sions reflect the balance between CH4 production via streambed
methanogenesis (5, 6) and CH4 removal through microbial methane
oxidation (MOX) occurring in both sediments (7-9) and the water
column (10-13). Ebullition of CH,4 enables a variable fraction of the
CH, produced by methanogenesis to be directly emitted to the atmo-
sphere, thereby bypassing removal by MOX. Lateral inputs of dis-
solved CH4 from upland and wetland soils also play an important role
in sustaining diffusive CH4 emissions from streams in both tropical
(14, 15) and higher-latitude systems (16).

The relative importance of MOX compared to diffusive emissions in
the total removal of dissolved CH,4 or compared to methanogenesis
seems variable but has rarely been quantified in streams and rivers (10-
13). Moreover, large-scale variations in MOX across river networks and
the drivers underlying this variability remain poorly constrained, in
contrast to streambed methanogenesis, which is known to depend
on sediment characteristics and temperature (5, 6). This knowledge
gap limits our capacity to predict how riverine MOX may respond to
changes in temperature associated with global warming and to nutrient
enrichment resulting from eutrophication (17), and, consequently, to
assess future trajectories of riverine CHy4 emissions (18) and potential
feedback on rising atmospheric CH, concentrations.

MOX occurs under aerobic conditions using O, as an electron ac-
ceptor, as well as under anaerobic conditions using alternative electron
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acceptors such as NO;~, Mn/Fe oxides, or SO,%". Aerobic MOX pre-
dominates in stream surface waters, which are almost always oxic, as
strictly anoxic conditions are extremely rare (19), although O, levels in
rivers worldwide have declined and are projected to continue decreas-
ing (20). Field observations in lakes and soils, together with controlled
laboratory and mesocosm experiments, indicate that MOX generally
increases with higher dissolved CHy (21), water temperature (21), dis-
solved PO4>~ (22), dissolved inorganic nitrogen (DIN) (17), and total
suspended matter (TSM) (23, 24); and is inhibited by light (25), elevated
dissolved NH," and NO,~ (26), and low pH (27). Aerobic MOX is op-
timal at O, concentrations between 5 and 30 pM and is partially inhib-
ited at concentrations below or above this range (21, 28). Variations in
these drivers can influence MOX rates at the cellular level or by chang-
ing the composition of the communities of aerobic methane-oxidizing
bacteria (MOB). Aerobic MOB are commonly classified into two major
groups: type I (Gammaproteobacteria) and type II (Alphaproteobacte-
ria), which exhibit distinct life strategies, enabling them to occupy dif-
ferent ecological niches under contrasting environmental conditions
(29). The relative abundance of type I and type II MOB varies within
stream networks, although the drivers of this variability remain poorly
understood (30, 31).

Here, we characterize spatial variations in MOX rates across riv-
ers and streams in Africa and Europe (Fig. 1). We test the influence of
several biogeochemical variables—including dissolved O,, CHy, TSM,
nutrients (NHs T, NO, ™, DIN, and PO4*7), pH, and temperature—on
MOX rates to identify potential drivers. We test whether connectiv-
ity with extensive flooded forests in Africa affects MOX rates and
whether MOX rates vary systematically with stream size within river
networks. Last, we quantify the relative contribution of MOX to to-
tal dissolved CH,4 removal in the water column (via MOX and dif-
fusive degassing to the atmosphere) and assess how this contribution
changes with stream size and among continents.

RESULTS AND DISCUSSION

MOX rates increase with river size and connectivity with
flooded forest

We conducted 262 measurements of MOX rates across African and
European river systems (Fig. 1), encompassing a broad range of stream
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Fig. 1. Study extends over Europe and Africa covering a range of land cover and stream size. (A to D) Map of streams and rivers where MOX was measured in Europe
(Meuse and Scheldt river basins; A and B), West Africa (Congo River basin; A and C), and East Africa [catchments of Lakes Victoria (L.V.), Kyoga (L.K.), Edward (L.E.), and Albert

(L.A.); A and D]. N.S., North Sea; L.T., Lake Tumba; L.M., Lake MaiNdombe.

sizes (catchment areas from 9 to 3,626,000 km?) and land-cover
types, including intensive agricultural landscapes, temperate forests,
tropical flooded forests, tropical rainforests, and savannas (table S1).
African rivers were divided into two groups: those draining the
Cuvette Centrale Congolaise (CCC)—an extensive flooded forest
region in the Congo River basin (total area: ~1,760,000 km?; flooded
area: ~360,000 km?)—and all other African systems. Previous works
have shown that the CCC strongly influences riverine carbon bio-
geochemistry, including dissolved CH, concentrations and diffusive
emissions (14, 15).

Streams and rivers draining the CCC exhibited lower pH, nutri-
ent concentrations (NH4t, NO,™, DIN, and PO,*7), TSM, and dis-
solved O, concentrations compared to other African and European
systems (fig. S1). Forests covered, on average, 92% of the catchment
area of CCC-draining streams and 58% of non-CCC African streams
(table S1). Savanna and cropland accounted for 12 and 26%, respec-
tively, of non-CCC African catchments (table S1). Rivers draining
the CCC were also characterized by greater inundation extent than
non-CCC African rivers (fig. S2). European streams exhibited higher
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nutrient concentrations (fig. S1) than the African rivers, reflecting
eutrophication associated with intensive agriculture. Croplands and
pastures covered, on average, 76% of European catchments compared
to 18% in Africa (table S1).

Dissolved CH4 concentrations ranged from 16 to 97,345 nM and
were highest in the rivers draining the CCC (Fig. 2). Mean dissolved
CHy, concentrations did not differ significantly between European
rivers and African rivers outside the CCC (Fig. 2). Dissolved CH,4
concentrations decreased with increasing catchment area and tended
to be higher in lower stream orders (Fig. 3 and fig. S3), consistent
with patterns reported at basin (15), regional (4), and global scales (32).

MOX rates ranged from 0.3 to 126,973 nM day ™' and were highest
in the rivers draining the CCC (Figs. 2 and 3). In non-CCC African
and European streams, MOX rates showed no consistent relationship
with catchment size and across stream orders (fig. S4). In CCC Afri-
can rivers, MOX rates decreased with increasing catchment size and
stream order (fig. S4). Vertically integrated MOX rates in streambed
sediments compiled from the literature (fig. S5 and table S2) ranged
between 0 and 441,750,000 nmol m™2 day_1 (median = 634,963;
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Fig. 2. MOX follows broad geographical gradients. MOX rate (nM day'1) (A),
MOX apparent rate constant (K in day™") (B), and dissolved CH, concentration (nM)
(€) in African streams draining the flooded forest of the CCC, other African streams,
and European streams (Fig. 1). The box represents the first and third quartile, the
horizontal line corresponds to the median, the cross corresponds to the mean, er-
ror bars correspond to the maximum and minimum, and symbols show all data
points. Plot with K values normalized to a temperature of 25°C is shown in fig. S7.
Results of the statistical comparison of means are summarized on top of the figures
and detailed in table S3. n.s., not significant; *##P < 0.001; ***#P < 0.0001.

mean = 10,765,851 nmol m™~* day ') encompassing values measured
in the water column of African and European rivers (range 103 to
62,484,419; median = 222,284; mean = 4,157,269 nmol m "> day ™).
In headwaters (stream order <3), vertically integrated MOX rates in
the water column were significantly higher than in sediments for
both African and European systems (fig. S5 and table S3). In larger
systems (stream order >4), the vertically integrated MOX values in
the water column did not differ significantly from sediments in African
rivers but were significantly lower in European rivers (fig. S5 and
table S3). Although these sediment and water column MOX rates
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Fig. 3. Schematic representation of the dependency of MOX on stream size
and wetland connectivity. General patterns of the variability of dissolved CH4
concentration (A) and MOX apparent rate constant (K) (B) in Europe and Africa lo-
cated within (CCC) or outside (non-CCC) the CCC.

were not collected concurrently nor at the same sites, this compari-
son demonstrates that MOX in rivers is not restricted to sediments, as
previously suggested (33). Rather, MOX rates in the water column are
comparable to those in sediments in large systems and may even ex-
ceed them in headwaters. The lower sediment MOX reported in
headwaters compared to lowland rivers likely reflects reduced deposi-
tion of fine particles (34), which have been shown to enhance sedi-
mentary MOX (9).

MOX rates were positively related to dissolved CHy4 concentra-
tions (Fig. 4), consistent with previous studies identifying CH, avail-
ability as a key driver of MOX in streams (5, 10-13). The slopes of
the log-log relationships between MOX rates and dissolved CHy4
concentrations exceeded 1 in African and European rivers, indi-
cating nonlinear relationships. This implies that apparent MOX rate
constants (K; Egs. 1 and 2) varied along CH,4 gradients, with a ten-
dency for apparent K to increase with dissolved CH,4 concentrations
in African and European rivers. Variability in K is further explored
by examining relationships between empirically derived apparent K
(Eq. 1) and potential environmental drivers. An increase in the ap-
parent K value reflects higher abundance and/or activity of MOB
under favorable environmental conditions other than dissolved CH,
concentration.

The apparent K values were higher in the rivers draining the CCC
than the other African and European rivers (Figs. 2 and 3). The
higher apparent K values in the streams draining the CCC charac-
terized by a higher inundation extent (fig. S2) is likely attributable to
stronger inoculation of MOB from flooded forest soils compared to
upland soils in non-CCC African and European catchments. This
explanation is consistent with the positive relationship between ap-
parent K and inundation extent (wetland cover) observed in African
streams (fig. S6). Flooding enhances microbial transfer from soils to
streams (35). Soils exposed to regular flooding, such as the Amazon
floodplains, have higher MOX rates and MOB abundances than up-
land soils (36). The combination of a higher abundance of MOB in
wetland soils and an enhanced hydrological transfer from wetland
soils to streams could explain the higher apparent K in the streams
draining the flooded forest (CCC) (Figs. 2 and 3). This could also
explain that apparent K decreased with catchment area and stream
order in streams draining the flooded forest (CCC), testifying en-
hanced transfer of MOB from flooded forest soils into small streams
(small catchments) and a dilution effect as catchment size increased
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(Figs. 3 and 5). The mean apparent K value in stream orders 1 to
4 was higher than stream orders 5 to 8 in African CCC streams
[3.3 +2.8versus2.1 +3.0 day_l, mean + SD, ¢ test (log transformed)
P = 0.0368, df = 50]. Notably, environmental variables previously
proposed to enhance MOX rates and K such as TSM (23, 24), PO~
(22), and DIN (17) were lower (more unfavorable) in CCC streams
than in other African and the European systems (fig. S1). Hence, in
the overall dataset presented here, their influence, if any, was out-
weighed by the stream-wetland connectivity.

Some particulate organic carbon (POC) samples from CCC streams
were extremely depleted in '>C, with >C/"*C ratios (§"°C-POC) as
low —43 per mil (%o) (fig. S7). This suggests substantial incorpora-
tion of *C-depleted CH, into MOB biomass in these streams poor
in suspended particulate matter (TSM = 2.8 + 4.3 mg liter ™!, n = 52)
but with high CH,4 concentrations (Fig. 2). This interpretation is sup-
ported by negative relationships between §°C-POC and dissolved
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Fig. 4. MOX is mainly driven by dissolved CH; content in streams. MOX rate (hM
day™") versus dissolved CH4 concentration (nM) in African streams draining the flooded
forest of the CCC, other African streams, and European streams (Fig. 1). Lines show the
quantile linear regressions (table S4).

CH,4 concentration, MOX rates, and apparent K (fig. S7). The low
POC to particulate nitrogen (PN) ratios (POC:PN) (down to ~6:1),
associated with low 8°C-POC values (fig. S7), were below typical val-
ues for vascular plants (20:1 to 50:1) and tropical forest soils (9:1 to
15:1). The low POC:PN values were consistent with bacteria biomass
(37), further supporting a strong MOB contribution to the POC pool.

The lower apparent K values observed in European streams rela-
tive to African systems are more difficult to attribute unambiguously
(Fig. 2). Although methanotrophs may be more abundant in high-
latitude forest soils than tropical forest and savanna soils (38), European
catchments such as the Scheldt and Meuse are dominated by crop-
lands and pastures, where methanotroph abundance is generally lower
(38). Furthermore, river embankment in Europe is likely to reduce
the transfer of microorganisms from soils to streams.

In the European and non-CCC African streams, apparent K values
increased with stream size, as indicated by the positive linear relation to
catchment area (Figs. 3 and 5). The mean apparent K value in stream
orders 1 to 3 was lower than stream orders 7 to 9 in African non-CCC
stream (0.6 + 0.6 versus 1.7 + 1.1 day_l, P < 0.0001, df = 77) and
stream orders 4 to 6 in European streams (0.3 + 0.7 versus 0.4 +
0.6 day™', P = 0.0422, df = 106). The pattern of downstream increase
in apparent K likely reflects the increase in the absolute abundance of
better adapted and more competitive MOB with downstream trans-
port along the river network (29). Earlier works showed that river mi-
crobial communities are inoculated from soils (39), although these are
often poorly adapted to aquatic environments leading to downstream
changes in the composition due to species sorting (40-42). Neverthe-
less, microbial abundance increases through growth and accumulation
with the downstream transport (40-42).

Variations of the MOX apparent rate constant do not follow
patterns from controlled experiments and reflect broad
spatial variations at the network scale

Apparent K values were positively related to water temperature (Fig. 6),
potentially indicating a temperature-dependent enhancement of MOX
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Fig. 5. MOX apparent rate constant (K) increases with stream size. K (day™") in African streams draining the flooded forest of the CCC, other African streams, and Euro-
pean streams (Fig. 1) versus catchment area (kmz) (A) and stream order (B).The horizontal black line corresponds to the median, error bars correspond to the first and third
quartile, and symbols show all data points. Other lines show the quantile linear regressions (table S4). Plots with K values normalized to a temperature of 25°C are shown

in fig. S16.
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CHg (nM) (C), TSM (in mg liter™") (D), pH (E), PO,>~ (uM) (F), NH,™ (uM) (G), NO,~ (UM

) (H), and DIN (in uM) (1), in African streams draining the flooded forest of the CCC,

other African streams, and European streams (Fig. 1). Lines show the quantile linear regressions (table S4). Plots with K values normalized to a temperature of 25°C are

shown in fig. S9.

rates. When apparent K values were normalized to 25°C (Kjsec) us-
ing a temperature dependence reported in the literature (Qyo ~ 2.3),
they exhibited patterns similar to apparent K values with respect to
differences among the three groups of streams (Fig. 2 and fig. S8).
Patterns of K and K,sec as a function of other variables were similar
(figures hereafter). Notably, the positive relationship between appar-
ent Kysoc and temperature across the full dataset (fig. S9) was likely
indirect and reflected other broader differences between continents
rather than a direct temperature effect. If temperature were a domi-
nant driver of K, the normalization to 25°C would remove this rela-
tionship. This suggests that temperature differences did not drive the
main patterns of apparent K variability across the entire dataset, con-
sistent with the broad thermal tolerance of methanotrophs. Type II
methanotrophs have optimal growth between 23° and 34°C (43),
whereas type I methanotrophs have lower optima (8° to 15°C) (44),
due to physiological adaptations to low temperature (45, 46). Together,
type I and II methanotrophs span a wide optimal temperature range
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(8° to 34°C). This aligns with studies indicating that temperature is
not a primary control on MOX in lake water column (21) and sediment
(47). In soils, methanotroph responses to temperature vary widely
and depend on microbial community composition and environ-
mental conditions (48).

