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A fixed methane filter maximizesfreshwater
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Approximately half of all methane (CH,) emissions come from freshwaters,
where they are regulated by the microbial ‘CH, filter’ whose efficiency
describes the fraction of CH, produced that is subsequently oxidized back to
CO, (methanotrophy) before emission. How the CH, filter efficiency responds
to natural warming over centuries or millennia remains unknown. Here we
address this question using a natural experiment comprising high-latitude,
geothermally warmed streams in five regions spanning the Northern
Hemisphere. CH, production becomes more efficient with warming, linked to
increased abundance of methanogens and underpinned by community shifts.
In contrast, while CH, oxidation activity increases, its process-level efficiency
does not, and methanotrophs shift towards less efficient taxa. Consequently,
the system-level CH, filter efficiency remains fixed, and CH, emissions
increase. If this fixed CH, filter efficiency under warming iscommon to
freshwaters worldwide (wetlands, lakes and rivers), then an upward trajectory
for CH, emissions through future climate change appearsinevitable.

Freshwater wetlands, lakes, rivers and streams are recognized as major
sources of the potent greenhouse gas methane (CH,) (refs. 1-4), but
most of the CH, they produce never reaches the atmosphere. Typi-
cally, 70-90% of freshwater CH, is oxidized back to the less potent
greenhouse gas CO, before emission’”, a process mediated by the
microbial ‘CH, filter®’. Here we define CH, filter efficiency as the frac-
tion of total CH, production that is oxidized prior to emission at the
system level. Without this attenuation, CH, emissions from freshwaters

would conservatively be more than three times higher than current
global estimates’ (Fig. 1a, current scenario). This raises a fundamental
question: can CH, filter efficiency change under warming, andif so, to
what extent might it constrain future CH, emissions?

Methaneis producedinanoxic water-logged soils and sediments
by specialized microbial archaea (commonly known as methano-
gens) whose activity and growth increase sharply with warming'.
Greater CH, production could, in turn, stimulate the CH,-oxidizing
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Fig.1| Anintercontinental-scale natural experiment to test the effect

of warming on the system-level CH, filter efficiency. a, The majority of

CH, produced (circles, Tg CH, per year) in freshwater sediments and soils is
subsequently oxidized by the microbial CH, filter®’, constraining emissions to
the atmosphere (current scenario; Supplementary Table 1). If the system-level
CH,filter efficiency remains fixed, here at 70%, then under future warming
scenarios 2.5 °C (projected for 2100, SSP2-4.5)*8 CH, production and emissions
are predicted toincrease 1.4-fold given the recognized temperature sensitivity
of CH, production of 0.96 eV (ref. 10) (fixed scenario). Only if CH, oxidation
increases disproportionately to production will system-level CH, filter efficiency
increase, here to 78% under the optimum scenario, to keep future CH, emissions
atthe current levels' (431 Tg CH, per year), but this has not been tested. b, We
visited Iceland, Alaska, Greenland, Kamchatka and Svalbard, sampling 10 to 14
streams per region to give >50 streams in total (Methods and Extended Data Fig.
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1).¢, Indirect warming through the bedrock”*® generated a natural warming
temperature gradient across all streams from1°Cto 36 °C.Ineach box plot,
points areindividual stream temperatures with the outermost showing the
minimum and maximum temperatures across all streams in the region, the box
edges show the 25% and 75% quartiles and vertical lines the medians. d, Despite
regional differences in temperature sensitivities (the inset shows posterior
densities for estimated region-level activation energies), CH, emissions (n =148
for 51streams) increased with temperature across all regions on average (black
line; the symbols indicate streams and are shaped and coloured by region; the
grey shading shows 95% Cls, also listed in brackets). This increase was faster
than expected from physical effects alone (in blue). See Methods for a fuller
explanation of the physical effect and ‘Derived quantities and visualization’
for normalized emissions. Basemap datain b from Natural Earth (https:/www.
naturalearthdata.com).

methanotrophic bacteria®”*"'?, thereby increasing the CH, filter effi-
ciency and constraining emissions** (Fig. 1a, optimum scenario). Arti-
ficial warming of ponds and peat, however, has shown CH, production
toincrease beyond that attenuated by the CH, filter, leading to higher
emissions®” " These results suggest that the CH, filter efficiency may
be limited, and recent increases in atmospheric CH, have been cor-
related with warmer wetlands'>®. If the CH, filter efficiency is indeed
fixed, then higher emissions on a warmer Earth could be inevitable
(Fig. 1a, fixed scenario). This fundamental assumption has, however,
not been tested in relation to natural warming in freshwaters at large
scales under field conditions.

Research into the ecological effects of warming generally uses
either natural ecosystems along a latitudinal gradient from the
poles to the tropics, which is confounded with parallel gradients in
biodiversity, light and productivity? >, or artificial experimental
warming"?*¢, whichis restricted both spatially and temporally. Here,
to overcome these limitations, we use a unique natural experiment
comprising geothermally warmed, headwater streams**® in five
high-latitude regions spanning the Northern Hemisphere (Fig.1b and
Extended DataFig.1). Note that the warming hereisindirect through
the bedrock, whichis distinct from thatin, forexample, Yellowstone
National Park, which experiences extreme water chemistries?.
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Fig. 2| Sharp increase in streambed CH,-to-CO, production potentials
alongside a gentler rise in methanogen abundance. a,b, Streambed CH,
production potential increases witha common temperature sensitivity
(Eyp=0.73 eV; black line; the 95% Clis shown in brackets; n = 71 for 28 streams)
across the five regions (symbol shapes and colours) (a), but not as rapidly as the
increasein CH,:CO, productionratio (Ey; = 1.15 eV, as fora) (b). ¢, The increases
inaand b were only partly reflected in anincrease in methanogen abundance
(Eyap = 0.41eV; as for a; n =156 for 52 streams in five regions; zero mcrA copy
numbers were accounted for using a zero-inflated model and are demonstrated
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separately at the bottom to reflect their frequency). DW, dry weight. d, Illustrative
comparison of the predicted, exponential increases in CH, production, CH,:CO,
and methanogen abundance between 5 °C and 30°C. The exponentsina (0.73),
b (1.15) and ¢ (0.41) are used in d, but the starting point (intercept) for each has
beensetto 0, and the yaxisis arbitrary. In a-c, the symbols display capacity-
normalized responses centred at their region-specific log capacity at T, and the
blacklinesindicate the average temperature effect with 95% Cls in grey shading,
alsolisted in brackets. See ‘Derived quantities and visualization’ in Methods.

Each region has its own ambient-to-warmed temperature gradient,
and together the intercontinental range is 1-36 °C (Fig. 1c). Being
high-latitude, the streams are free from anthropogenic pollution
(sewage, fertilizer and excess sediments), meaning that temperature
is akey environmental factor explaining structure in the data (prin-
cipal components analysis; Extended Data Figs. 1-3). This natural
experiment allows us to test the effects of warming on key compo-
nents of the CH, cycle at an unprecedented spatial scale and after
many more microbial generations than captured by experiments to
date™>'"**?° We test the hypothesis that the system-level CH, filter

efficiency remains fixed under warming, such that CH, emissions
increase. For emissions to be constrained, CH, oxidation would need
to increase disproportionately relative to CH, production (Fig. 1a).
We also test whether warming alters the composition of the underly-
ing methanogen and methanotroph communities'>?. Although our
natural experiment is based on high-latitude streams, the principle
that CH, emissions are governed by the relative responses of produc-
tion and oxidation—and thus by the CH, filter efficiency—provides a
proxy for understanding the wider implications of warming on CH,
emissions across freshwaters more generally' ™.
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Consistentincrease in CH, emissions with
warming
Rivers and streams worldwide emit CH, atacomparable magnitude to
lakes (28 Tg CH, per year versus 42 Tg CH, per year)**, with variationin
emission correlated with multiple biotic and abiotic factors®*°, Here we
found aclear temperature sensitivity for CH, emissions (£ = 0.58 eV;
95% credible interval (CI), 0.25t0 0.93 eV) with consistently higher emis-
sions from warmer streams, on average (Fig. 1d, Supplementary Table 5
and Extended DataFig.4). The average activation energy for CH, emis-
sionswe observed across all five regionsis consistent with temperature
sensitivities found in meta-analyses of CH, emissions from 127 lakes, riv-
ersand wetlands globally™. We also found substantial region-to-region
differences (0.50 to 0.79 eV; Fig. 1d, inset) in the activation energy of
CH, emissions that probably represent differences in hydrology, geo-
morphology, organic matter and their covariance with temperature
across the gradients in each of the regions. In contrast to CH,, some
streams when sampled were acting as net sinks for CO, and others
as net sources (Extended Data Fig. 4). Although CH, emissions were
higher overall from CO,-source streams (1.0 mmol CH, m2d™) than
from CO,-sink streams (0.7 mmol CH, m2d™), probably reflecting dif-
ferencesin organic substrate availability**, the temperature sensitivity
of their emissions was comparable (Extended Data Fig. 5).
Evenwithoutanyincrease in CH, production, CH, emissions would
be expected to rise in warmer streams'**?, due to higher gas-transfer
velocities and lower CH, solubility at elevated temperatures®. To
account for this, we used the average measured CH, concentration
across all streams, in combination with gas-transfer velocitiesand CH,
saturation—bothscaled toinsitu temperature—to simulate the physi-
cal increase (Methods). Our measured increase in CH, emissions was
about fourfold greater (for example, Ey = 0.58 €V versus E s = 0.17 €V;
Fig. 1d) than any rise due to physical effects alone, which indicated
elevated CH, production in the warmer streambed sediments.

Methane production efficiency increases with
warming

The temperature sensitivity of CH, production is well characterized
across microbial assemblages to whole-ecosystem levels of organiza-
tion (thatis, 0.96 eV)'°, and our measured increase in CH, production
potential (12-fold) as streambed sediments warmed was in line with
previous studies (Fig. 2a; 0.73 eV across all regions; 95% CI, 0.31to
1.13 eV).In contrast, the much greater 52-fold increase in the CH,:CO,
production ratio (Fig. 2b; 1.15 eV across all regions; 95% Cl, 0.55 to
1.73 eV) suggested improved substrate use alongside the physiologi-
cal response to temperature. Whereas the increase in methanogen
abundance (Fig. 2c; 0.41 eV across all regions; 95% CI, 0.05t0 0.77 V),
coupled with higher temperatures, could explain the 12-fold increase
in CH, production potential, the disproportionaterise in the CH,:CO,
ratio pointed to more effective substrate use (Fig. 2d)**.

Infreshwater soils and sediments, hydrogenotrophic, acetoclastic
and methylotrophic methanogens use fermentation products (for
example, acetate, CO,, H, and methyl compounds) to generate CH,
and CO, (Supplementary Table 2). As methyl compounds are relatively
scarce® ¥, methanogenesis is usually dominated by hydrogenotrophs
and acetoclasts, which under optimal conditions canyield CH, and CO,
ina1:1ratio®**® (Supplementary Table 2 and Extended Data Fig. 6). In

practice, however, ratios closer to 0.1:1are typical, reflecting inefficient
substrate use, which is known to improve at higher temperatures®***.
In our study, the CH,:CO, production ratio—and by inference metha-
nogenic substrate use—increased 52-fold, from 0.005:1in the coldest
streams to 0.26:1in the warmest (Fig. 2d)***%. Increases in the fraction
of any of the available substrates (for example, acetate, H, or methyl
compounds) used by methanogens could have driven up the ratio of
CH,:CO, production. This disproportionate increase suggests that
warmingenhanced substrate use. If substrate use had increased equally
across all pathways, we would have expected methanogen community
composition to remain conserved, but this was not what we observed.

Our streambed methanogen communities were dominated (-91%)
by hydrogenotrophs and acetoclasts (60.2% and 30.5% of the mcrA
metabarcoding reads, respectively; Extended Data Fig. 6), consist-
ent with freshwater sediments®**°, While overall methanogen diver-
sity remained constant with warming (8= 0.01; 95% Cl, -0.18 to 0.18;
Fig. 3a), we observed significant changes between two hydrogeno-
troph families. Specifically, as the proportion of Methanobacteriaceae
increased (8= 0.06;95% Cl, 0.01to0 0.11; P(5 > O|data) = 0.99; one-sided
hypothesis test), Methanoregulaceae decreased (= -0.11; 95% ClI,
-0.16t0-0.06; P(8 < 0|data) =1.00; one-sided hypothesis test; Fig. 3b),
while acetoclasts (Methanotrichaceae), methylotrophs (four families
grouped) and other hydrogenotrophs (Methanocellaceae) were con-
served (95% Cls include zero; Fig. 3c). Warming is known to facilitate
greater H, use by hydrogenotrophs to produce CH, (ref. 40), but here
it appeared that not all hydrogenotrophs exploited this advantage.
The relative increase in Methanobacteriaceae suggested they used
H, more efficiently than Methanoregulaceae or Methanocelleceae*
astemperatures rose. Methanobacteriaceae were therefore probably
responsible for the higher CH,:CO, production ratio (Fig. 2d) and
more efficient CH, production potentialsin warmer streambeds (that
is, more H, from reaction 1 was used to reduce CO, to CH, through
reaction 2; Supplementary Table 2). In earlier field mesocosm experi-
ments, we showed that 11 years of +4 °C warming drove subtle shifts
in hydrogenotrophs that correlated with increased CH, emissions®.
Here we observed similar but much stronger responses across multiple
regions spanning the Northern Hemisphere.