Across the dataset, apparent K values were negatively related to
O,, nutrients (PO,>~, NH,*,NO, ™, and DIN), pH, and TSM (Fig. 6).
The negative relationship between apparent K and dissolved O, con-
centrations (Fig. 6) likely reflected inhibition of MOX at O, concen-
trations above the optimal range (5 to 30 pM) (21, 28). Dissolved O,
were negatively related to dissolved CH,4 concentrations (fig. S10),
showing that inhibition at high O, concentrations may contribute
to the observed positive relationship between apparent K and CH,4
(Fig. 6). A similar positive relationship between apparent K and dis-
solved CH,4 concentration was reported in marine systems (49), where
it was attributed to covarying factors enhancing MOX such as particle
resuspension or increased nutrient availability in bottom waters with
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high CH,4 concentrations (50). Note that the higher O, concentra-
tions in European rivers (fig. S1) might also contribute to explain
lower apparent K values than in African rivers (Fig. 2).

The negative relationships between apparent K and PO,>~ or DIN
(Fig. 6) contrasted with the hypothesis of nutrient limitation of meth-
anotrophy (17,22). Similarly, the negative relationship between ap-
parent K and pH (Fig. 6) contradicted the assumption of optimal
methanotroph growth under circumneutral pH (27), although some
methanotrophs are adapted to acidic environments such as peat bogs
(51). Negative relationships between apparent K and NH, " and NO,~
across the full dataset were consistent with NH," and NO, ™~ inhi-
bition of methanotrophy (26). However, in the European streams,
where the highest NH,* and NO,~ concentrations were observed,
apparent K was positively related to NH," and NO,~ (Fig. 6), which
is inconsistent with inhibition of methanotrophy. Although NH,* has
been shown to inhibit methane monooxygenase activity, other stud-
ies have reported stimulation or no effect, suggesting that responses
depend on MOB community composition or NH," load (25). The
positive relationships between apparent K and NH,* and NO,~ in
European streams likely reflect variations in soil-river inputs of both
nutrients and MOB.

The negative relationship between apparent K and TSM across
the entire dataset (Fig. 6) was contrary to expectations of enhanced
MOX rates associated with particle-attached methanotrophs (23, 24).
However, in the Meuse, Scheldt, and tidal Scheldt, the contribution
of particle-attached MOB (>5 pm) to MOX rates (%MOXs 5um) aver-
aged 54 to 96% and increased in streams with higher TSM (fig. S11).
The Meuse exhibited the lowest average TSM due to filtration by the
invasive clam Corbicula spp. (52), whereas the tidal Scheldt exhibited
the highest TSM due to sediment resuspension driven by tidal cur-
rents (53). The pattern of ZMOX. 5., among these three systems was
consistent with an enhancement of MOX rates with turbidity, as
well as the positive relationship between apparent K and TSM in
the European streams, although this was not the case for the entire
dataset for which apparent K was negatively related to TSM (Fig. 6).
Apparent K increased with POC (fig. S12), consistent with its rela-
tionship with TSM (Fig. 6), as POC and TSM were positively related
(fig. S12), in agreement with observations across river basins (54).

In northern lakes, dissolved organic carbon (DOC) has been
shown to influence the ratio of methanotrophy to total heterotrophy
by modulating microbial competition (55). Yet, the positive rela-
tionship between apparent K and DOC or colored dissolved or-
ganic matter absorbance at 350 nm (asso) (fig. S13) likely reflected
enhanced methanotroph abundance due to connectivity with flood-
ed forest soils, which also increased DOC and a3s. The connectivity
with flooded forest soils also explained observed relationships be-
tween apparent K and potential explanatory variables across African
and European streams as the rivers draining the flooded forest were
characterized by lower pH, nutrients (NH,*, NO,~, DIN, and PO,*"),
TSM, and O, concentrations but higher dissolved CH, concentra-
tions (fig. S1).

The discrepancy between the observed relationships between ap-
parent K and environmental gradients of nutrients (PO,”~, NH,",
NO;", and DIN), TSM, pH, and DOC and those inferred from con-
trolled experiments (micro- or mesocosms) highlights the challenges
of extrapolating information on microbial functioning from con-
trolled experiments to the community or ecosystem scale (56, 57).
These challenges arise from the complexity resulting from interac-
tions within the whole microbial community and interactions with
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other organisms (autotrophs and grazers) and the historical lack of
conceptual frameworks for microbial dynamics in lotic systems. Re-
cent studies (40-42) have described variations in bacterial abundance
and diversity at the river network scale within the frame of the river
continuum concept (58), characterized by increasing abundance but
decreasing diversity downstream. The observed increase in apparent
K with river catchment and stream order (Figs. 3 and 5) is consistent
with this framework. However, the patterns of apparent K (Fig. 6)
suggest that the spatial variations of methanotroph abundance in
African CCC streams also depended in part on the connectivity with
flooded forests and therefore should also be framed by the flood pulse
concept (59). Paired measured dissolved CH,4 concentrations and
MOX rates in the streams draining the CCC were significantly higher
during the high-water than the low-water period in agreement with
the flood pulse concept (fig. S14). However, the apparent K values
were not significantly different during high-water and low-water pe-
riods (fig. S14), indicating seasonal stability of apparent K despite
spatial dependence of apparent K on connectivity with flooded for-
ests (Figs. 3 and 6).

Contribution of MOX to total dissolved CH; removal
increases with river size

The contribution of MOX to total dissolved CH, removal in the wa-
ter column (MOXemoval) reflects the relative importance of water-
column oxidation versus diffusive emissions, excluding, by definition,
sedimentary MOX, which may also be substantial (5-8). Across the
dataset, MOX emoval ranged from 0.01 to 91.6% (Fig. 7). In African
rivers, MOX emoval Was low in stream orders 1 to 3 (median: 0.8 to
2.4%), increased to stream order 7 (median: 75.9%), and stabilized in
stream orders 8 and 9 (median: 78.8 to 84.9%). MOXemoval Was high-
er in CCC (median: 17.9%) than non-CCC (median: 0.7%) headwa-
ters (stream order <3), reflecting higher apparent K values (Fig. 5),
but lower than in respective higher stream orders (>4, median: 44.1%
in CCC streams and median: 72.4% in non-CCC streams) (fig. S15
and table S5). When weighted by stream-order areal coverage in the
Congo basin (15), the central value of MOXemoval Was 36.6% for
African streams (58% of the data on MOX in African streams were
acquired in the Congo basin). In European streams, MOXemoval Was
similarly low in stream orders 1 to 4 (median: 0.2 to 4.5%) and in-
creased in stream orders 5 and 6 (median: 24.0 to 26.4%) but de-
clined in stream order 7 (median: 6.7%), corresponding to the Meuse
main stem. The decline of MOXemoval in stream order 7 likely reflects
strong anthropogenic alteration of the Meuse river—reduced soil-
river connectivity due to embankment and filtration by Corbicula
spp. (52). The area-weighted central value for the Meuse and Scheldt
networks was 8.9% based on stream-order areal coverage (60), sub-
stantially lower than in African rivers (36.6%). This reflects the lower
coverage of larger rivers in the sampled European streams (maxi-
mum stream order 7 versus 9 in Africa) and lower apparent K values
at equivalent stream orders (Figs. 3 and 5).

In seven large rivers (stream orders 8 to 10) of the Amazon basin,
MOXemoval ranged from 59 to 96% (12), comparable to African riv-
ers of similar size. These Amazon estimates were derived using a
Rayleigh isotopic fractionation model for closed systems based on
the *C/'*C ratio of dissolved CH, (§'°C-CH,) (12). MOX rates de-
rived from an isotopic fractionation model (MOXj,,) were compared
to paired rates derived from incubations (MOXjyc) in 171 African
and European sites (fig. S16). Both approaches were linearly related
but the median of MOXjs, was between 9.7 and 40.6 times higher
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Fig. 7. Contribution of MOX to total dissolved CH,; removal including degassing to the atmosphere (MOXemoval) increases with stream size. MOXemoval (%) versus
gas transfer velocity (koo in m day™") (A), stream depth (B), catchment area (km?) (C), and stream order (D) in African and European streams (Fig. 1). In plot (D), the hori-
zontal black line corresponds to the median, error bars correspond to the first and third quartile, and symbols show all data points. In plots (A), (B), and (C), lines show the
quantile linear regressions (table S4). MOXemoval P€r stream order with African rivers separated into CCC and non-CCC groups is shown in fig. S15.

than the median of paired MOXjy, depending on the choice of the
initial value of 8'*C-CHy, used in the isotopic fractionation model
(—60 or —80%o, respectively) (fig. S16). The higher values of MOXjs,
than MOXjy, reflect the isotopic fractionation model providing an
estimate of MOX rates integrated over a long timescale, accounting
for the fractionation since the formation of CH4 by methanogenesis,
including in sediments that are potentially important sinks of CHy
(5-8). Incubations provide an estimate of MOX rates that is directly
related to the CHy concentration at the start of the incubation.

MOZXemoval increased with stream depth and catchment area and
decreased with ke (Fig. 7). Stream depth increases and kego de-
creases with stream size/order (61), possibly explaining the increase
in MOXemoval With catchment area and stream order (Fig. 7). Sensi-
tivity analyses (fig. S17) using constant (median) values of either
keoo, depth, or K showed that increasing depth and apparent Kin the
higher stream orders were equally important, explaining the in-
crease in MOXemoval in the largest systems with little contribution
from the changes of keo.

Borges et al., Sci. Adv. 12, eaeb8250 (2026) 17 July 2026

Our analysis focused on the spatial variations of MOX rates and
apparent K in streams, and we only have information on their sea-
sonal variations from time series of dissolved CH,4 concentration in
two African (Congo and Kasai) and two European (Meuse and Ourthe)
rivers (figs. S18 and S19). Dissolved CH,4 concentrations (hence MOX)
and kgoo vary seasonally with freshwater discharge (15, 62), poten-
tially propagating to seasonal variations of MOX emoval. In these four
rivers, MOXemoval Showed modest seasonal variability and correlated
with dissolved CH4 concentration (figs. S18 and S19). The seasonal
variability of MOXemoval Was smaller than differences in MOXemoval
between the two rivers in each continent, as given by the comparison
of the variance between- and within-groups (t-statistic = 38.4, df = 53,
P < 0.0001 for Africa; t-statistic = 32.3, df = 223, P < 0.0001 for
Europe) and among all four rivers [analysis of variance (ANOVA)
F-statistic = 69165, df = 279, P < 0.0001].

Low-order streams account for most (>75%) of diffusive riverine
CH, emissions (4, 15, 32, 63, 64) yet exhibit low MOXemoval Values
(<5%; Fig. 7). This suggests that changes in MOX driven by warming
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or eutrophication (17) are likely to have limited impact on total dif-
fusive CH,4 emissions from rivers.

We presented an extensive dataset of MOX rate measurements
(n = 262) from rivers and streams in Europe and Africa, including
systems within and outside the CCC—a large flooded forest region—
and spanning a wide range of stream sizes and land-cover types. MOX
rates, dissolved CH,4 concentrations, and apparent K were highest in
streams draining the CCC, likely reflecting inputs of CH4 and meth-
anotrophs from flooded forest soils. This highlights the importance
of wetland-river connectivity in driving stream CH4 dynamics, con-
sistent with the flood pulse concept.

MOX and apparent K were higher in non-CCC African rivers than
in European rivers, although dissolved CH4 concentrations did not
differ significantly. Lower apparent K values in European rivers were
likely attributable to anthropogenic impacts, such as filtration by in-
vasive clams, disruption of soil-river connectivity (e.g., embankment),
or dominance of agricultural soils with lower methanotroph abun-
dance compared to forests.

Production of CHy in stream sediments is expected to increase
under eutrophication and warming. The extent to which this trans-
lates into increased diffusive CH4 emissions will depend partly on
the response of MOX in both sediments and the water column. Our
results indicate that water column MOX rates are comparable to
sediment rates in lowland systems and may exceed them in headwa-
ters, although this conclusion is based on limited sediment data
compiled from the literature and warrants further investigation.

Temperature did not seem to explain differences in apparent K
between African and European systems, consistent with the broad
thermal tolerance of methanotrophs. Consequently, future warming is
likely to result in only minor or undetectable increases in MOX. In
contrast, warming is expected to enhance ebullition, allowing a great-
er fraction of CH, produced in sediments to bypass MOX in the water
column. The negative relationships between apparent K and nutrients
(PO4>™ and DIN) suggest that increased nutrient availability from
eutrophication may not enhance MOX in these already nutrient-rich
systems. Conversely, decreasing O, concentrations under warming
and eutrophication may stimulate MOX by bringing conditions closer
to the optimal O, range, consistent with inhibition of MOX at high O,
concentrations shown by the negative relationship between apparent
Kand O; across the full dataset. In addition, increased phytoplankton
biomass resulting from eutrophication may enhance MOX by pro-
moting particle-attached methanotrophs, consistent with the ob-
served positive relationship between apparent K and TSM in European
rivers and most MOX being attributed to particle-attached MOB
(>5 pm) to MOX rates (%MOXs 5,m) in the Meuse and Scheldt rivers.
Overall, these findings indicate a complex and potentially mixed re-
sponse of MOX to eutrophication and warming, driven by interacting
factors leading to an increase (lower O, and higher TSM) or small/no
changes (higher temperature and nutrients).

In non-CCC African and European rivers, apparent K increased
with stream size (catchment area and stream order), reflecting in-
creasing methanotroph abundance downstream, consistent with the
river continuum concept. This resulted in increasing MOXemoval
with stream size. MOX emoval Was lower in European streams (9%),
which are more heavily affected by human activities, than in African
streams (37%). Given that low-order streams dominate diffusive CHy
emissions (>75%) but exhibit low MOXemoval (<5%), changes in
MOX due to warming or eutrophication are unlikely to substantially
alter total riverine CH, diffusive emissions.

Borges et al., Sci. Adv. 12, eaeb8250 (2026) 17 July 2026

MATERIALS AND METHODS

Sampling and laboratory analysis

Samples were collected multiple times within each river network.
Consequently, the dataset captures seasonal variability in dissolved
CH, concentrations, which is primarily driven by changes in fresh-
water discharge between dry and wet seasons in Africa (15) and be-
tween winter and summer in Europe (62). Sampling was carried out
during daytime (early morning to late afternoon) and designed to
encompass the widest possible spatial gradients within river networks,
including variations in stream size and catchment land cover.

Water temperature, specific conductivity, pH, and dissolved oxy-
gen concentration were measured in surface waters with YSI EXO-II
or YSI Pro Plus multiparameter probes. Sensors were calibrated ac-
cording to manufacturer’s specifications: O, in air, pH with commer-
cial buffers (4.00, 7.00, and 10.00), and conductivity with a standard
of 1000 pS cm™L Samples for CHy analysis (MOX and 8*C-CH,)
were collected from surface waters with a Niskin bottle and trans-
ferred via silicone tubing into six 60-ml borosilicate serum bottles
(Wheaton). Bottles were immediately sealed with butyl stoppers and
crimped with aluminum caps. Samples for §'*C-CH, and the initial
MOX incubation time point (T,) were immediately poisoned after
collection with 200 pl of a saturated HgCl, solution injected through
the butyl stopper using a 1-ml syringe fitted with a stainless steel
needle, allowing water displacement during injection with a second
needle. The remaining four bottles (T} to T4) were incubated in the
dark in a cool box filled at the start of the incubation with in situ
water and sequentially poisoned with 200 pl of a saturated HgCl,
solution approximately every 12 hours over a total incubation peri-
od of ~48 hours. The exact poisoning times were recorded. Water
temperature in the cool box was not systematically monitored; how-
ever, preliminary tests indicated minimal temperature variation over
48 hours.

Dissolved CH,4 concentrations were measured using the head-
space technique and a gas chromatograph with a flame ionization
detector. A 20-ml headspace of ultrapure N, (Air Liquide, Belgium)
was introduced into each serum bottles and allowed to equilibrate
overnight at room temperature. A 12-ml subsample of headspace
gas was injected into the gas chromatograph (SRI 8610C) calibrated
with certified CH4:N, gas mixtures [1, 10, 30, 509, and 2011 parts
per million (ppm); +2%; Air Liquide, Belgium]. Measurement pre-
cision was +3%, and the detection limit was 0.5 nM.

The §'°C-CH, was measured in the headspace gas (20 ml of syn-
thetic air, Air Liquide, Belgium) equilibrated overnight at room
temperature with 40 ml of the water sample. When the headspace
partial pressure of CH, (PCHy) exceeded 10 ppm, gas samples were
diluted to ~6 ppm to fall within the manufacturer’s recommended
instrumental operational range (2 to 10 ppm). The (un)diluted gas
samples were analyzed with a cavity ring-down spectrometer (Picarro
G2201-7) equipped with a Small Sample Introduction Module 2
(Picarro). Data were corrected using calibration curves relating
8'3C-CH, to PcHy, prepared from dilutions of two certified stan-
dards (—23.9 & 0.3 and —69.0 + 0.3%o Airgas Specialty Gases) refer-
enced to Vienna Pee Dee belemnite. Analytical precision based on
repeated analysis of the two standards was better than +1.0%o.

In the Meuse and Scheldt catchments, incubations were conduct-
ed to determine %MOXs 5, in surface waters. At each site, two 60-
ml borosilicate serum bottles were filled with filtered (5.0-pm pore
size polycarbonate filters, Millipore; “F” treatment) and two bottles
with unfiltered water (“UF” treatment). All bottles were amended
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with 100 pl of a solution of dissolved *CH, (50 pM final concentra-
tion, 99% enrichment). One bottle per treatment was immediately
poisoned with pH-neutral formaldehyde (0.5% final concentration)
and served as a killed control. Bottles were sealed with a butyl stop-
per and crimped with an aluminum cap and incubated in the dark
for 72 hours at in situ temperature. At the end of the incubation, a
12-ml subsample was transferred into Exetainer vials (Labco) and
preserved with 50 pl of saturated HgCl, for analysis of the °C/'*C
ratio of dissolved inorganic carbon (8'°C-DIC). The remaining sam-
ple (~50 ml) was filtered onto precombusted GF/F filters (25 mm in
diameter) for 8">C-POC analysis and stored frozen.

For ancillary measurements, 2 liters of surface water was collected
and filtered through precombusted Whatman GF/F filters (450°C,
>4 hours) for §°C-POC analysis (25 mm) and TSM (47 mm) deter-
mination, stored dry at room temperature. POC filters were decar-
bonated with HCI fumes for 4 hours, dried, and encapsulated in silver
cups. POC concentration and §'"°C were measured using an elemental
analyzer—isotope ratio mass spectrometer (EA-IRMS; Thermo Fisher
Scientific Flash HT with Delta V Advantage) with reproducibility
better than +5%, calibrated against certified (IAEA-600 caffeine) and
in-house standards (leucine and muscle tissue of Pacific tuna) that
were previously calibrated versus certified standards. §'°C-DIC was
determined following equilibration with a 2-ml helium headspace
after acidification with 99% H3POy, with CO; analyzed by EA-IRMS.
TSM filters were dried at 50°C for 12 hours and weighed before and
after filtration using an analytical microbalance (+0.1 mg), yielding
a final precision of +10%.

Filtrate from GF/F filters was further passed through 0.2-pm poly-
ethersulfone syringe filters for analysis of DOC, a3s, and nutrients
(NO;~, NO,~, NH,4", and PO,*7). DOC samples were stored in 40-ml
brown borosilicate vials with polytetrafluoroethylene (PTFE)-coated
septa, poisoned with 50 pl of H3POy4 (85%) at ambient temperature
and in the dark. DOC was measured using a wet oxidation TOC
analyzer (IO Analytical Aurora 1030W; reproducibility: +5%). Sam-
ples for assg analysis were stored in 15-ml brown borosilicate vials
with PTFE-coated septa at 4°C and in the dark. Absorbance spectra
(190 to 900 nm) were measured using a PerkinElmer UV/Vis 6508
spectrophotometer, with a 1-cm quartz cuvette, using ultrapure water
as a blank. Nutrients were stored frozen (—20°C) in 50-ml polypro-
pylene vials. NO;~ and NO,™ were determined with the sulfanilamide
cadmium reduction colorimetric method (65), NH, " were determined
with the dichloroisocyanurate-salicylate-nitroprussiate colorimetric
method (66), and PO4>~ were determined with the ammonium mo-
lybdate, ascorbic acid, and potassium antimony tartrate colorimet-
ric method (67). Precisions were +0.05, +0.02, +0.02, and +0.02 pM
for PO4*~, NH,*, NO, ™, and NO; ™, respectively. Detection limits
were 0.03, 0.05, 0.02, and 0.02 pM for PO,’~, NH,*, NO,~, and
NO;™, respectively.

Computations
The CH4 concentration at each time step (CHy(y nM) was fitted as a
function of time (¢ in days) through the five data points (T to Ty) (22)

CHyy) = CH4(T0)3_Kt (1)

where CHy(ro) is the initial CHy at Ty, and K (day_l) is the fitted
coeflicient corresponding to the MOXS apparent rate constant, al-
lowing to compute MOX (nM day ")

MOX = K x CHy(ry) 2)

Borges et al., Sci. Adv. 12, eaeb8250 (2026) 17 July 2026

K values were normalized to 25°C (Kjsoc) using a Q¢ of 2.3,
based on a value of 2.2 computed from the incubation experiments
in Lake Suwa (Japan) (68) and the value of 2.4 derived from the
statistical analysis of in situ MOX rate measurements in six Cana-
dian lakes (21). These Q;( values are consistent with the value of 2.0
reported for methanotrophs in wetland (69) and forest (48) soils.

Air-water diffuse CHy flux (Fcpg) was calculated as

Fepg =kt - ACH, (3)

where ACHy is the air-water CHy4 concentration gradient derived
from measured dissolved CH, concentration, the atmospheric PcH4
of 1.9 ppm, and the Henry constant of CHy (70), and k; is the gas
transfer velocity (m day™') derived with the Schmidt number of
CH,4 for fresh water (71) and kgpo (m day_l) computed following (62)

(4)
where V is the stream velocity (m s™'), and § is the stream slope
(unitless).

V was estimated from freshwater discharge (Q in m® s7}) divided
by the cross-sectional area (m*) computed as the product of stream
width and depth. Stream width, depth, and S were derived from Riv-
erATLAS (60) for all rivers. Q was derived from RiverATLAS (60)
for the African rivers and from gauged measurements in European
rivers from various public databases (Service Public de Wallonie,
Flanders Environment Agency).

The fraction of oxidized CH4 (FOX) was calculated with a closed-
system Rayleigh fractionation model (72)

In(1-FOX) =
[In(8"C—CH, ;a1 +1000) —In(8°C—CH, +1000)] /[a—1]

kgoo = 2.02 + 2841 X VS

)

where 813C—CH4_mmal is the signature of dissolved CH, as produced
by methanogenesis in sediments, 8'°C-CHy is the signature of dis-
solved CH4 measured in situ, and « is the fractionation factor.

We used a = 1.016 based on field measurements in a tropical lake
(73). For 813C—CH4Jnmal, we used two values (—60 and —80%o) that
correspond to the upper and lower bounds of the range of values of
8"*C-CHj typically encountered in stream sediment pore waters and
riparian soils (74).

MOX;,, was calculated as (75)

FOX

MOXieo = Fon, X T-pox (6)

Methanotrophic bacterial production (MBP), defined as the CHy-
derived °C incorporation rates into the POC pool, was calculated
as (25)

POC, x (%" C-POC,/%"C-POC;)
"~ tx(%"C-CH,/%"C-POC,)

MBP (7)

where POC; is the concentration of POC at the end of the incuba-
tion, %"*C-POC, and %"*C-POC; are the final and initial percentage
of °C in the POG, ¢ is the incubation time, and %'*C-CH, is the
percentage of ®Cin CHy, after tracer inoculation.

The methanotrophic bacterial respiration (MBR) rates, defined
as the CH,-derived "°C incorporation rates into the DIC pool, were
calculated as (25)
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DIC,x (%" C-DIC,/%"C—-DIC;)

MBR
tx(%"*C-CH,/%"C-DIC,)

(8)

where DIC; is the concentration of DIC at the end of the incubation,
%"*C-DIC; and %" *C-DIC; are the final and initial percentage of *C
in DIC, and %>C-CHy is the percentage of 3C in CH, after tracer
inoculation.

% MOX. was calculated as

>5um

(MBPy; +MBRy;) — (MBP; +MBR;)

%MOX. 5, =
(MBPy; +sMBRy)

>5um

X 100 (9)

where UF and F denote unfiltered and filtered treatments, respectively.

Statistical analysis

Quantile regressions (tau = 0.5) were computed using the quantreg
package (76) in R (77). Comparisons of means at the 0.05 level were
conducted with the GraphPad Prism software using one-way ANOVA
followed by a Tukey’s multiple comparisons post hoc test, paired or un-
paired t tests, and Kruskal-Wallis test followed by Dunn’s multiple com-
parisons post hoc test. Data were log) transformed before analysis.

Supplementary Materials
This PDF file includes:

Figs.S1to S21

Tables S1 to S7
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Figure S1 African and European streams show distinct biogeochemical characteristics. Box-plots of pH (a),
dissolved O, (umol L) (b), total suspended matter (TSM in mg L) (¢), dissolved organic carbon (DOC in mg
L") (d), NHs* (umol L) (e), NOy (umol L) (f), dissolved inorganic nitrogen (DIN in umol L) (g), and PO,*
(umol L") (h) in African streams draining the flooded forest of the Cuvette Centrale Congolaise (CCC), other
African streams, and European streams (Fig. 1). The box represents the first and third quartile, horizontal line
corresponds to the median, the cross to the mean, error bars correspond to the maximum and minimum, symbols
show all data points. Results of the statistical comparison of means are summarized on top of the figures and
detailed in Table S3.
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Figure S2 African streams within and outside Cuvette Centrale Congolaise (CCC) have different
inundation patterns. Annual maximum of inundation extent in reach catchment (inu_pc_cmx) extracted from
RiverATLAS (60) (%) in African streams draining the flooded forest of the CCC, other African streams (non-
CCC) (Fig. 1). The box represents the first and third quartile, horizontal line corresponds to the median, the cross
to the mean, error bars correspond to the maximum and minimum, symbols show all data points. Results of the
statistical comparison of means are summarized on top of the figure and detailed in Table S5.
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Figure S3 Dissolved methane concentrations decrease with river size. Dissolved methane concentration (CHy4
in nmol L") versus catchment area (km?) (a) and stream order (b) in African streams draining the flooded forest
of the Cuvette Centrale Congolaise (CCC), other African streams, and European streams (Fig. 1). Lines show the
quantile linear regressions (Table S4).
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Figure S4 Methane oxidation (MOX) is invariant with river size. MOX (nmol L! d"!) versus catchment area
(km?) (a) and stream order (b) in African streams draining the flooded forest of the Cuvette Centrale Congolaise
(CCC), other African streams, and European streams (Fig. 1). Horizontal line corresponds to the median, error
bars to first and third quartile, symbols show all data points. Other line shows the quantile linear regression
(Table S4).
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Figure S5 Methane oxidation (MOX) in rivers in the water column is equivalent to or higher than in
sediments. Vertically integrated MOX (nmol L'! m?) in the water column of African (Afr.) and European (Eur.)
streams (st.) and rivers (riv.) and in sediments (Table S2) separated in small (headwaters or Strahler stream order
(SO)<3) (a) and large (lowland riv. or SO>4) (b) systems. Results of the statistical comparison of means are
summarized on top of the figure and detailed in Table S4.
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Figure S6 Methane oxidation apparent rate constant (K) in African rivers increases with wetland
inundation. K (d') (a) and K normalized to a constant temperature of 25°C (Kzsec in d!) (b) versus annual
maximum of inundation extent in reach catchment (inu_pc_cmx) extracted from RiverATLAS (60) (%) in
African streams draining the flooded forest of the Cuvette Centrale Congolaise (CCC), other African streams
(non-CCC) (Fig. 1). Lines show the quantile linear regressions (Table S4).
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Figure S7 3C/"’C ratio of particulate organic carbon (8'3C-POC) decreases with the abundance of
methanotrophs in African rivers draining flooded forests. §'3C-POC versus methane oxidation (MOX)
apparent rate constant (K in d!) (a), CHs dissolved concentration (nmol L) (b), MOX (nmol L d!) (¢), and
particulate organic carbon to particulate nitrogen ratio (POC:PN in mg:mg) (d) in African streams draining the
flooded forest of the Cuvette Centrale Congolaise (CCC), other African streams, and European streams (Fig. 1).
Horizontal grey lines indicate mean (full line) and standard deviation (dotted lines) of average soil organic
carbon stable isotope composition with a dominance of C4 (-15:5+0.8 %) and C3 plants (-28.4+0.7 %0) (78).
Lines show the quantile linear regressions (Table S4). Plot with K values normalized to a temperature of 25°C is

shown in Figure S18.
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Figure S8 Methane oxidation apparent rate (K) is higher in African rivers draining flooded forests. K
normalized to a constant temperature of 25°C (Kas.c in d'') in African streams draining the flooded forest of the
Cuvette Centrale Congolaise (CCC), other African streams, and European streams (Fig. 1). The box represents
the first and third quartile, horizontal line corresponds to the median, the cross to the mean, error bars correspond
to the maximum and minimum, symbols show all data points. Results of the statistical comparison of means are
summarized on top of the figures and detailed in Table S3.
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Figure S9 Methane oxidation apparent rate constant (K) dependency on several biogeochemical variables.
K normalized to a temperature of 25°C (Kasec in d'!) versus water temperature (°C) (a), dissolved O, (umol L)
(b), dissolved CH4 (nmol L) (¢), total suspended matter (TSM in mg L) (d), pH (e), POs* (umol L) (f); NH,*
(umol L) (g), NOy (umol L) (h), dissolved inorganic nitrogen (DIN in pmol L) (i), in African streams
draining the flooded forest of the Cuvette Centrale Congolaise (CCC), other African streams, and European
streams (Fig. 1) Lines show the quantile linear regressions (Table S4).
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Figure S10 Dissolved methane concentration increases at low Oz concentrations in African and European
rivers. Dissolved CH4 concentration (nmol L) versus dissolved O, concentration (umol L'!) in African streams
draining the flooded forest of the Cuvette Centrale Congolaise (CCC), other African streams, and European
streams (Fig. 1) Lines show the quantile linear regressions (Table S4).