System-level filter efficiency remains fixed under
warming
Inline with the patterns for CH, production potential and methanogen
abundance (Fig. 2), CH, oxidation potential (Fig. 4a; Ey,o = 0.69 eV;
95% Cl, 0.23 to 1.13 eV) and methanotroph abundance (Fig. 4b; pmoA
gene copy number, Ey,o,, = 0.51eV; 95% CI, 0.18 to 0.84 eV) increased
in warmer streambed sediments. Despite this, the process-level oxi-
dation efficiency did not respond to warming (Fig. 4c; that is, the
turnover rate for porewater CH, per hour; equation (10) in Methods).
Thus, although CH, oxidation increased in warmer sediments, it only
kept pace with warming-induced increasesin CH, production (Fig. 2a)
and did not exceed it (Fig. 1a, fixed versus optimum scenario); that is,
higher CH, production simply provided more substrate to oxidize.
This process-level constraint was reflected in our measure of the
system-level CH, filter efficiency (equation (11) in Methods).

For small headwater streams like those studied here, the stre-
ambed dominates the supply of CH, to the overlying water column****

Fig. 3| Composition of CH,-producing and CH,-oxidizing microbial commu-
nities along anatural warming gradient. a,b, The diversity of methanogens was
conserved (a), but there was sorting of the two hydrogenotrophic (hyd) families,
Methanoregulaceae and Methanobacteriaceae (b). ¢, Relative abundance

of other methanogen families—hydrogenotrophic Methanocellaceae (hyd),
acetoclastic Methaotrichaceae (ace) and the grouped methylotroph families
(met)—did not change. d-f, Overall diversity of methanotrophs was conserved
(d), but the relative abundance of type l methanotrophs decreased

while type Ilincreased with warming (e,f). The symbols and colours only

distinguish between families and functional groups (n =156 and 251 for the
methanogen and methanotroph communities, respectively, for 52 streams
across the five regions). The proportionsinb, ¢, e and fwere arcsine-transformed
toimprove normality. The solid lines inb, e and frepresent average temperature
effects with strong Bayesian evidence (slope (), posterior probability > 0.95;
Supplementary Table 7). The dashed linesin a, cand d, where 95% Cls for 8

cross over zero, indicate the overall average estimates of relative abundance
(intercepts). The shaded areas show 95% Cls.

Nature Climate Change | Volume 16 | June 2026 | 704-711

707


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-026-02649-2

Theratio of streambed to stream water CH, therefore provides arelative
measure of the system-level CH, filter efficiency, since CH, produced
in the streambed must pass through the CH, filter before reaching
the overlying water. This ratio showed that the system-level CH, filter

O mcrA Temperature (°C)

efficiency was fixed at -75% in both colder and warmer streams (Fig. 4d).
These fixed process-level and system-level efficiencies together explain
why CH, emissions increased in warmer streams (Fig.1d). Giventhat we
had observed changes in hydrogenotrophic methanogens associated
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Fig. 4 |Streambed CH, oxidation potential and methanotroph abundance
increase with warming while CH, filter efficiency remains fixed. a,b, Sharp
increase in CH, oxidation potential (Ey, = 0.69; black line; 95% Clis shown in
brackets; n = 89 for 32 streams in five regions) (a) and methanotroph abundance
(Epoas = 0.51; as for a; n =156 for 52 streams in five regions, and see Fig. 2 for

an explanation of the different sample sizes; zero pmoA copy numbers were
accounted using a zero-inflated model and are demonstrated separately at the
bottom to reflect their frequency) (b) in warmer streams, on par with the parallel
increases in both CH, production and methanogen abundance. ¢,d, In contrast,
the process-level oxidation efficiency (porewater CH, turnover rate per hour;
equation (10)) remained fixed (the vertical bars indicate overlapping 95% Cls
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in cold and warm streams; n = 73 for 27 streams in four regions) (c), which was
reflected in the system-level CH, filter efficiency (equation (11)) being fixed at
75%in both our relatively cold and warm streams (overlapping 95% Cls; n = 70
for 26 streamsin four regions) (d). Inaandb, the symbols indicate streams, are
shaped and coloured by region, and display capacity-normalized responses
centred at their region-specific log capacity at T;; the black lines are the average
temperature effect with 95% Cls in grey shading. See ‘Derived quantities and
visualization’in Methods. The datain cand d were grouped as streams above
or below the median stream temperature of 10.5 °C as either ‘warm’ or ‘cold’,
respectively.

with higher CH, production, we next examined whether the composi-
tion of the methanotroph community could explain the fixed CH,
filter efficiency.

Traditionally, CH, oxidizers are categorized as type I ‘high-
efficiency’ and type Il ‘low-efficiency’ methanotrophs™'**, Typel are
often prevalentin CH,-rich, low-oxygen environments, where a high
type Ll ratio enhancesfilter efficiency and mitigates emissions™*. We
therefore anticipated that the higher CH, (400 nM versus 200 nM)
and lower oxygen (250 uM versus ~350 pM) in warmer streams would
favour type I over type Il (Extended Data Fig. 7). However, overall
diversity was conserved (5= 0.04;95% Cl, -0.14 to 0.06; Fig. 3d), but
with warming the relative abundance of type I decreased (8 =-0.06;
95% Cl,-0.012 to 0.001; P(S < O|data) = 0.97; one-sided hypothesis

test; Fig. 3e), while low-efficiency type Il increased (8= 0.06; 95%
Cl,-0.003 to 0.12; P(8 > O|data) = 0.97; one-sided hypothesis test;
Fig. 3f). Although species-level effects are recognized in some
methanotrophs®, the broader pattern suggests that warming, rather
than CH, availability, favoured type Il methanotrophs, as has been
reported widely in paddy and forest soils'**®. In our natural experi-
ment, such warming-induced sorting of the methanotroph commu-
nity probably contributed to the system-level CH, filter efficiency
remaining fixed, and thus to higher CH, emissions with warming.
Theseintercontinental-scale observations strongly cross-validate ear-
lier reports of increased CH, emissions from experimentally warmed
ponds™?** and peat", demonstrating their broader relevance across
the natural world".
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Conclusions

Recent increases in atmospheric CH, have been linked to higher
emissions from warmer wetlands, yet the complete underpinning
mechanisms have not been tested in natural systems'>*°. Our natu-
ral experiment shows that even after acclimation and/or adaptation,
over many more microbial generations than previously captured
experimentally”**~¢, CH, oxidation could only keep pace with but not
exceed the increases in CH, production induced by natural warming.
Asaresult, the system-level CH, filter efficiency remained fixed and so
could not constrainemissions under warming. While previous datasets
demonstrated parallel temperature sensitivities for emissions and
productionacross ecosystems'®, our natural experiment extends this to
multiple levels of organization—from methanogen and methanotroph
abundance, to production, oxidation and emissions—in response to
warming, across the Northern Hemisphere (Extended Data Fig. 4).
Because CH, emissions are governed by the relative responses of pro-
ductionand oxidation, this principleis likely to apply across freshwater
wetlands, lakes, rivers and peatlands'* even where production and
ebullitionare higher (Supplementary Discussion). If the fixed efficiency
ofthe CH,filter we observed proves widespread, then an upward trajec-
tory of CH, emissions under future climate warming appearsinevitable.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41558-026-02649-2.
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Methods

Field sites

Over the course of two summers, 2016 and 2017, we visited geothermal
catchments in five high-latitude regions across the Northern Hemi-
sphere: Hengill Valley in Iceland; Manley Hot Springs in Alaska; Disko
Island in Greenland; the North-Western Spitsbergen National Park in
Svalbard; and the Verkhne-Paratunskiye thermal springsin Kamchatka,
Russia (Fig.1b, Extended Data Fig.1and Supplementary Table 3). Here,
indirect warming through the bedrock?? generated a natural warm-
ing gradient in the streams from 1°C to 36 °C, and we typically sam-
pled 10 to 14 streams per region to give >50 streams in total (Fig. 1b,c
and Extended Data Fig. 1; for further detailed site descriptions, see
refs. 27,28). The streams were all first order with gravel and/or sand
bed sediments, were far from any anthropogenic influence, were
circumneutral and shared comparable hydrophysical and chemical
characteristics (Extended Data Fig. 3 and Supplementary Tables 3
and 4). Some regions of the natural experiment have been used pre-
viously to test the effect of temperature on trophic diversity*’ and
ecosystem respiration®*’,

Stream characteristics

Hydrophysical and chemical properties of the streams were deter-
mined within 50-mtransects. At each stream, atransect of tenequally
spaced sampling locations was established, and at three equally
spaced locations along the transect, measurements were recorded
for stream flow velocity (m s™). At one upstream location, the pH and
dissolved oxygen concentrationin stream water were measured using
sensors connected to a multiprobe®” (a PHC301 pH electrode and an
INTELLICAL Standard LDO sensor, respectively, connected to a Hach
HQ40D multimeter). Loggers were also deployed in each stream to
continuously record temperature (MiniDot, RS Aqua) for aminimum
of 24 hours (average four to five days in each stream).

Sediment porewater probes®wereinsertedat2,4,6,8and10 cm
depth where streambeds were penetrable, giving us five in Alaska,
fivein Greenland, eightinIceland and eight in Kamchatka but nonein
Svalbard, where the streambed was armoured with cobbles™. Porewater
(n=3for each depth) was drawn up using a 30-ml syringe, immedi-
ately transferred to a gas-tight vial (3 ml, Exetainer, Labco) and fixed
with 15 pl of ZnCl, (7 M) for later analysis of dissolved CH, back in the
laboratory at Queen Mary University of London, as described below.

Estimating in situ CH, and CO, emissions from streams to the
atmosphere

Surface water samples for dissolved gases were collected at three
equally spaced locations along each stream transect and preserved (as
above) for later quantification of dissolved CH, and CO, (after catalytic
reductionby hot nickel to CH,) using agas chromatograph fitted witha
flame ionization detector as described before™. Total concentrations
(Crneasurea) Per Vvial (headspace and water) for each gas were calculated
using the respective Bunsen coefficients and Henry’s law***. Satura-
tionatatmospheric equilibration (Cy,.c0n) fOr each gasin each stream
was determined using temperature and salinity data and the global
atmospheric concentrations (CDIAC_GOV_Updated 2016, http://cdiac.
ess-dive.lbl.gov/pns/current_ghg.html). The emission of CH, or CO,
was calculated using the following equation:

F= (Cmeasured - Csaturation) X kgasi(T) (1)

where Fis the emission of CH, or CO, (mmol m2d™), C,,easureq iS the
measured concentration of CH, or CO, in stream water (mmol I'; for
CO, derived from pH and total DIC (dissolved inorganic carbon) after
acidification; equations (7) and (8)) and Cyraion iS the concentration
of CH, or CO, at atmospheric equilibration (mmol 1) as above. The
degree of oversaturation for CH, in the streams (C,casured/ Csaturation) 1S
shown in Supplementary Fig. 4. K, (1, is the gas transfer velocity for

CH,or CO,(md™) atinsitu temperature T derived from Ko, ,0-c (m d™)
and the appropriate Schmidt numbers as follows:

0.67

50.8 x (u x 100
ko2 20°c = % x 24 2
(dx 100)** /100
Sc=A-BXxT+CxT>-DxT? 3)
S\ 2 -23

Sccoz )

) orkcoz 20°c = Koz 20°c X ( S
Co2

kCH4,20°c = koz,zo"c X (
Scoz

4)

(1-20) (1-20)
kcna () = ke 20°c X 1.025 orkcoa (1) = Kcoz.20°c X 1.025

()]

where ko, ,0-c (M d™) is the gas transfer velocity for dissolved O, calcu-
lated from stream velocity (u, m s™) and depth (d, m). This equationis
applicable to streams with velocities ranging from3 cms”to150 cms™
(ref. 58). Given that 90% of our streams fell within this velocity range
(3cms™and 76 cm s™ at the 5% and 95% percentiles, respectively), we
considered equation (2) appropriate for estimating the gas transfer
velocity for this study. Sc is the Schmidt number for CH, (Scg,), CO,
(Sceoa) Or O, (Scy,) calculated from their corresponding sets of coef-
ficients (for CH,, A =1,897.8, B=-114.28, C=3.2902 and D =-0.0391;
for CO,,A=1,911, B=-118.11, C=3.453 and D = -0.0413; and for O,,
A=1,800.6, B=-120.1, C=3.7817 and D =-0.0476) at in situ tempera-
ture T (°C)*. Ko, 20-c Was subsequently specified for CH, or CO, using
the ratio of their Schmidt numbers to that of O, and scaled to in situ
temperature T (ref. 59). Finally, the specified K¢y (r, and keo, (ry were
used to calculate emissions of CH, or CO,in equation (1).

Simulated CH, emissions due to physical effects

To compare any measured increase in CH, emission to that driven
purely by any increase in physical processes in warmer streams (that
is, higher gas transfer velocity and lower gas saturations), we simulated
physical CH, emissions using:

Fsim = (C’measured - Csaturation) X krgas»(T)_med (6)

where F,,, is the simulated physical CH, emission (mmol m2d™),
C measured 1S the median of all measured CH, concentrations in all our
streams (mmol I}, n =51 streams) and C,,aio0n IS the concentration of
CH, at atmospheric equilibration (mmol I™!) at stream temperature,
asabove. kg, 5 is calculated from the median of k,, ,o-c derived in
equation (2) and scaled to CH, at in situ temperature following equa-
tions (3) to (5).