0.5 : L

ns ns

0.4+ =

ek

e ns

.
2l
1

%M0X>5pm (%)

o

500 : o

ns ns

400+
300+

200+

TSM (mg L)

100

Figure S11 Methane oxidation (MOX) in European rivers increases with particles. MOX apparent rate
constant (K in d*') (a), contribution of particle-attached MOB (>5 pm) to MOX (%MOXssum in %) (b), and total
suspended matter (TSM in mg L) (¢) in the Meuse, Scheldt proper, and tidal Scheldt rivers. Results of the
statistical comparison of means are summarized on top of the figures and detailed in Table S6.
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Figure S12 Methane oxidation apparent rate constant (K) dependency on particulate organic carbon
(POC) in rivers. K (d!) (a), K normalized to a temperature of 25°C (K»sec in d!) (b), and total suspended matter
(TSM in mg L) (¢) versus POC (mg L") in African streams draining the flooded forest of the Cuvette Centrale
Congolaise (CCC), other African streams, and European streams (Fig. 1) Lines show the quantile linear
regressions (Table S4).
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Figure S13 Methane oxidation apparent rate constant (K) dependency on dissolved organic carbon (DOC)
in rivers. K (d!") versus dissolved organic carbon (DOC in mg L) (a) and colored dissolved organic matter
absorbance at 350 nm (asso in m™') (b) in African streams draining the flooded forest of the Cuvette Centrale
Congolaise (CCC), other African streams, and European streams (Fig. 1) Lines show the quantile linear
regressions (Table S4). Plots with K values normalized to a temperature of 25°C are shown in Figure S20.
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Figure S14 Dissolved CH4 concentration and methane oxidation (MOX) are higher during high water
than low water period in African rivers draining flooded forests. Distribution and estimation plots of
dissolved CH4 concentration (nmol L) (a,b), MOX (nmol L' d'!) (¢,d), and MOX apparent rate constant (K in
d") (e,f) during the low water and high water period in the streams and rivers draining the Cuvette Centrale
Congolaise (paired measurements). On the left plots, the horizontal black line corresponds to the median, error
bars to first and third quartile, on the right plots, the horizontal black line corresponds to the mean and 95%
confidence interval of the differences between low water and high water periods, symbols show all data points.
Results of the statistical comparison of means are summarized on top of the figures and detailed in Table S7.
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Figure S15 Methane oxidation (MOX) estimated from isotopic fractionation is higher than measured by
incubations. MOX (nmol L' d*!) from incubations (MOXiy.) versus MOX from Rayleigh fractionation model
(72) (MOXis,) using two values for initial '*C/'2C ratio of CHs (8'3C-CH4) of -80 and -60 %o (a), and
corresponding box-plots (b). In plot (a) solid lines show the quantile linear regressions (Table S3) and dotted
line the 1:1 line. In plot (b), the box represents the first and third quartile, horizontal line corresponds to the
median, the cross to the mean, error bars correspond to the maximum and minimum. Were excluded from the
analysis four negative values of MOXjs, based on initial §'*C-CHy, of -60%o. Results of the statistical comparison
of means are summarized on top of the figures and detailed in Table S3.
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Figure S16 Contribution of methane oxidation to total dissolved CHs methane removal mainly depends on depth and methane oxidation apparent rate constant (K)
and marginally on gas transfer velocity gas transfer velocity (keo0). Contribution of methane oxidation to total dissolved CH4 methane removal including degassing to the
atmosphere (MOXiemoval in %) based on initial stream depth (m), K (d!), and keoo (m d') values (nominal) (a), re-computed using a constant depth of 1 m (b) or a K of 0.35 d!
(¢), or a constant kepo of 2.8 m d'! (d) (median values of the whole data set) as a function of Strahler stream order in African and European streams (Fig. 1), and re-computed
(tested) MOX emova Values plotted versus nominal ones (e,f,g). In plots a, b, ¢, and d horizontal black line corresponds to the median, error bars to first and third quartile,
symbols show all data points. In plots e, f, and g, solid lines show the quantile linear regressions (Table S4) and the 1:1 line is represented by the dotted line.
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Figure S17 Contribution of methane oxidation to total dissolved CH4 methane removal shows low seasonal
variability in African rivers. Time-series of the contribution of methane oxidation to total dissolved CHy
methane removal including degassing to the atmosphere (MOXiemoval in %) in the Congo River at Kinshasa (22-
07-2011 to 09-11-2012, averaged depth = 13.9 m) (a) and the Kasai River (14-05-2015 to 15-05-2017, average
depth = 9.5 m) (b), and correlation of MOXemoval With dissolved CH4 concentration (c,d). MOX was calculated
from dissolved CH4 concentrations based the linear quantile regression derived from MOX and CH4
measurements in the Congo mainstem and the Kasai River (log(MOX) = -0.61£0.47 + 1.36£0.22 x log(CHa),
P<0.00001, n=24). The diffusive CH4 emissions were calculated from gas transfer velocities derived from
measured freshwater discharge contemporary to sampling for dissolved CH4 concentrations. The conversion of
the diffusive CH4 emissions from areal to volumetric units accounted for seasonal variations of river depth. Time
series of dissolved CH4 concentration were reported by Reference (15).



a, 2011 2012 2013 c. . .
{Meuse r=0.86
~ 8 @D 5 . |P<0.0001 i
q | n=127
3 6l OGS ; ; o L | |
3 &é&@ ©i Q9 i o
5, o Q??%% So o °& | i
B
1 O ©)
s ] %0 ] [
0 T T T T T T T T T T T T T
b. , d , ,
Ourthe
g, |
= 27 . io T -
g o} ©
g ] Q 20@ O:
3 © : o [@/¢])
g @%@o © g §O@q§9 08 ] I
] &© ;
T O §3?;@
O JFm "AMJ" JAS OND JFM " AMJ' JAS OND JFM ' AMJ  JAS OND 10 102 108

CH, (nmol L)

Figure S18 Contribution of methane oxidation to total dissolved CH4 methane removal shows low seasonal
variability in European rivers. Time-series of the contribution of methane oxidation to total dissolved CHy
methane removal including degassing to the atmosphere (MOXemovar in %) in the Meuse (07/02/2011 to
28/02/2013, average depth = 2.6 m) (a) and the Ourthe rivers (07/02/2011 to 20/12/2013, average depth = 0.95
m) (b), and correlation of MOXemovar With dissolved CHy4 concentration (c,d). MOX was calculated from
dissolved CH4 concentrations based the linear quantile regression derived from MOX and CH4 measurements in
the Meuse and Ourthe rivers (log(MOX) = -2.10+£0.30 + 1.30+0.12 x log(CH4), P<0.00001, n=21). The diffusive
CH,4 emissions were calculated from gas transfer velocities derived from measured freshwater discharge
contemporary to sampling for dissolved CH4 concentrations. The conversion of the diffusive CH,; emissions
from areal to volumetric units accounted for seasonal variations of river depth. Time series of dissolved CHy
concentration were reported by Reference (62).
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Figure S19 Methane oxidation apparent rate constant (K) increases with stream size. K normalized to a
temperature of 25°C (Kasec in d!) in African streams draining the flooded forest of the Cuvette Centrale
Congolaise (CCC), other African streams, and European streams (Fig. 1) versus catchment area (km?) (a) and
stream order (b). Horizontal black line corresponds to the median, error bars to first and third quartile, symbols
show all data points. Other lines show the quantile linear regressions (Table S4).



African CCC
[J= African non-CCC
European
- All

B et -

=20

=25+

304 TTTTAY 20

-35

-40- L

5'3C-POC (%o)

'45 LREILL Rl R B R R LI B R L

103 102 10" 10° 10" 102
A
Kasec (d7')

Figure S20 3C/2C ratio of particulate organic carbon (8'3C-POC) decreases with methane oxidation
apparent rate constant (K) in streams. 5'>C-POC versus K normalized to a temperature of 25°C (Kasec in d!)
in African streams draining the flooded forest of the Cuvette Centrale Congolaise (CCC), other African streams,
and European streams (Fig. 1). Horizontal grey lines indicate mean (full line) and standard deviation (dotted
lines) of average soil organic carbon stable isotope composition with a dominance of C4 (-15:5+0.8 %o) and C3
plants (-28.4+0.7 %o) (78). Lines show the quantile linear regressions (Table S4).
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Figure S21 Methane oxidation apparent rate constant (K) dependency on dissolved organic carbon (DOC)
in rivers. K normalized to a temperature of 25°C (Kzsec in d™!) versus DOC (mg L) (a) and colored dissolved
organic matter absorbance at 350 nm (asso in m™') (b) in African streams draining the flooded forest of the
Cuvette Centrale Congolaise (CCC), other African streams, and European streams (Fig. 1) Lines show the

quantile linear regressions (Table S4).



Table S1 Sample identifier (Sample_ID), region, sampling date, stream name, latitude and longitude, and
relevant stream characteristics derived from RiverATLAS: reach identifier (HYRIV_ID), upstream catchment
area (km?), Strahler stream order, annual average freshwater discharge at reach point (m® s!), stream gradient
(decimeters km™), land cover extent in total watershed upstream of reach pour point (in % cover) aggregated into

three classes (forest, shrub and herbaceous, cropland).

Sample_ID Region Samplig date Name Latitude Longitude HYRIV_ID Catchment Strahler ~ Annual  Stream Forest Shrub and Cropland
area order discharge Gradient cover  herbaceous cover  cover
dd-mm-yyyy °N °E km® m’s’  dmkm' % cover % cover % cover
RIVER_1  African non-CCC 27-10-2016 Ntungwe -0.57458 29.72385 11008816 2819.5 4 20.4 22 10 40 51
RIVER_ 2  African non-CCC 27-10-2016 Ishasha -0.61627 29.65745 11013050 918.6 3 7.5 29 37 16 46
RIVER_3  African non-CCC 28-10-2016 Nyamugasani  -0.12287 29.84283 10996499 497.4 3 25 53 54 17 21
RIVER_4  African non-CCC 28-10-2016 Nyamugasani  -0.00895 29.89895 10992953 336.6 2 1.6 49 44 23 24
RIVER_5  African non-CCC 29-10-2016 Nyamwamba 0.19460 30.10448 10989781 251.1 2 1.0 76 31 0 52
RIVER_6 African non-CCC 29-10-2016 Sebwe 0.25242  30.11657 10986222 372.9 3 1.5 134 45 1 30
RIVER_7  African non-CCC 22-03-2017 Nyamugasani  -0.12287 29.84283 10996499 497.4 3 25 53 54 17 21
RIVER_8  African non-CCC 23-03-2017 Isasha -0.61612 29.65788 11013050 918.6 3 7.5 29 37 16 46
RIVER_9  African non-CCC 23-03-2017 Ntungwe -0.57462 29.72410 11008816 2819.5 4 20.4 22 10 40 51
RIVER_10  African non-CCC 23-03-2017 Nchwera -0.45847 29.80139 11005453 461.5 2 3.0 32 43 12 42
RIVER_11  African non-CCC 23-03-2017 Nyamweru -0.31278 29.87104 11001080 280.3 3 1.6 46 95 0 4
RIVER_12  African non-CCC 25-03-2017 Nyamwamba 0.19472  30.10452 10989781 251.1 2 1.0 76 31 0 52
RIVER_13  African non-CCC 25-03-2017 Ssebo 0.25192  30.11678 10986222 372.9 3 1.5 134 45 1 30
RIVER_14  African non-CCC 25-03-2017 Nsongya 0.54330 30.16837 10977658 47.0 2 0.2 169 78 0 22
RIVER_15  African non-CCC 27-03-2017  ftributary of Dura  0.45860 30.37982 10979790 129.9 2 0.6 87 94 0 5
RIVER_16  African non-CCC 27-03-2017 Mpanga 0.10058 30.46215 10989376 4727.8 5 21.5 5 20 19 62
RIVER_17  African non-CCC 18-01-2018 Ishasha -0.61612 29.65788 11013050 918.6 3 7.5 29 37 16 46
RIVER_18  African non-CCC 18-01-2018 Ntungwe -0.57462 29.72410 11008816 2819.5 4 20.4 22 10 40 51
RIVER_19  African non-CCC 18-01-2018 Rwampuru -0.38402 29.87593 11003028 200.7 3 1.2 51 68 9 24
RIVER 20  African non-CCC 19-01-2018 Kihizi -0.42304 29.86777 11004438 99.4 2 0.6 68 93 0 6
RIVER 21  African non-CCC 19-01-2018 Nyamweru -0.31278 29.87104 11001080 280.3 3 1.6 46 95 0 4
RIVER 22  African non-CCC 20-01-2018 Nyamwamba 0.19472  30.10452 10989781 251.1 2 1.0 76 31 0 52
RIVER 23  African non-CCC 21-01-2018 Ntabago 0.37300 30.22882 10982150 40.8 1 0.2 204 41 0 59
RIVER 24  African non-CCC 21-01-2018 Ntabago 0.35383 30.27268 10982469 57.5 2 0.2 130 36 0 64
RIVER 25 African non-CCC 21-01-2018 Nsongya 0.35015 30.27837 10982702 572.3 3 25 56 57 0 43
RIVER 26  African non-CCC 02-11-2018 Katonga -0.04160 32.02000 10993577 13953.0 5 116.8 10 19 39 42
RIVER 27  African non-CCC 09-06-2019 Katonga -0.04178 32.02030 10993577 13953.0 5 116.8 10 19 39 42
RIVER 28 African non-CCC 10-08-2022 Congo -3.80880 15.95401 11098042 3611637.0 9 38289.7 0 83 9 6
RIVER_29 African CCC 16-08-2022 Lokoro -1.69270 18.54409 11042636 19857.8 6 261.0 3 95 0 4
RIVER_30 African CCC 16-08-2022 Lokoro -1.69569 18.49640 11042891 19878.9 6 261.7 6 95 0 4
RIVER_31 African CCC 17-08-2022  Bolongo Baambi  -1.44159 18.72099 11034980 3821.0 4 54.8 6 98 0 2
RIVER_32 African CCC 17-08-2022 Lotoi -1.44337 18.72723 11034981 7312.4 5 108.3 3 99 0 0
RIVER_33 African CCC 18-08-2022 Donkese -1.57094 18.50392 11039334 12157.6 5 177.2 6 97 0 1
RIVER_34 African CCC 18-08-2022 Mbalenzale -1.52505 18.25787 11038487 342.1 3 4.8 21 9% 0 1
RIVER_35 African CCC 19-08-2022 Nkoto -1.54101 18.01154 11037976 2260.4 5 35.5 3 96 0 4
RIVER_36 African CCC 19-08-2022 Isaba -1.60006 18.05652 11040122 2697.1 5 42.4 5 93 0 4
RIVER_37 African CCC 20-08-2022 Olongo Lule -1.66870 17.96399 11042074 3038.4 4 41.6 2 88 2 9
RIVER_38 African CCC 20-08-2022 Olongo Lule -1.67473 18.02254 11042359 3093.3 4 43.0 7 88 2 9
RIVER_39 African CCC 20-08-2022 Bosongo -1.90130 18.15664 11049173 144.6 3 22 15 77 0 20
RIVER_40 African CCC 21-08-2022 Mpongo Boli -1.99835 18.16323 11052103 338.5 4 5.0 12 94 0 5
RIVER_41 African CCC 21-08-2022 Lobeke -2.37716  18.24657 11063613 992.9 4 14.3 5 96 1 2
RIVER_42 African CCC 22-08-2022 Luabu -2.76986 18.34906 11073988 3358.6 4 43.5 7 96 0 3
RIVER_43 African CCC 22-08-2022 Lukenie -2.78449 18.35374 11074446 64865.9 6 852.6 0 87 4 8
RIVER 44 African CCC 22-08-2022 Fimi -2.77268 17.88950 11073981 120177.6 7 1669.3 2 89 3 6
RIVER_45 African CCC 23-08-2022 Molibampé -2.57393 17.74092 11068678 5092.1 5 67.1 2 90 8 2
RIVER_46 African CCC 23-08-2022 Molibampé -2.71432  17.70250 11072940 6528.9 5 85.5 2 89 9 2
RIVER_47 African CCC 23-08-2022 Molibampé -2.66543 17.74315 11071278 6307.6 5 82.6 5 89 9 2
RIVER_ 48 African CCC 24-08-2022 Fimi -2.74306 17.59891 11073370  127821.1 7 1768.4 3 89 3 6
RIVER_49 African CCC 24-08-2022 Fimi -2.89225 17.32755 11077088  129982.8 7 1799.0 2 88 4 6
RIVER_50 African CCC 24-08-2022 Fimi -2.99570 17.05443 11079580  135904.0 7 1870.5 2 88 4 5
RIVER 51 African non-CCC 24-08-2022 Kwa -3.05113 16.83249 11081974  890260.4 8 8847.1 1 82 15 2
RIVER 52 African non-CCC 24-08-2022 Kwa -3.05252 16.48862 11081248  893411.9 8 8882.9 0 82 16 2
RIVER_53  African non-CCC 25-08-2022 Kwa -3.16890 16.20823 11084458  894486.6 8 8896.9 0 82 16 2
RIVER 54  African non-CCC 25-08-2022 Congo -3.42631 16.16607 11089852 3604648.0 9 38148.7 0 83 9 6
RIVER 55 African non-CCC 25-08-2022 Congo -3.81038 15.95265 11098042 3611637.0 9 38289.7 0 83 9 6
RIVER 56 African non-CCC 25-08-2022 Congo -4.01698 15.61402 11101977  3625209.0 9 38524.2 0 83 9 6
RIVER 57  African non-CCC 26-08-2022 Congo -4.19946 1551006 11105517 3625626.0 9 38526.5 1 83 9 6
RIVER 58 African non-CCC 22-03-2023 Kwa -3.05569 16.49010 11081248  893411.9 8 8882.9 0 82 16 2
RIVER_59 African CCC 23-03-2023 Fimi -2.89056 17.32885 11077088  129982.8 7 1799.0 2 88 4 6
RIVER_60 African CCC 23-03-2023 Fimi -2.74441 17.60095 11073370  127821.1 7 1768.4 3 89 3 6
RIVER_61 African CCC 24-03-2023 Bowele -2.22165 18.52707 11058649 1486.4 4 20.3 3 94 1 5
RIVER_62 African CCC 25-03-2023 Mpongo-Boli -1.99688 18.15643 11052102 316.9 4 4.7 0 9% 0 4
RIVER_63 African CCC 25-03-2023 Bosongo -1.90074 18.15611 11049173 144.6 3 22 15 77 0 20
RIVER_64 African CCC 26-03-2023 Lokoro -1.69230 18.54378 11042636 19857.8 6 261.0 3 95 0 4
RIVER_65 African CCC 27-03-2023 Lokoro -1.69490 18.49557 11042891 19878.9 6 261.7 6 95 0 4
RIVER_66 African CCC 27-03-2023 Ndongese -1.57081 18.50362 11039334 12157.6 5 177.2 6 97 0 1
RIVER_67 African CCC 28-03-2023 Mbalenzale -1.52347 18.26152 11038487 342.1 3 4.8 21 9% 0 1
RIVER_68 African CCC 28-03-2023 Nkoto -1.53914  18.01027 11037976 2260.4 5 35.5 3 9% 0 4
RIVER_69 African CCC 31-03-2023 Lobeke -2.37704 18.24479 11063613 992.9 4 14.3 5 9 1 2
RIVER_70 African CCC 01-04-2023 Luabu -2.76966 18.34890 11073988 3358.6 4 43.5 7 9% 0 3
RIVER_71 African CCC 01-04-2023 Lukenie -2.78617 18.35295 11074446 64865.9 6 852.6 0 87 4 8
RIVER_72 African CCC 02-04-2023 Molibampé -2.71488 17.70248 11072940 6528.9 5 85.5 2 89 9 2
RIVER_73 African CCC 03-04-2023 Kwa -3.17526 16.19696 11084458  894486.6 8 8896.9 0 82 16 2
RIVER_74 African CCC 07-04-2023 Moninga -0.82116 17.85945 11015987 355.0 3 4.4 5 99 0 2
RIVER_75 African CCC 07-04-2023 Ngoie -0.88430 17.94549 11018021 356.7 3 4.6 0 98 0 2
RIVER_76 African CCC 08-04-2023 Lobambo -0.94313 18.03740 11019799 214.4 3 2.8 6 97 0 3
RIVER_77 African CCC 08-04-2023 Bituka -1.01817 18.10784 11022238 573.7 4 7.5 7 98 0 2
RIVER_78 African CCC 08-04-2023 Bembe -0.98960 18.16252 11024228 52.6 1 0.7 17 99 0 0
RIVER_79 African CCC 08-04-2023 Lolo -0.95640 18.19248 11020038 2251.0 4 29.4 6 94 0 5
RIVER_80 African CCC 09-04-2023 Ehanga -0.64323 18.14530 11010617 176.7 2 21 18 79 0 18
RIVER_81 African CCC 09-04-2023 Zobo -0.61134 18.09904 11010476 1055.9 4 12.4 6 84 0 15
RIVER 82 African non-CCC 10-04-2023 Congo -0.65406 17.66233 11011415 2349833.0 9 23947.4 0 85 7 6
RIVER_83  African non-CCC 11-04-2023 Congo -1.85945 16.54353 11048467 2668710.0 9 28396.5 0 84 7 6
RIVER_84 African CCC 21-08-2023 Moninga -0.82025 17.85999 11015987 355.0 3 4.4 5 99 0 2
RIVER_85 African CCC 22-08-2023 Ngoie -0.88441 17.94540 11017752 4127 3 5.3 2 93 0 2



Table S1 (continued)

RIVER 86
RIVER_87
RIVER 88
RIVER 89
RIVER_90
RIVER 91

RIVER 92
RIVER_93
RIVER 94
RIVER 95
RIVER_96
RIVER 97
RIVER 98
RIVER_99
RIVER_100
RIVER_101
RIVER_102
RIVER 103
RIVER 104
RIVER_105
RIVER 106
RIVER 107
RIVER_108
RIVER_109
RIVER_110
RIVER_111
RIVER 112
RIVER 113
RIVER 114
RIVER 115
RIVER 116
RIVER_117
RIVER 118
RIVER 119
RIVER_120
RIVER 121
RIVER 122
RIVER 123
RIVER 124
RIVER 125
RIVER_126
RIVER 127
RIVER 128
RIVER_129
RIVER 130
RIVER 131
RIVER_132
RIVER 133
RIVER 134
RIVER_135
RIVER 136
RIVER 137
RIVER_138
RIVER 139
RIVER_140
RIVER_141
RIVER 256
RIVER 257
RIVER_258
RIVER 259
RIVER 260
RIVER 261
RIVER 262
RIVER 142
RIVER_143
RIVER 144
RIVER 145
RIVER_146
RIVER 147
RIVER 148
RIVER_149
RIVER_150
RIVER_151
RIVER_152
RIVER 153
RIVER 154
RIVER_155
RIVER 156
RIVER 157
RIVER_158
RIVER 159
RIVER_160
RIVER_161
RIVER 162
RIVER 163
RIVER 164
RIVER 165
RIVER 166
RIVER_167
RIVER 168
RIVER 169
RIVER_170
RIVER 171
RIVER 172

African CCC
African CCC
African CCC
African CCC
African CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
African non-CCC
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European

22-08-2023
23-08-2023
23-08-2023
24-08-2023
24-08-2023
25-08-2023
25-08-2023
26-08-2023
26-08-2023
26-08-2023
26-08-2023
27-08-2023
27-08-2023
27-08-2023
27-08-2023
27-08-2023
28-08-2023
28-09-2023
28-09-2023
28-09-2023
28-09-2023
28-09-2023
28-09-2023
22-11-2021
02-12-2021
02-12-2021
25-05-2022
07-06-2022
10-04-2024
24-04-2024
24-04-2024
09-04-2024
09-04-2024
09-04-2024
09-04-2024
13-04-2024
13-04-2024
14-04-2024
14-04-2024
30-04-2024
09-06-2024
25-06-2024
25-06-2024
13-06-2024
13-06-2024
13-06-2024
13-06-2024
14-06-2024
14-06-2024
14-06-2024
19-06-2024
01-07-2024
21-03-2025
21-03-2025
02-04-2025
02-04-2025
11-06-2025
11-06-2025
12-06-2025
13-06-2025
13-06-2025
25-06-2025
25-06-2025
15-03-2017
24-03-2017
09-03-2017
14-03-2017
10-03-2017
09-03-2017
09-03-2017
24-03-2017
10-03-2017
10-03-2017
31-03-2017
31-03-2017
17-03-2017
15-03-2017
24-03-2017
10-03-2017
14-03-2017
14-03-2017
13-11-2017
28-11-2017
20-11-2017
29-11-2017
29-11-2017
28-11-2017
24-11-2017
13-11-2017
13-11-2017
29-11-2017
10-11-2017
30-11-2017
28-11-2017

Lobambo
Bituka
Bembe
Ehanga
Zobo
Congo
Congo
Moliba Mbo
Congo
Congo
Sangasi
Congo
Congo
Congo
Mbali
Congo
Kwa
Tomo
Congo
Mpunu
Mai Ndombe
Congo
Congo
Victoria Nile
Victoria Nile
Sezibwa
Victoria Nile
Victoria Nile
Victoria Nile
Victoria Nile
Sezibwa
Bubwe
Somosio
Wasoke
Waiga
Waaki
Wambaby
Lutowa
Nkusi
Rwizi
Victoria Nile
Victoria Nile
Sezibwa
Waiga
Wasoke
Waaki
Wambabyar
Lutowa
Nkusi
Nkusi
Muzizi
Rwizi
Kagara
Mugoyo
Dura
Mpanga
Mucha
Rutchuru
Kabere
Kagara
Mugoyo
Dura
Mpanga
Eau Noire
Geer
Gueule
Lhomme
Lhomme
Lienne
Meuse
Meuse
Qurthe
Qurthe
Sambre
Sambre
Sambre
Eau Noire
Geer
Lesse
Lesse
Lesse
Biran
Eau d'Heure
Eau d'Heure
Geer
Gueule
Hantes
Hoégne
Lhomme
Masblette
Meuse
Meuse
Meuse
Sambre

-0.94304
-1.01758
-0.98960
-0.64298
-0.61090
-0.63883
-0.92303
-1.07050
-1.13078
-1.46212
-1.72084
-1.91608
-2.13562
-2.58084
-2.85302
-3.04558
-3.17111
-3.30069
-3.43277
-3.56317
-3.75683
-3.83046
-4.01963
2.21105
1.38557
1.32115
2.21480
1.37983
2.21520
1.37941
1.31790
1.84149
1.88131
1.92998
1.99223
1.70921
1.52999
1.41143
1.12955
-0.61931
2.21493
1.37410
1.31770
1.99204
1.92991
1.70911
1.52988
1.41227
1.12971
1.08407
0.87091
-0.68622
-1.03835
-0.92741
0.45821
0.10068
-1.22404
-1.24381
-1.22460
-1.03799
-0.92746
0.45858
0.10075
50.07790
50.73460
50.75050
50.13930
49.97200
50.40960
50.73730
50.62090
50.10680
50.13670
50.40790
50.41940
50.44595
50.00480
50.68610
49.92307
50.12620
50.17360
50.15880
50.36730
50.17540
50.73460
50.75050
50.29910
50.55360
50.13930
50.11510
50.73730
50.58070
50.39604
50.30470