CH, production and CH, oxidation potentials (in-stream
incubations)

Sediment samples (roughly the top 2 cm) were collected by hand using
a pre-autoclaved and ethanol-cleaned scoop from three locations in
each stream (as technical replicates). Due to the remote locations,
repeat autoclaving was not possible, and scoops were reused after
cleaning with ethanol and flaming only. Sediment samples were used
tofill gas-tight glass vials (three replicates with five vials each, plus two
control vials containing only water for CH, production and CH, oxida-
tion, therefore adding up to 34 vials per stream) to one-third-full, along
with one-third stream water (3 ml for Iceland, Alaska and Greenland;
12 ml for Svalbard and Kamchatka), for both the CH, production and
CH, oxidationincubations, withadditional vials receiving only stream
water, serving as controls. Vials used to measure methanogenesis
were deoxygenated by flushing the headspace and overlying water
with oxygen-free nitrogen (grade 5.0, Linde Gas) gas for three minutes
each. Vials used to measure potential rates of CH, oxidation received
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a headspace concentration of 100 ppm *C-CH, (99% “*C labelling,
CambridgelIsotopes), which was distributed through the vials by vigor-
ousshaking for 30 seconds. Additional vials were filled with sediment
and water as above to determine the natural abundance of *C-CO, (that
is, **CO,) to calculate excess production of *C-CO, from *C-CH,. All
replicate vials for all time points were placed back into each respective
streamtoincubate and then sacrificed at four subsequent time points
during the next 48 hours by injecting 15 pl of 37% formaldehyde and
shaking the vials vigorously for 30 seconds.

Subsequently, CH, production potentials (nmolg™h™) and
CH,-to-CO, productionratios were determined from the accumulation
of CH,and CO, inthe headspace over time using agas chromatograph
fitted with aflameionization detector as described above. CH, oxida-
tion potentials (nmol g h™) were measured by determining the pro-
duction of ®C-CO, in the headspace over time using continuous-flow
isotope ratio mass spectrometry®. Total *C-CO, production in both
the headspace and overlying water was subsequently calculated from
stream water pH:

Prot 13p1c = Phs 13c02 X (f % + 1) (7)
-7
fucos = 415x10 ° (8)
co2 lopr

where P, 3picis the total ®C-CO, production and Py ;3o is the *C-CO,
productioninthe headspace. fucos is theratio of hydrogen bicarbonate

2
todissolved CO, gas calculatedCFrom pH according to equation (8).
After analyses of all potential rates, surface water was discarded,
and the sediments were dried for three days at 70 °C to determine
sediment DW, which was then used to normalize all potential rates to
per g DW.

Normalization of CH, oxidation potentials to a constant initial
CH, concentration

In the field we aimed to spike each sediment sample with the same
initial concentration of CH,, but due to unknown differences in sedi-
ment porewater CH, (inthefield), there were unavoidable differences
intheinitial CH, concentrations that came to light on analysis backin
thelaboratory. Therefore, toisolate the temperature sensitivity of CH,
oxidation from any effect of initial CH, concentrations, we normalized
the CH, oxidation potentials prior to fitting mixed-effect models using:
Ryvo(max) X Ccha(median) . Rmo(max) X Ccharo)

)

Rvo = Rmo X
(nor) km + Cenacro)

km + CCH4(median)
where Ry, is the raw CH, oxidation potential (nmol g™ h™) calcu-
lated in the previous section. Ryomax and k;,, are the maximum rate
(586 nmol CH, g™ h™) and the Michaelis constant (3.7 umol 1), respec-
tively, derived from our previously published empirical Michaelis—
Menten kinetic relationship®**?. Ceyy o is the initial concentration of
CH, ineachsample, and Ceyj4(median is the median value of 700 nM. Ryio(non
is therefore the rate of CH, oxidation normalized to the same median
initial CH, concentration.

Process-level oxidation efficiency of streambed CH,
Process-level oxidation efficiency (equation (10)) was calculated as
the fraction of porewater CH, oxidized—that s, turnover per hour:

R MO(nor)

Process-level oxidation efficiency (h_l) = (10)

prfCH4(median)

where Ryomon is the normalized CH, oxidation potential (above,
nmol g™ h™) and C,,, chagmedian IS the median value of CH, concentra-
tionsinporewater measured at2,4, 6,8and10 cmdepthineachstream

(nmol g’; see ‘Stream characteristics’; normalized to the DWs in the
incubation vials). Note that the CH, oxidation potentials were normal-
ized to the same initial CH, concentration of 700 nM (equation (9)),
whichwasgreater thanthe typical CH, concentrationsin the streambed
porewater (140 to 560 nM for the first and third quartiles, respectively),
and, asaresult, oxidation efficiencies (turnover rates) could be greater
than1h™

System-level CH, filter efficiency

The system-level CH, filter efficiency was calculated as 1 minus the
ratio of CH, concentration in stream water to that in porewater—that
is, the fraction (%) of streambed CH, oxidized before reaching the
water column:

Cstream,CH4

System-level CH, filter efficiency (%) = (1 - ) x 100 (11)

pr_CH4(median)

where Cgeam cua is the CH, concentration (nM) in the overlying stream
water and is the same as Cy,eyqreq in €quation (1), and Cp, cyamedian) IS
the same as in equation (10) but here expressed in the original pore-
water concentration units (nM). Note, Cy;eam cus WOUld be net of any
water column CH, oxidation, which canbe significant in turbid clay- or
sand-based streams but was not the case here*’. We and others have
shown previously that the streambed sediments in small headwater
streams like those reported here dominate the supply of CH, to the
overlying stream water*>**, and our ratio measure of the system-level
CH, filter efficiency provides a comparative measure across cold
versus warm streams with similar hydrophysical characteristics
(Supplementary Tables 3 and 4).

Sediment sampling for molecular microbial analysis

Sediment was sampled from roughly the top 2 cm of the streambeds
and homogenizedinasterile trough (StarLab) using pre-autoclaved dis-
posable spatulas (VWR). Asub-sample was transferred into pre-labelled
2-mlcryogenic vials (StarLab), transported from the field in a cool box
and immediately transferred toa—20 °C freezer (Dometic CFX-6560 |
Portable Compressor Fridge Freezer)®. Once back at the University of
Essex laboratories, the samples were transferred to —80 °C for long
term storage and processing as described below.

DNA extraction from stream sediment

DNA was extracted from 0.25 g wet sediment using the DNeasy Pow-
erSoil Kit (Qiagen) following the manufacturer’s instructions. For
quantification (quantitative PCR (qQPCR)) of methanogenic and metha-
notrophic abundance (gene copy numbers), sediment samples from
three locations along each stream transect were assayed, paired with
the in situ and potential stream biogeochemical process measure-
ments. DNA metabarcoding of methanogen and methanotroph com-
munities was conducted across abroader stretch of stream transects.
The average number of sediment samples per stream was 6 (+1.0).