18.03786
18.10782
18.16253
18.14551
18.09317
17.66903
17.38118
17.25795
17.00014
16.73846
16.66424
16.52484
16.21698
16.22826
16.19790
16.18341
16.20117
16.23139
16.15636
16.09752
15.98883
15.93997
15.61141
31.40712
32.84643
32.76770
31.40619
32.84656
31.41295
32.84820
32.76706
31.39393
31.40648
31.42801
31.47529
31.37616
31.11483
31.00144
30.99482
30.61091
31.40497
32.85071
32.76645
31.47542
31.42791
31.37632
31.11522
31.00199
30.99440
31.11523
30.72935
30.88713
30.18469
30.22250
30.38014
30.46235
29.71601
29.65607
29.87940
30.18466
30.22252
30.38002
30.46218
4.55135
5.39389
5.94087
5.16413
5.39110
5.76924
5.69026
5.57959
5.64624
5.72208
4.39512
4.54671
4.69585
4.42533
5.23110
5.28176
5.18501
5.04672
5.05997
4.39651
4.40847
5.39389
5.94087
4.17308
5.80467
5.16413
5.29752
5.69026
5.40556
4.87994
4.11747

11019799
11022238
11024228
11010617
11010476
11010766
11019251
11022617
11025361
11035999
11043871
11050079
11056841
11069117
11076147
11081760
11084458
11087176
11090242
11093597
11096953
11098360
11101977
10934232
10955649
10956384
10934232
10955649
10934232
10955649
10956384
10944699
10941929
10940718
10939041
10946408
10950826
10953837
10962320
11009786
10934232
10955649
10956384
10939041
10940718
10946408
10950826
10953837
10962320
10963583
10968507
11012423
11023039
11018919
10979790
10989376
11028503
11028746
11028373
11023039
11018919
10979790
10989376
20372178
20355570
20355869
20370167
20374412
20364602
20356226
20358760
20371232
20370454
20363761
20363646
20362862
20373803
20357259
20375401
20370881
20369667
20370548
20366026
20369489
20355570
20355869
20366535
20360358
20370167
20371800
20356226
20359963
20364096
20366751

214.4
573.7
52.6
176.7
1055.9
2341691.0
2351022.0
1989.3
2355373.0
2640976.0
1893.1
2672933.0
2685993.0
2689202.0
671.3
2708229.0
894486.6
591.9
3604674.0
1686.0
759.7
3611678.0
3625209.0
351575.5
268980.6
4258.0
351575.5
268980.6
351575.5
268980.6
4258.0
82.4
216.1
583.2
1755.4
493.7
812.9
2711.7
387.6
2024.5
351575.5
268980.6
4258.0
1755.4
583.2
493.7
812.9
2711.7
387.6
1283.3
2655.6
2513.9
98.9
187.2
129.9
4727.8
68.5
1040.6
249
98.9
187.2
129.9
4727.8
221.9
266.2
153.2
474.6
26.8
152.4
20483.1
16776.0
403.1
331.2
1691.6
2390.1
2777.7
114.7
56.2
41.2
389.6
1164.6
50.4
336.8
20.4
266.2
153.2
139.8
206.0
474.6
45.6
20483.1
16641.1
12664.7
1243.8
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2.8
7.5
0.7
21
12.4
23758.8
24377.5
223
24421.3
27728.0
18.3
28436.5
28701.1
28744.9
8.6
29221.3
8896.9
7.9
38149.1
245
13.0
38290.5
38524.2
2031.5
3140.6
27.9
2031.5
3140.6
2031.5
3140.6
27.9
0.3
0.9
25
4.6
2.1
3.6
1.3
1.8
12.8
2031.5
3140.6
27.9
4.6
25
2.1
3.6
1.3
1.8
4.8
13.5
15.5
0.7
1.3
0.6
21.5
0.6
7.7
0.2
0.7
1.3
0.6
215
2.3
29
2.0
57
0.3

240.3
194.6
5.1
4.1
20.0
28.2
32.8
1.2
0.6
0.5
4.8
13.9
0.6
3.8
0.2
2.9
2.0
1.6
26
57
0.6
240.3
193.6
149.2
14.9
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15
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15
63
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9
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15
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100
100
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Table S1 (continued)

RIVER 173
RIVER 174
RIVER 175
RIVER 176
RIVER_177
RIVER 178
RIVER 179
RIVER_180
RIVER 181
RIVER 182
RIVER_183
RIVER 184
RIVER 185
RIVER_186
RIVER 187
RIVER 188
RIVER_189
RIVER_190
RIVER 191
RIVER_192
RIVER 193
RIVER 194
RIVER_195
RIVER 196
RIVER 197
RIVER_198
RIVER 199
RIVER 200
RIVER 201
RIVER 202
RIVER 203
RIVER 204
RIVER_205
RIVER 206
RIVER 207
RIVER_208
RIVER 209
RIVER 210
RIVER 211
RIVER 212
RIVER 213
RIVER 214
RIVER 215
RIVER 216
RIVER 217
RIVER 218
RIVER 219
RIVER 220
RIVER 221
RIVER 222
RIVER 223
RIVER 224
RIVER 225
RIVER 226
RIVER 227
RIVER 228
RIVER 229
RIVER 230
RIVER 231
RIVER 232
RIVER 233
RIVER 234
RIVER 235
RIVER 236
RIVER 237
RIVER 238
RIVER 239
RIVER 240
RIVER 241
RIVER 242
RIVER 243
RIVER 244
RIVER 245
RIVER 246
RIVER 247
RIVER 248
RIVER 249
RIVER_250
RIVER 251
RIVER 252
RIVER 253
RIVER 254
RIVER 255

European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European
European

28-11-2017
21-11-2017
28-11-2017
29-11-2017
13-11-2017
13-11-2017
24-11-2017
31-10-2017
20-11-2017
01-12-2017
29-11-2017
17-11-2017
10-09-2018
10-09-2018
31-08-2018
31-08-2018
28-08-2018
07-09-2018
07-09-2018
10-09-2018
29-08-2018
10-09-2018
10-08-2020
10-08-2020
10-08-2020
10-08-2020
10-08-2020
11-08-2020
11-08-2020
11-08-2020
11-08-2020
19-08-2020
19-08-2020
23-08-2020
18-06-2019
18-06-2019
18-06-2019
18-06-2019
20-06-2019
20-06-2019
20-06-2019
25-06-2019
27-06-2019
27-06-2019
27-06-2019
02-07-2019
02-07-2019
02-07-2019
02-07-2019
04-07-2019
04-07-2019
04-07-2019
04-07-2019
03-02-2020
03-02-2020
03-02-2020
03-02-2020
03-02-2020
04-02-2020
10-02-2020
10-02-2020
10-02-2020
10-02-2020
12-02-2020
12-02-2020
12-02-2020
12-02-2020
17-02-2020
17-02-2020
17-02-2020
17-02-2020
24-04-2020
24-04-2020
24-04-2020
24-04-2020
29-04-2020
29-04-2020
29-04-2020
29-04-2020
15-05-2020
15-05-2020
15-05-2020
15-05-2020

Sambre
Sambre
Sambre
Geer
Lesse
Lesse
Qurthe
Rulles
Ry de Rome
Warche
Geer
Qurthe
Geer
Gueule
Sambre
Sambre
Sambre
Bocq
Burnot
Geer
Ton
Geer
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Meuse
Senne
Dendre
Dendre
Senne
Dyle
Senne
Dyle
Dyle
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Rupel
Scheldt
Scheldt
Lys
Dyle
Lys
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Senne
Scheldt
Scheldt
Dyle
Dyle
Senne
Dendre
Dendre
Senne
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt
Scheldt

50.40790
50.41940
50.44595
50.68610
50.12620
50.17360
50.37660
49.72080
50.03750
50.38710
50.71949
50.53159
50.73460
50.75050
50.30470
50.40790
50.44595
50.32130
50.36360
50.68610
49.55890
50.71949
48.11840
48.26337
48.70590
48.80055
48.89366
49.07063
49.38860
49.66685
49.84005
50.21056
50.46161
50.62090
50.69411
50.79321
50.89195
50.91775
51.01151
51.03492
50.86189
50.71068
50.95648
50.77428
50.51595
51.01319
51.02957
51.03922
51.12286
51.23373
51.14311
51.08408
51.12230
50.51595
50.66061
50.71068
50.80131
50.77428
50.95648
51.23373
51.14311
51.12286
51.03492
51.01319
51.03922
51.01151
50.86189
50.69411
50.89195
50.79321
50.91775
50.51595
50.77428
50.95648
51.01319
50.51595
50.77428
50.95648
51.01319
50.51595
50.77428
50.95648
51.01319

4.39512
4.54671
4.69585
5.23110
5.18501
5.04672
5.52015
5.59432
4.50192
5.99168
5.31716
5.56800
5.39389
5.94087
411747
4.39512
4.69585
4.94365
4.84701
5.23110
5.53155
5.31716
5.55633
5.63325
5.69701
5.54636
5.53927
5.41457
5.17829
4.98247
4.76203
4.82128
4.87049
5.57959
4.20067
3.90103
4.08171
4.42046
4.52103
4.42257
4.68130
2.99805
3.65665
3.47256
3.42312
3.93034
4.04219
4.16509
4.21474
4.39544
4.33105
4.36613
4.28747
3.42312
2.76647
2.99805
3.18929
3.47256
3.65665
4.39544
4.33105
4.21474
4.42257
3.93034
4.16509
4.52103
4.68130
4.20067
4.08171
3.90103
4.42046
3.42312
3.47256
3.65665
3.93034
3.42312
3.47256
3.65665
3.93034
3.42312
3.47256
3.65665
3.93034

20363761
20363646
20362862
20357259
20370881
20369667
20364920
20380254
20372884
20364212
20355997
20361207
20355570
20355869
20366751
20363761
20362862
20365829
20364812
20357259
20384243
20355997
20422887
20420086
20406535
20403704
20401782
20396906
20388705
20381654
20377902
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20362234
20358418
20356654
20354830
20351525
20350678
20347967
20348342
20352220
20356438
20349897
20354613
20361005
20347966
20348219
20347381
20345726
20342955
20344885
20346241
20345396
20361005
20357765
20356438
20353766
20354613
20349897
20342955
20345396
20345726
20348342
20347966
20347381
20347967
20352220
20356654
20351525
20354830
20350678
20361005
20354613
20349897
20347966
20361005
20354613
20349897
20347966
20361005
20354613
20349897
20347966
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2777.7
56.2
389.6
1164.6
1259.3
112.7
16.4
187.3
127.7
2786.9
266.2
153.2
1243.8
1691.6
2777.7
189.0
69.8
56.2
92.8
127.7
176.0
410.3
21111
2390.5
2591.0
3060.3
3704.7
6474.3
7872.7
10642.0
15629.9
20418.3
233.3
838.4
1149.6
1022.7
3576.5
24.2
804.5
870.0
6079.0
5632.4
4850.5
10463.0
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12042.0
12275.4
19001.2
18909.9
6486.2
12305.5
4850.5
1546.9
870.0
3043.5
5632.4
6079.0
19001.2
12305.5
12275.4
242
10463.0
12042.0
3576.5
804.5
233.3
1149.6
838.4
1022.7
4850.5
5632.4
6079.0
10463.0
4850.5
5632.4
6079.0
10463.0
4850.5
5632.4
6079.0
10463.0
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Table S2 Vertically integrated methane oxidation (MOX in nmol m™? d') in river sediments reported in
literature. The values given per g of sediment were converted per m? with a sediment density of 0.95 g cm™
integrated over a depth of 15 cm (8). Data reported by Reference (9) were excluded because the incubations were
spiked with CH4 and reported rates were not correct to in-situ CHy levels.

Name Region Stream size MOX MOX Reference
recalculated units original units
And-1 Switzerland Headwaters 0 nmol/m2/d 0.000 nmol/m2/h (79)
Com-1 Switzerland Headwaters 74 nmol/m2/d 3.070 nmol/m2/h (79)
Com-2 Switzerland Headwaters 116 nmol/m2/d 4.850 nmol/m2/h (79)
Geb-1 Switzerland Headwaters 117 nmol/m2/d 4.860 nmol/m2/h (79)
Sen-1 Switzerland Headwaters 361 nmol/m2/d 15.060 nmol/m2/h (79)
Sor-1 Switzerland Headwaters 104 nmol/m2/d 4.340 nmol/m2/h (79)
Sor-2 Switzerland Headwaters 184 nmol/m2/d 7.680 nmol/m2/h (79)
Sor-3 Switzerland Headwaters 145 nmol/m2/d 6.030 nmol/m2/h (79)
Tal-1 Switzerland Headwaters 26 nmol/m2/d 1.100 nmol/m2/h (79)
Ven-1 Switzerland Headwaters 126 nmol/m2/d 5.240 nmol/m2/h (79)
Ven-2 Switzerland Headwaters 61 nmol/m2/d 2.560 nmol/m2/h (79)
Vev-1 Switzerland Headwaters 0 nmol/m2/d 0.000 nmol/m2/h (79)
Vey-1 Switzerland Headwaters 129 nmol/m2/d 5.390 nmol/m2/h (79)
Vey-2 Switzerland Headwaters 637 nmol/m2/d 26.550 nmol/m2/h (79)
Ash Southern England  Lowland rivers 254,328 nmol/m2/d 0.074 nmol/g/h (8)
Pang at Brafield Southern England  Lowiand rivers 340,057 nmol/m2/d 0.099 nmol/g/h (8)
Philhill Southern England  Lowland rivers 358,917 nmol/m2/d 0.105 nmol/g/h (8)
Piddle at Piddlethenthide | Southern England  Lowland rivers 370,919 nmol/m2/d 0.108 nmol/g/h (8)
Cam Southern England  Lowland rivers 394,923 nmol/m2/d 0.115 nmol/g/h (8)
Wallop Southern England  Lowland rivers 427,500 nmol/m2/d 0.125 nmol/g’h (8)
Ver Southern England  Lowland rivers 472,079 nmol/m2/d 0.138 nmol/g/h (8)
Lambourn at Westbrook | Southern England  Lowland rivers 520,087 nmol/m2/d 0.152 nmol/g/h (8)
Bere Southern England  Lowland rivers 535,518 nmol/m2/d 0.157 nmol/g/h (8)
Allen Southern England  Lowland rivers 574,953 nmol/m2/d 0.168 nmol/g/h (8)
Pang at Tidmarsh Southern England  Lowland rivers 585,241 nmol/m2/d 0.171 nmol/g/h (8)
Granta Southern England  Lowland rivers 634,963 nmol/m2/d 0.186 nmol/g’h (8)
Meon Southern England  Lowland rivers 634,963 nmol/m2/d 0.186 nmol/g/h (8)
Lea Southern England  Lowland rivers 634,963 nmol/m2/d 0.186 nmol/g/h (8)
Gade Southern England  Lowland rivers 638,392 nmol/m2/d 0.187 nmol/g/h (8)
Mimran Southern England  Lowland rivers 667,540 nmol/m2/d 0.195 nmol/g/h (8)
Test Southern England  Lowland rivers 777,273 nmol/m2/d 0.227 nmol/g/h (8)
Chees at Chenies Southern England  Lowland rivers 790,989 nmol/m2/d 0.231 nmol/g/h (8)
Darenth Southern England  Lowland rivers 794,418 nmol/m2/d 0.232 nmol/g/h (8)
Kennet Tributary Southern England  Lowland rivers 840,712 nmol/m2/d 0.246 nmol/g/h (8)
Kennet Southern England  Lowland rivers 852,714 nmol/m2/d 0.249 nmol/g/h (8)
Cray Southern England  Lowland rivers 993,309 nmol/m2/d 0.290 nmol/g/h (8)
ltchen at Itchen Stoke Southern England  Lowland rivers 996,738 nmol/m2/d 0.291 nmol/g/h (8)
Stort Southern England  Lowland rivers 1,156,193  nmol/m2/d 0.338 nmol/g/h (8)
Chess Southern England  Lowland rivers 1,181,912 nmol/m2/d 0.346 nmol/g/h (8)
Frome Southern England  Lowland rivers 1,199,057  nmol/m2/d 0.351 nmol/g/h (8)
Piddle Southern England  Lowland rivers 1,346,511 nmol/m2/d 0.394 nmol/g/h (8)
Bourne Southern England  Lowland rivers 1,445,956  nmol/m2/d 0.423 nmol/g/h (8)
Itchen Southern England  Lowland rivers 1,593,409 nmol/m2/d 0.466 nmol/g/h 8)
Misbourne Southern England  Lowland rivers 1,685,996  nmol/m2/d 0.493 nmol/g/h (8)
Tadnoll Southern England  Lowland rivers 2,397,543 nmol/m2/d 0.701 nmol/g/h (8)
Bulbourne Southern England  Lowland rivers | 3,002,787  nmol/m2/d 0.878 nmol/g/h (8)
Hammer Southern England  Lowland rivers 6,371,505 nmol/m2/d 44712 nmol/g/d (80)
Marden Southern England  Lowland rivers | 5,769,473  nmol/m2/d 40.488 nmol/g/d (80)
Nadder Southern England  Lowland rivers 6,760,471 nmol/m2/d 47.442 nmol/g/d (80)
Frome Southern England  Lowland rivers | 59,304,000 nmol/m2/d 2471.000 pumol/m2/h (81)
Morava Czech Republic Lowland rivers | 441,750,000 nmol/m2/d 3.100 umol/g/d (7)