Quantification of methanogenic (mcrA) and methanotrophic
(pmoA) copy numbers as a measure of abundance (qQPCR)

Two separate qPCR assays were performed for mcrA and pmoA
to determine copy numbers (an estimation of abundance;
Supplementary Table 9) in the original sediment samples. qPCR DNA
standards were created from end-point PCR amplification where the
template DNAwas1 pl of extracted DNA pooled fromeach environmen-
tal sample. The resulting amplicons were purified using a QIAquick
PCR purification kit (Qiagen) and quantified using the Invitrogen
Quant-iT PicoGreen dsDNA assay kit (Fisher Scientific). Each target
gene was assayed separately using a CFX384 Real-Time PCR Detection
System (BIO-RAD). Assays were run on 384-well plates (BIO-RAD) and
included a serial dilution of the purified standard ranging from 10~ to
10°%, non-template (negative) controls and samples, all of which were
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added intriplicate. qPCR reactions were performedina10-plreaction
volumewith1plofsample DNA, 5 pl of SensiFAST Sybr Green (Bioline,
Reagents Ltd), 0.2 pl of each primer (10 uM) and 3.6 pl of Invitrogen
UltraPure DNase/RNase-Free Distilled Water (ThermoFisher Scien-
tific). The primers used to amplify each target gene are presented in
Supplementary Table 9. The qPCR conditions to amplify regions of
both the mcrA and pmoA genes were as follows: for mcrA, 95 °C for
3 min, followed by 40 cycles at 95 °Cfor15sand 65 °Cfor 30 s; for pmoA,
95 °C for 3 min, followed by 40 cycles at 95 °C for15sand 60 °Cfor 30 s.
Melt curve generation was added to the end of each assay for one cycle
at95°Cfor5s, 65°C for 5sand 95°C for 5s. An additional 0.25 g of
sediment was taken from each of the original samples used for qPCR
assays, weighed into a clean weighing boat and dried for 48 hours at
60 °Ctodetermine sediment DWs. Dry mass datawere used to express
copy numbers of mcrA and pmoA genes from each sample per g of DW
sediment. To account for the recognized multiple copies of pmoA in
some methanotrophs, we searched KEGG, the genome database and
individual published species and found an overall average copy number
of 1.5 (see Supplementary Table 9 and the discussion therein), which we
used to correct methanotroph abundance (see equation (21) and the
related text). As per our earlier publication” and work by Steinberg and
Regan®, there was no evidence for multiple copies of mcrA, and there-
fore no correction was applied to the methanogen qPCR abundance.

DNA metabarcoding of methanogen (mcrA) and
methanotroph (pmoA) communities

Amplicon library preparation followed the protocol outlined by
Illumina® with PCR conditions optimized for the two target genes.
First-stage PCR reactions were performed in a 25-pl reaction vol-
ume with 2 pl of DNA template, 12.5 pl appTAQ RedMix (2x) poly-
merase (Appleton Woods Ltd), 8.5 pl of Invitrogen UltraPure DNase/
RNase-Free Distilled Water (ThermoFisher Scientific) and 1 pl of
each primer (4 uM), which contained Illumina overhang adaptors
and had the same locus-specific sequences as those used for qPCR
(Supplementary Table 9). PCR was run in 96-well plates (StarLab) on
a 96 Well Thermo Cycler (Applied Biosystems), with three negative
controlsincluded per plate. The PCR conditions to amplify each target
gene were as follows: 95 °C for 3 min; 35 cycles at 95 °C for 15 s, 55 °C
(mcrA) or 53 °C(pmoA) for30sand 72 °Cfor 30 s; 72 °Cfor 7 min. Every
sample for both genes was then checked for positive amplification by
loading into pre-cast Invitrogen 96 Agarose E-gels (2% agarose) (Fish-
erScientific) and run for 13 minutes on an Invitrogen Mother E-Base
(FisherScientific). PCR amplicons from the first-stage PCR reactions
were cleaned and amplicon libraries were indexed following the Illu-
mina protocol using the Nextera XT Library Prep Kit (Illumina). Indexed
amplicon libraries were then cleaned®. For each amplicon library,
cleaned and indexed individual samples were then quantified using
the Invitrogen Quant-It PicoGreen dsDNA assay kit (ThermoFisher
Scientific) before the samples were pooled in equimolar concentra-
tions. Finalampliconlibrary concentration was then determined using
aNEBNEXT Library Quant Kit for lllumina, and quality checked using an
Agilent 2100 Bioanalyzer System (Agilent Technologies). The samples
were sequenced on an Illumina MiSeq (600 cycles; reagent kit v3) via
the NERC Biomolecular Analysis Facility at the Centre for Genome
Research (Liverpool, UK).

Bioinformatic processing of microbial metabarcoding data

The raw mcrA and pmoA metabarcoding reads were subjected to qual-
ity control, including sequencing trimming, error correction and the
removal of poor-quality sequences and chimeric PCR artefacts®.
Sequences were clustered into species-level operational taxonomic
units (OTUs) using VSEARCH® at similarity cut-offs that represent
sequence divergence among methanogen and methanotroph species,
respectively (85% and 90% similarity for mcrA and pmoA®*®’). To correct
for frameshift errors and to remove any non-locus-specific OTUs, we

used FrameBot with the default settings®®. To specify the methanogenic
pathways or the methanotrophic types associated with each OTU, we
placed the OTUs into maximum-likelihood trees constructed fromthe
reference sequences of known methanogen or methanotroph cultures
(see Extended DataFigs. 6 and 7 for the phylogenetic trees of mcrA and
pmoA OTUs, respectively). The OTUs were aligned and incorporated
into the clades of reference species on the basis of robust phyloge-
netic trees and subsequently assigned methanogenic pathways or
methanotrophictypesaccordingly (Extended DataFigs. 6and 7). The
trees were constructed from aligned sequences by MUSCLE using a
GTR + G +Imodelin Mega-X (version 10.2.2). After bioinformatic pro-
cessing, a total of 93 mcrA (methanogen) OTUs from 3,793,456 reads
and 260 pmoA (methanotroph) OTUs from 2,146,501 reads were used
for subsequent analysis.

Asgenusis the highest taxonomicresolution for assigning metha-
nogenic pathways to each OTU (Extended Data Fig. 6), the mcrA data
were agglomerated at this level and rarefied to 1,000 reads per sample
as the method of normalization®’° using the R package phyloseq (ver-
sion 1.48.0)"". As assigning methanotrophic type to pmoA OTU only
needs taxonomic information at the class level, the pmoA data were
agglomerated at the class level and then rarefied to the 1,006 reads.

Statistical analyses

All statistical analyses were performed in R (version 4.2.3)"% and all
graphical presentations were created using the ggplot2 (version 4.0.0),
rnaturalearth (version1.1.0), rnaturalearthdata (version1.0.0), sf (ver-
sion1.0-21) and leaflet (version 2.2.3) packages””’.

Temperature sensitivity of in situ CH, emission, CH, production
potential, CH,:CO, production ratio and CH, oxidation potential.
First, we used principal components analysis’® to demonstrate that
the design of our natural warming experiment had identified tem-
perature as akey environmental factor as demonstrated previously**™
(Extended DataFigs.1and 2). We quantified the temperature sensitiv-
ity of in situ CH, emissions (mmol m2d™), CH, production potential
(nmol g DW™h™), the production ratio CH,:CO, (unitless) and CH, oxi-
dation potential (nmol g DW™ h™) using hierarchical Boltzmann-Arrhe-
nius modelsfitinafully Bayesian framework. Following Yvon-Durocher
etal.’’, rateswere analysed on the natural-log scale as linear functions of
acentred inverse-temperature covariate. For an observation y; made
in stream kin regionj at absolute temperature Ty (K), we defined the
centred inverse-temperature predictor as (units: eV™)
1

Xijk = 70— — 75—

12

where k=8.62 x107eV K. The centring temperature, T, was set to the
dataset-specific mid-temperature to improve parameter interpret-
ability (7.=18 °C for emission and 14 °C for production, the ratio of
CH, to CO, production and oxidation). Because the model is linear in
X, theslope parameterisdirectly interpretable asan activation energy
(temperature sensitivity) ineV,and the intercept gives the (log) rate at
T=T.(‘capacity’). See Extended DataFig. 4 for variation across regions
inthe posterior distributions of temperature sensitivities.
Lety; = In(CH,emission). We modelled

Vi~V (Wi 0) (13)

”ijk =a+ Bxijk + aoj + bOjk + (alj + bljk)xijk (14)

where ais the intercept (that is, the capacity at T;), Bis the slope (that
is, the activation energy, Eye ineV), ay;istheregion-specificintercept
shift (that is, how region j differs in log-capacity at 7.), a;; is the
region-specific slope shift (that is, how region’s activation energy
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differs from f8), b is the stream-specificintercept shift within region

Jand by, is the stream-specific slope shift within region,j. Here stream
effects are nested in regions. Random intercepts and slopes were
allowed at both the region and stream levels and were correlated
within level:

. bo
‘o ~/\r(0, > ) o ~/v<0, 3 ) 1s)

ai; Region bljk Stream,

Priors a ~ # (0, 2) and B ~ ¥ (0.6, 0.3) were weakly informative
around canonical metabolic sensitivities’. Standard deviations of all
random-effect terms were given as ~ Exponential(5). Correlation matri-
ces ) were assigned LKJ(n =2) priors, and residuals were given as
0~ t,5(0, 2.5). This model corresponds to the brms formula In_
flux -1+ cent_Abs + (1+ cent_Abs|Region/Stream), with family = gauss-
ian() and the priors as described above.

(ii) CH, production potentials. CH, production potentials. For
Yix=In(CH, production), we used the same structure as for emissions
toallowboth capacity and temperature sensitivity to vary at the region
and stream levels:

Yijk = Na +ﬁxij»k + aoj + bOjk + (alj + bljk)xijkv O') (16)

Parameters and priors are as described in equations (14) and (15)
exceptthatthe prior ontheslopewasbroader, g ~ 4 (0.6, 1), reflecting
greater uncertainty around the canonical metabolic sensitivities in
production'. The slope B describes the activation energy for CH,
production potentials (that is, Eye in V). This model corresponds to
the brms formula In(CH, production) -1+ cent_Abs + (1 + cent_Abs |
Region/Stream), with family = gaussian().

CH,:CO, production ratio. For y; =In(CH,:CO, production ratio), we fit
the same hierarchical structure as for emissions and production (see
equations (13) and (14) and the related description of the parameters;
note that the slope 8 describes the activation energy for the CH,:CO,
production ratio—that is, Eyg in €V). The priors are as described above
(equation (15)) exceptawider prior ontheslope, g8 ~ ./ (0.6, 1), reflecting
weaker prior information on temperature sensitivity for the ratio. The
corresponding brmsformulawasIn(CH,:CO, productionratio) -1+ cent_
Abs + (1+cent_Abs | Region/Stream), with family = gaussian().

CH, oxidation potentials. For y; =In(CH, oxidation), to avoid
over-parameterization, we allowed random intercepts at both the
region and stream levels and random slopes only at the region level,
and we constrained region-level intercept-slope correlations to zero:

Yik = N (@ + Bxy + ag; + boj + ayxyx, 0) 17)
aoj ~ H(0, Ti,Region)’ @y ~ N(O, TIZZ,Region)’ bOjk ~ (0, Ti,Stream) (18)
) . . . . ) .
where T2 Region 1S the variance of the region-level intercepts, T% Region 1S

the variance of the region-level slopes and Ti,Stream isthe variance of the
stream-level intercepts. The slope f describes the activation energy
for CH, oxidation potentials—that is, Eyo ineV. The remaining param-
eters are as described in equation (14). Priors for intercept and slope
were as before, a ~ (0, 2) and g ~ ¥ (0.6, 0.3), reflecting canonical
metabolic sensitivities”. Standard deviations of all random-effect
terms were given as ~ Exponential(5). Correlation matrices ) were
assigned LKJ( =2) priors, and residuals were givenas o - t,;(0, 2.5).

This model corresponds to the brms formula In(CH, oxida-
tion) ~1+ cent_Abs + (1 | Region) + (0 + cent_Abs || Region) + (1
| Region:Stream), with family = gaussian() and the priors as
described above.

Temperature sensitivity of methanogen and methanotroph abun-
dance (mcrA and pmoA copy numbers via gPCR). There were 9
and 16 zeros in the methanogen and methanotroph abundance data,
respectively. As the concentration of total DNA extracted from the
sediments of these high-latitude, pristine streams was low (median
of 0.7 ng pl™%; see Supplementary Table 6 for examples), zero copy
numbers of functional genes were supported and therefore retained in
the dataset. To address the zero copy numbers, a hierarchical Bayesian
regression framework using azero-inflated negative binomial distribu-
tion® was applied:

Yiik = Zero-inflated negative binomial(u, 0) 19)

where y;; = mcrA abundance or pmoA abundance (copy per g DW) in
sampleifrom stream k nested inregionj.