Table S3 Results of one-way analysis of variance (ANOVA) and Tukey's multiple comparisons test (F value, degree of freedom (DF) of treatment (between columns) (DFn)
and of residual (within columns) (DFd), mean 1 and 2, mean and standard error (SE) of difference of means (diff.), nl, n2, adjusted (adj.) P value, and corresponding
summary as shown in figures).

Figure Variable tested F (DFn, DFd) P value Tukey's multiple comparisons test Mean 1 Mean2 MeantSE of diff. n1  n2 Summary Adj. P Value
2a log(MOX) F (2, 259) = 53.04 P<0.0001 African CCC vs. African non-CCC 3.377 2.393 0.985 + 0.165 52 96 il <0.0001

African CCC vs. European 3.377 1.734 1.644 + 0.161 52 114  ** <0.0001
African non-CCC vs. European 2.393  1.734 0.659 + 0.133 96 114  **** <0.0001
2b log(K) F (2, 259) = 76.21 P<0.0001 African CCC vs. African non-CCC  0.222 -0.273  0.495 + 0.089 52 96 i <0.0001
African CCC vs. European 0.222 -0.813 1.035 + 0.087 52 114 <0.0001
African non-CCC vs. European -0.273 -0.813 0.540 + 0.072 96 114  **** <0.0001
2d log(CH4)  F (2, 259) = 13.11 P<0.0001 African CCC vs. African non-CCC 3.155 2.666 0.490 = 0.124 52 96 e 0.0003
African CCC vs. European 3.155 2.547 0.609 + 0.120 52 114 R <0.0001
African non-CCC vs. European 2.666 2.547 0.119 + 0.100 96 114 ns 0.4577
St1a log(pH) F (2, 259) = 885.8 P<0.0001 African CCC vs. African non-CCC  3.994 7.069 -3.076 + 0.095 52 96 i <0.0001
African CCC vs. European 3.994 7.816 -3.822 £ 0.092 52 114  ** <0.0001

African non-CCC vs. European 7.069 7.816  -0.747 + 0.076 96 114  **** <0.0001
S1b log(02) F (2, 259) = 87.22 P<0.0001 African CCC vs. African non-CCC  1.812 2.268  -0.456 + 0.047 52 96 e <0.0001

African CCC vs. European 1.812 2406 -0.594 + 0.045 52 114  * <0.0001
African non-CCC vs. European 2268 2406  -0.138 + 0.037 96 114 * 0.0008
Sic log(TSM)  F (2, 254) = 101.5 P<0.0001 African CCC vs. African non-CCC  0.181 1.315  -1.134 + 0.090 52 92 b <0.0001
African CCC vs. European 0.181 1.340 -1.158 + 0.087 52 113 <0.0001
African non-CCC vs. European 1.315 1.340 -0.024 + 0.073 92 113 ns 0.9414
Si1d log(DOC)  F (2, 172) = 173.6 P<0.0001 African CCC vs. African non-CCC  1.537 0.811 0.726 + 0.042 52 85 i <0.0001
African CCC vs. European 1.537 0.800 0.736 + 0.051 52 38 e <0.0001
African non-CCC vs. European 0.811  0.800 0.010 + 0.046 85 38 ns 0.9727
Ste log(NH4+) F (2, 248) = 71.08 P<0.0001 African CCC vs. African non-CCC  0.046 -0.165  0.211 * 0.136 52 85 ns 0.2676
African CCC vs. European 0.046 1.071  -1.025 + 0.129 52 114  ** <0.0001

African non-CCC vs. European -0.165  1.071 -1.236 + 0.111 85 114  **** <0.0001
Stf log(NO2-)  F (2, 248) = 434.4 P<0.0001 African CCC vs. African non-CCC -1.968 -0.992 -0.975 + 0.095 52 85 i <0.0001
African CCC vs. European -1.968 0.521  -2.488 + 0.090 52 114  * <0.0001
African non-CCC vs. European -0.992  0.521 -1.513 + 0.077 85 114  **** <0.0001
Si1g log(DIN) F (2, 248) = 284.5 P<0.0001 African CCC vs. African non-CCC  0.325 0.772  -0.447 + 0.099 52 85 i <0.0001

African CCC vs. European 0.325 2269 -1.944 + 0.094 52 114 <0.0001

African non-CCC vs. European 0.772  2.269  -1.497 + 0.080 85 114  **** <0.0001

S1h log(PO43-) F (2, 199) = 14.49 P<0.0001 African CCC vs. African non-CCC -0.420 -0.102 -0.318 + 0.100 52 85 ** 0.005
African CCC vs. European -0.420 0.151  -0.570 + 0.106 52 65 e <0.0001

African non-CCC vs. European -0.102  0.151 -0.253 + 0.094 85 65 * 0.0211

S8 log(K25°C)  F (2, 259) = 24.45 P<0.0001 African CCC vs. African non-CCC  0.133 -0.246 0.379 + 0.079 52 96 e <0.0001
African CCC vs. European 0.133 -0.402 0.535 + 0.077 52 114  ** <0.0001

African non-CCC vs. European -0.246  -0.402 0.156 + 0.063 96 114 * 0.0387

S15b  log(MOX)  F (2, 506) = 61.20 P<0.0001 MOXinc vs. MOXiso (1) 2595 3.340 -0.745 £ 0.127 171 167  **** <0.0001
MOXine  vs. MOXiso (2) 2.595 3.989 -1.394 + 0.126 171 171 R <0.0001

MOXiso (1) vs. MOXiso (2) 3.340 3.989 -0.649 + 0.127 167 171 *** <0.0001




Table S4 Equations and statistics at 0.05 level of quantile linear regressions given in Figures.

Figure Yvs X Equation a b P value n
4 log(MOX) vs log(CH4) African CCC Y=a+bX  -0.04981 + 0.26130 1.08600 + 0.08035 <0.0001 52
log(MOX) vs log(CH4) African non-CCC Y=a+bX  -0.37560 + 0.20160 1.03900 * 0.07259 <0.0001 96

log(MOX) vs log(CH4) European Y=a+bX  -1.55200 + 0.19420 1.29000 + 0.07413 <0.0001 114

log(MOX) vs log(CH4) Al Y=a+bX  -1.13000 * 0.14410 1.26600 + 0.05124 <0.0001 262

5a log(k) vs log(catchment area) African CCC Y=a+bX 0.93246 + 0.33977 -0.20264 + 0.09648 0.04078 52
log(k) vs log(catchment area) African non-CCC Y=a+bX  -0.98670 + 0.14342 0.17545 + 0.03771 0.00010 9%

log(k) vs log(catchment area) European Y=a+bX  -1.19093 + 0.22814 0.13802 + 0.06648 0.04019 114

log(K) vs log(catchment area) All Y=a+bX  -1.07001 + 0.11888 0.18042 + 0.03394  <0.00001 262

6a log(K) vs Temp African Y=a+bX -2.70875 + 0.37904 0.10244 + 0.01539 <0.00001 148
log(K) vs Temp European Y=a+bX -1.23496 + 0.09644 0.03523 + 0.00528  <0.00001 114

log(K) vs Temp All Y=a+bX  -1.43423 + 0.08840 0.05044 + 0.00413  <0.00001 262

6b log(K) vs O2 African Y=a+bX 0.51266 + 0.13841 -0.00351 + 0.00059  <0.00001 148
log(K) vs O2 European Y=a+bX -0.14431 + 0.10643 -0.00231 + 0.00044 <0.00001 114

log(K) vs O2 Al Y=a+bX 0.52622 + 0.12483 -0.00415 + 0.00043  <0.00001 262

6c log(K) vs log(CH4) African Y=a+bX -0.41649 + 0.22377 0.11710 + 0.07034 0.09812 148
log(K) vs log(CH4) European Y=a+bX -1.31114 + 0.21038 0.20132 + 0.06940 0.00448 114

log(K) vs log(CH4) All Y=a+bX  -1.14584 + 0.17945 0.26285 + 0.06129 0.00003 262

6d log(K) vs log(TSM) African Y=a+bX 0.11357 * 0.09667 -0.24925 + 0.07883 0.00191 47
log(K) vs log(TSM) European Y=a+bX -1.18732 + 0.17006 0.26159 + 0.08623 0.00301 96

log(K) vs log(TSM) All Y=a+bX  -0.03768 + 0.10159 -0.32193 + 0.06915 0.00001 113

6e log(K) vs log(pH) African Y=a+bX  1.08894 + 0.39173 -1.64494 + 0.51265  0.00164 148
log(K) vs log(pH) European Y=a+bX -3.31615 + 1.51658 2.90790 + 1.73305 0.09615 114

log(K) vs log(pH) All Y=a+bX 1.79389 + 0.34385 -2.73665 + 0.40502  <0.00001 262

6f log(K) vs log(PO43-) African Y=a+bX  -0.20080 * 0.06451 -0.49258 + 0.11519 0.00004 52
log(K) vs log(PO43-) European Y=a+bX -0.83201 + 0.12794 -0.35190 + 0.13489 0.01133 85

log(K) vs log(PO43-) All Y=a+bX  -0.36344 + 0.05610 -0.53017 + 0.09324  <0.00001 65

69 log(K) vs log(NH4+) African Y=a+bX -0.04756 + 0.07556 -0.07357 + 0.11155 0.51065 52
log(K) vs log(NH4+) European Y=a+bX  -0.90737 + 0.12286 0.10135 + 0.07691 0.19028 85

log(K) vs log(NH4+) Al Y=a+bX  -0.28431 + 0.05093 -0.25029 + 0.04619  <0.00001 114

6h log(K) vs log(NO2-) African Y=a+bX  -0.53472 + 0.12445 -0.29813 + 0.08249 0.00042 52
log(K) vs log(NO2-) European Y=a+bX -0.89466 + 0.08007 0.22887 + 0.05233 0.00003 85

log(K) vs log(NO2-) All Y=a+bX  -0.54057 + 0.04369 -0.28329 + 0.03752  <0.00001 114

6i log(K) vs log(DIN) African Y=a+bX 0.03703 + 0.09354 -0.18414 + 0.09298 0.04969 52
log(K) vs log(DIN) European Y=a+bX 0.50163 + 0.50706 -0.55816 + 0.21559 0.01090 85

log(K) vs log(DIN) All Y=a+bX 0.19898 + 0.09300 -0.40309 + 0.04634  <0.00001 114

7a %MOX vs log(catchment area) Y=a+bX -39.52238 + 3.31011 18.22440 + 1.09811 <0.00001 262
7b %MOX vs log(depth) Y=a+bX  18.29528 + 1.44380 44.08940 + 2.77021 <0.00001 262
7¢c log(%MOX) vs log(k600) Y=a+bX 2.25272 + 0.09913 -2.18815 + 0.20291 <0.00001 262
S3a log(CH4) vs log(catchement area) African CCC Y=a+bX 4.70403 + 0.56738 -0.43640 + 0.14152 0.00332 52
log(CH4) vs log(catchement area) African non-CCC Y=a+bX 2.87036 + 0.17141 -0.09256 + 0.04386 0.03768 96

log(CH4) vs log(catchement area) African Y=a+bX 2.95544 + 0.29199 -0.13494 + 0.08193 0.10236 148

log(CH4) vs log(catchement area) European Y=a+bX 3.22818 + 0.22869 -0.15805 + 0.04243 0.00028 114

log(CH4) vs log(catchement area) All Y=a+bX 3.00667 + 0.10255 -0.12619 + 0.02276  <0.00001 262

S4a log(MOX) vs log(catchement area) African CCC Y=a+bX 5.82227 + 0.68862 -0.63897 * 0.19140 0.00160 52
log(MOX) vs log(catchement area) African non-CCC Y=a+bX 1.70979 + 0.30576 0.14176 + 0.07345 0.05685 96

log(MOX) vs log(catchement area) African Y=a+bX 2.73207 + 0.43446 -0.02574 + 0.07919 0.74566 148

log(MOX) vs log(catchement area) European Y=a+bX 1.54283 + 0.47657 0.04836 + 0.12955 0.70964 114

log(MOX) vs log(catchement area) All Y=a+bX 1.93341 + 0.21049 0.05695 + 0.04861 0.24254 262

S6 a log(K) vs inundation extent Y=a+bX -0.46391 + 0.08637 0.00691 + 0.00136  <0.00001 52
S6b log(K25°C) vs inundation extent Y=a+bX  -0.41046 + 0.07033 0.00499 + 0.00128 0.00014 52
S7a d13C-CH4 vs log(K) African CCC Y=a+bX -32.92562 + 0.68890 -3.14725 + 1.39745 0.02874 52
d13C-CH4 vs log(K) African non-CCC Y=a+bX -27.65375 + 0.60738 -3.24991 + 0.80576 0.00012 85

d13C-CH4 vs log(K) European Y=a+bX -29.06662 + 0.41988 0.17035 * 0.33858 0.61606 96

d13C-CH4 vs log(K) All Y=a+bX -29.42217 + 0.26995 -0.86122 + 0.35154 0.01504 233

S7b d13C-CH4 vs log(CH4) African CCC Y=a+bX -23.60560 + 1.81161 -3.09359 + 0.60688  <0.00001 52
d13C-CH4 vs log(CH4) African non-CCC Y=a+bX -25.59346 + 1.84255 -0.21613 + 0.55661 0.69879 85

d13C-CH4 vs log(CH4) European Y=a+bX -29.73514 + 0.89166 0.20738 * 0.37791 0.58447 96

d13C-CH4 vs log(CH4) All Y=a+bX -27.03198 + 0.53652 -0.89331 + 0.28944 0.00227 233

S7¢c d13C-CH4 vs log(MOX) African CCC Y=a+bX -26.76237 + 1.59425 -2.02512 + 0.48758 0.00013 52
d13C-CH4 vs log(MOX) African non-CCC Y=a+bX -23.01989 + 1.61163 -1.25417 + 0.58015 0.03351 85

d13C-CH4 vs log(MOX) European Y=a+bX -29.44973 + 0.33936 0.15958 + 0.22765 0.48505 96

d13C-CH4 vs log(MOX) All Y=a+bX -26.96437 + 0.37457 -1.07833 + 0.20281 <0.00001 233

S7d d13C-CH4 vs log(POC:PN) African CCC Y=a+bX -59.19211 + 4.91713 25.30464 + 4.48929 <0.00001 52
d13C-CH4 vs log(POC:PN) African non-CCC Y=a+bX -31.55747 + 6.81637 5.95275 + 6.96996 0.39553 85

d13C-CH4 vs log(POC:PN) European Y=a+bX -31.81223 + 2.27396 2.74435 + 2.27387 0.23021 96

d13C-CH4 vs log(POC:PN) All Y=a+bX -32.62160 + 1.83186 3.69638 + 1.81752 0.04307 233

S9a log(K25°C) vs Temp African Y=a+bX  -1.80443 + 0.37904 0.06627 + 0.01539 0.00003 148
log(K25°C) vs Temp European Y=a+bX  -0.33064 + 0.09644 -0.00095 + 0.00528 0.85813 114

log(K25°C) vs Temp All Y=a+bX  -0.52991 + 0.08840 0.01426 + 0.00413 0.00065 262




Table S4 (continued)

S9b log(K25°C) vs O2 African Y=a+bX 0.40368 + 0.13784 -0.00285 + 0.00062 0.00001 148
log(K25°C) vs O2 European Y=a+bX  -0.23531 + 0.13350 -0.00040 + 0.00049 0.42215 114

log(K25°C) vs O2 All Y=a+bX 0.20149 + 0.08793 -0.00198 + 0.00034  <0.00001 262

S9c log(K25°C) vs log(CH4) African Y=a+bX  -0.43518 + 0.20700 0.10463 + 0.07244 1.44439 148
log(K25°C) vs log(CH4) European Y=a+bX -0.86032 + 0.15176 0.19662 + 0.05061 0.00017 114

log(K25°C) vs log(CH4) All Y=a+bX  -0.63981 + 0.10691 0.14702 + 0.03808 0.00014 262

S9d log(K25°C) vs log(TSM) African Y=a+bX  0.04024 + 0.08955 -0.19138 + 0.07443  0.01114 47
log(K25°C) vs log(TSM) European Y=a+bX -0.68941 + 0.11289 0.23773 + 0.06297 0.00026 96

log(K25°C) vs log(TSM) Al Y=at+bX  -0.12729 + 0.07381 -0.10122 + 0.04921 0.04071 113

S9e log(K25°C) vs pH African Y=a+bX 0.34918 + 0.22535 -0.07889 + 0.03440 0.02328 148
log(K25°C) vs pH European Y=a+bX 0.05029 + 0.40026 -0.05101 + 0.05534 0.35860 114

log(K25°C) vs pH Al Y=a+bX 0.46549 + 0.21380 -0.10363 + 0.02910 0.00044 262

S9f log(K25°C) vs log(PO43-) African Y=a+bX  -0.19729 + 0.04799 -0.36259 + 0.09175 0.00012 52
log(K25°C) vs log(PO43-) European Y=a+bX  -0.36252 + 0.10290 -0.12628 + 0.15851 0.42862 85

log(K25°C) vs log(PO43-) All Y=a+bX  -0.23430 + 0.03775 -0.26692 + 0.06580 0.00007 65

S9¢g log(K25°C) vs log(NH4+) African Y=a+bX -0.11997 + 0.05770 -0.06225 + 0.06835 0.36393 52
log(K25°C) vs log(NH4+) European Y=a+bX -0.68942 + 0.11289 0.23773 + 0.06297 0.00026 85

log(K25°C) vs log(NH4+) All Y=a+bX -0.17128 + 0.04287 -0.08206 + 0.03452 0.01816 114

S9h log(K25°C) vs log(NO2-) African Y=a+bX -0.38734 + 0.11868 -0.18355 + 0.08110 0.02522 52
log(K25°C) vs log(NO2-) European Y=a+bX -0.41968 + 0.07629 0.10412 + 0.07761 0.18244 85

log(K25°C) vs log(NO2-) All Y=a+bX  -0.25933 + 0.03273 -0.09691 + 0.03005 0.00143 114

S9i log(K25°C) vs log(DIN) African Y=a+bX  -0.00048 + 0.09019 -0.17317 + 0.07643 0.02507 52
log(K25°C) vs log(DIN) European Y=a+bX -0.23747 + 0.26715 -0.04586 + 0.11656 0.69476 85

log(K25°C) vs log(DIN) All Y=a+bX  -0.03128 + 0.07156 -0.13740 + 0.03589 0.00016 114

S10 log(CH4) vs O2 African Y=a+bX 3.8190 + 0.1085 -0.0058 + 0.0006 <0.0001 148
log(CH4) vs O2 European Y=a+bX 3.5700 + 0.1820 -0.0038 + 0.0006 <0.0001 114

log(CH4) vs O2 Al Y=a+bX 3.6730 + 0.0881 -0.0045 + 0.0004 <0.0001 262

S12a log(K) vs log(POC) African Y=a+bX -0.0358 + 0.0520 -0.3190 + 0.1241 0.0111 148
log(K) vs log(POC) European Y=a+bX -0.9211 + 0.0710 0.2698 + 0.1319 0.0432 111

log(K) vs log(POC) All Y=a+bX -0.3260 + 0.0497 -0.2881 + 0.1049 0.0065 259

S12b log(K25°C) vs log(POC) African Y=a+bX -0.0740 + 0.0471 -0.1983 + 0.1125 0.08 148
log(K25°C) vs log(POC) European Y=a+bX -0.5269 + 0.0567 0.3308 + 0.1053 0.0022 111

log(K25°C) vs log(POC) All Y=a+bX -0.2183 + 0.0382 -0.0616 + 0.0807 0.4457 259

S12a log(TSM) vs log(POC) African Y=a+bX 0.57690 + 0.03723 1.68400 + 0.08882 <0.0001 148
log(TSM) vs log(POC) European Y=a+bX 0.89000 * 0.03865 1.13800 + 0.07181 <0.0001 111

log(TSM) vs log(POC) Al Y=a+bX 0.67340 + 0.02873 1.49400 + 0.06062 <0.0001 259

S13a log(K) vs log(DOC) African Y=a+bX  -0.61574 + 0.19994 0.50443 + 0.16205  0.00227 51
log(K) vs log(DOC) European Y=a+bX 0.21311 + 0.07556 -0.00748 + 0.00726 0.31007 90

log(K) vs log(DOC) All Y=a+bX  -0.93454 + 0.14439 0.65096 + 0.13296  <0.00001 32

S13b log(K) vs log(a350) African Y=a+bX -0.88266 + 0.26010 0.49385 + 0.14353 0.00077 52
log(K) vs log(a350) European Y=a+bX 0.30608 + 0.08291 -0.00342 + 0.00788 0.66661 85

log(K) vs log(a350) All Y=a+bX  -1.37959 + 0.20528 0.77505 + 0.12346  <0.00001 48

S15a log(MOXinc) vs log(MOXiso_-60) Y=a+bX 1.00514 + 0.21205 0.89630 + 0.06866  <0.00001 171
log(MOXinc) vs log(MOXiso_-80) Y=a+bX 1.65340 + 0.23859 0.87005 + 0.07371  <0.00001 171

Si16e Tested vs nominal MOXremoval depth=1m African Y=a+bX 3.42651 + 1.11687 0.52974 + 0.04105 <0.00001 262
Tested vs nominal MOXremoval depth=1m European Y=a+bX 1.32646 + 0.38461 0.46818 + 0.03130 <0.00001 262

Tested vs nominal MOXremoval depth=1m All Y=a+bX 1.65413 + 0.45937 0.54122 + 0.03245  <0.00001 262

S16 f Tested vs nominal MOXremoval K=0.35/d African Y=a+bX 0.51613 + 0.31415 0.52470 + 0.04966  <0.00001 262
Tested vs nominal MOXremoval K=0.35/d European Y=a+bX 5.27977 £ 1.21702 0.86228 + 0.09228  <0.00001 262

Tested vs nominal MOXremoval K=0.35/d All Y=a+bX 2.65046 + 0.74375 0.59786 + 0.05709  <0.00001 262

S16¢g Tested vs nominal MOXremoval k600=2.8m/d African Y=a+bX 2.05953 + 0.63210 0.94372 + 0.01209  <0.00001 262
Tested vs nominal MOXremoval k600=2.8m/d European Y=a+bX 0.67139 + 0.17130 0.82269 + 0.02386  <0.00001 262

Tested vs nominal MOXremoval k600=2.8m/d All Y=a+bX 0.56276 + 0.15942 0.95159 + 0.00777  <0.00001 262

S19a log(K25°C) vs log(catchment area) African CCC Y=a+bX 0.81946 + 0.33098 -0.19984 + 0.09365 0.03778 52
log(K25°C) vs log(catchment area) African non-CCC Y=a+bX -0.68197 + 0.14441 0.10909 + 0.03646 0.00354 96

log(K25°C) vs log(catchment area) European Y=a+bX  -0.33150 + 0.20810 -0.00399 + 0.05614 0.94349 114

log(K25°C) vs log(catchment area) All Y=a+bX  -0.48346 + 0.08701 0.06855 + 0.02455 0.00563 262

S20 d13C-CH4 vs log(K25°C) African CCC Y=a+bX -33.22474 + 0.65047 -2.64196 + 1.43232 0.07103 52
d13C-CH4 vs log(K25°C) African non-CCC Y=a+bX -27.32966 + 0.66257 -2.82785 + 1.00425 0.00608 85

d13C-CH4 vs log(K25°C) European Y=a+bX -29.01612 + 0.27126 0.36615 + 0.27520 0.18626 96

d13C-CH4 vs log(K25°C) All Y=a+bX -29.21824 + 0.21868 -0.85116 + 0.38897 0.02961 233

S21a log(K25°C) vs log(DOC) African Y=a+bX -0.58919 * 0.16279 0.43061 + 0.14531 0.00361 51
log(K25°C) vs log(DOC) European Y=a+bX -0.64156 + 0.399 0.26497 + 0.51721 0.61157 90

log(K25°C) vs log(DOC) All Y=a+bX  -0.75251 + 0.09556 0.52031 + 0.11078 0.00001 32

S21b log(K25°C) vs log(a350) African Y=a+bX  -0.65629 + 0.20828 0.34032 + 0.12388 0.00683 52
log(K25°C) vs log(a350) European Y=a+bX -0.12347 + 0.1124 -0.18285 + 0.16687 0.27889 85

log(K25°C) vs log(a350) All Y=a+bX  -0.42526 + 0.08635 0.20608 *+ 0.06799 0.00279 48




Table S5 Results of unpaired two-tailed t-test (t-statistic (t), degree of freedom (DF), P value and corresponding
summary) of inundation extent in the streams within (n=52) versus ouside (n=96) the Cuvette Centrale
Congolaise (CCC).

Figure Variable tested t, DF Pvalue  Summary
S2  inundation extent CCC vs non-CCC t=2.916, df=134.0  0.0042 **




Table S6 Results of Kruskal-Wallis test and Dunn's multiple comparisons test (P value, Kruskal-Wallis statistic, n, mean of ranks and mean rank difference (diff.), n1, n2,
Adjusted P value and corresponding summary as shown in figures).

Figure  Variable tested P value Kruskal-Wallis statistic n Dunn's multiple comparisons test Mean rank 1 Mean rank 2 Mean rank diff. ni n2 Summary Adjusted P Value
Si1a K 0.0001 17.98 48 Meuse vs. Scheldt 8.8 28.7 -19.9 11 25 e 0.0003
Meuse vs. Tidal Scheldt 8.8 30.1 -21.3 11 12 i 0.0008
Scheldt vs. Tidal Scheldt 28.7 30.1 -1.4 25 12 ns >0.9999
S11b Particulate MOX 0.0424 6.32 29 Meuse vs. Scheldt 7.3 14.7 -7.4 3 23 ns 0.4695
Meuse vs. Tidal Scheldt 7.3 24.7 -17.3 3 3 * 0.038
Scheldt vs. Tidal Scheldt 14.7 24.7 -9.9 23 3 ns 0.1725
Siic TSM 0.0064 10.12 29 Meuse vs. Scheldt 5.0 14.7 -9.7 3 23 ns 0.1872
Meuse vs. Tidal Scheldt 5.0 27.0 -22.0 3 3 ** 0.0047

Scheldt vs. Tidal Scheldt 14.7 27.0 -12.3 23 3 ns 0.057




Table S7 Results of paired two-tailed t-test (t-statistic (t), degree of freedom (DF), P value and corresponding
summary, and number of pairs) applied to log(CHa), log(MOX), and log(K) during low water and higher water
in the streams draining the Congo Cuvette Centrale (Fig. S10).

Figure Variable tested t, DF P value Summary number of pairs
S14 log(CH4) t=3.666, df=19 0.0016 > 20
S14 log(MOX) t=3.055, df=19 0.0065 > 20

S14 log(K) t=0.4567, di=19  0.6531 ns 20
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