For mcrA abundance, the same hierarchical structure as previously
applied for emissions and production was applied (Abun-
dance -1+ cent_Abs + (1+cent_Abs | Region/Stream); see equations
(13) and (14) and the corresponding parameter definitions (note that
the slope S describes the activation energy for methanogen abun-
dance—that s, Fy,p, in €V). Weakly informative priors a ~ . (2, 4) and
B ~ (0.6, 0.3)were performed to reflect greater uncertainty in abun-
dance scaling. Standard deviations of all random-effect terms were
given as ~ Exponential(5). Correlation matrices ) were assigned
LKJ(n = 2). Residual variation was implicitly modelled within the
zero-inflated negative binomial family and therefore not specified.

For pmoA abundance, to avoid over-parameterization, a hierarchi-
cal structure with uncorrelated varying slopes was used, the same as
for oxidation (Abundance -1+ cent_Abs + (1| Region) + (0 + cent_Abs
|| Region) + (1| Region:Stream); see equations (17) and (18), and note
that the slope B describes the activation energy for methanotroph
abundance—thatis, Ey,, ineV). Therefore, no correlation parameters
or LK]J priors on correlation matrices were specified. Priors on fixed
effects and random-effect standard deviations were performed the
same as for mcrA abundance.

As integer counts are required to fit a Bayesian regression
framework with a zero-inflated negative binomial distribution, we
fitted the correction coefficient of 1.5, which accounted for multi-
ple copies of pmoA, as an offset to avoid the production of frac-
tions (see Supplementary Tables 5 and 9 for model fitting and the
rationale for the correction coefficient, respectively; and see
Extended Data Fig. 4 for variation across regions in the posterior dis-
tributions of temperature sensitivities).

Changes of community diversity along the natural warming gradi-
ent. The methanogen or methanotroph communities were first
assessed in terms of Shannon index estimated for each sample using
the estimate_richness function from the phyloseq package”. For
Yix=Shannon indexes, we fit the same hierarchical structure as for
emissions and production (see equations (13) and (14) and the related
descriptions of the parameters). The model corresponds to the brms
formulaShannon ~ 1+ cent_Abs + (1 + cent_Abs | Region/Stream), with
family = gaussian(). The priors are as described above (equation (15))
except withawider slope prior to reflect weaker a priori constraints on
theratio, g ~ ¥ (0, 1).

Community compositional changes along the natural warming
gradient. Prior to analysing changes in community composition, the
hydrogenotrophic and acetoclastic mcrA genera, assigned to each
OTU as per their phylogeny, were grouped at the family level, while
the methylotrophic generawere all grouped together (Extended Data
Figs. 6 and 7 and related discussion). For example, Methanobacterium
and Methanothermobacter were grouped into Methanobacteriaceae,
while Methanosphaerula, Methanolinea and Methanoregula were
grouped as Methanoregulaceae. As Methanocella and Methanothrix
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were the only genera detected in the streambed sediments in Metha-
nocellaceae and Methanotrichaceae, respectively, these two genera
were not grouped but were represented using their family names for
consistency. Our grouping strategy represented a trade-off between
degrees of freedom for analysis and retaining enough resolution of
the composition of the major methanogen groups—thatis, acetoclasts
and hydrogenotrophs.

Unlike mcrA sequences, the pmoA sequences were already agglom-
erated at the class level to separate the two types of methanotrophs
(Extended Data Fig. 7); therefore, no further taxonomic integration
was needed.

Furthermore, to improve the normality of the data, the relative
abundances of each category (Rab) were arcsine-transformed using:

Tab = arcsine(RabO'S) (20)
where Tab is the transformed relative abundance.

We analysed y;;, = Tab (that is, the relative abundance of a taxo-
nomic category for sample i in stream k within region ) using hierar-
chical Bayesian linear mixed modelsincluding aninteraction between
temperature and category:

G G

yyk = /\f(a' + ﬁlx,jk + Z ngg,ijk + z 6gx,»jk X Gg,ijk + aoj + bOjk’ 0') (21)
g=1 g=1

aoj ~ H(0, Ti,Region)’ bOjk ~ N(0, Ti,Stream) (22)

whereaistheintercept, xis the inverse-temperature predictor (equa-
tion(12)), G, ;is indicator variables for each taxonomic category gwith
Glevels (G =5and2for the methanogen and methanotroph communi-
ties, respectively), B, is the main effect of temperature (for the baseline
g=1-thatis, Methanocellaceae for the methanogen community and
type I for the methanotroph community), é, is the category-specific
temperature interactionsand B, + Zgzlﬁgis therefore the overallslope
for taxonomic category g (denoted as S in Fig. 3 for clarity). y, is the
category-specificinterceptrelative to baseline g =1 (that is, Methano-
cellaceae for the methanogen community and type I for the methano-
troph community). a,; and b, are the region- and stream-specific
intercepts, and here the stream effects are nested in regions. To avoid
over-parameterization, norandom slopes were included.

We assigned weakly informative priors, a ~.4(0,2) and
B~/ (0, 0.5), reflecting reasonable constraints on the parameters.
Standard deviations of all random-effect terms were given as ~ Expo-
nential(2), and residuals were givenas o - ¢,.;(0, 2.5). The corresponding
brms formulais Tab ~ 1+ cent_Abs x Category + (1| Region/Stream),
with family = gaussian().

Analysis of process-level CH, oxidation efficiency and system-level
CH, filter efficiency. We analysed the process-level CH, oxidation effi-
ciency (log-transformed) and system-level CH, filter efficiency using
hierarchical Bayesian linear mixed models. To evaluate the changes
along the natural warming gradient, the samples were grouped as
streams above or below the median stream temperature of 10.5 °C as
either ‘warm’or ‘cold’, respectively, andfitted asabinary factor (CWy,).
Fory; = In(Eff._MO)—that s, the process-level CH, oxidation efficiency
for sample i from stream k in region j—a model with Gaussian regres-
sionwasfitted as:

yijk = ./V(a’ + B X CWyk + aoj + bOjk + aleUk + bljk X CW,'jk, 0') (23)

where ais the intercept representing the process-level CH, oxidation
efficiency for cold streams and S the effect of warm streams relative
to the cold. a,; and ay; are the region-specific intercept and slope. b
and by are the stream-specific intercept and slope nested in region.

Random intercepts and slopes were allowed at both the region and
stream levels and were correlated within level (equation (15)).

Asy;, = Eff. filter—thatis, the system-level CH,filter efficiency—is
acontinuous proportionbounded between 0 and 1,a model using beta
regression withlogit link was fitted:

yijk = beta(ﬂ +ﬁ X CWyk + aoj + bOjk + a]jxijk + b]Jk X CW,]'k, ¢) (24)

where the parameters are analogous to those described above, and ¢
isthe beta distribution parameter.

Weakly informative priors, a ~ 4 (0, 2) and B;~ (0, 1), were per-
formed to regularize inference. Standard deviations of all
random-effect terms were given as ~ Exponential(5). Correlation matri-
ces Y wereassigned LKJ(r7 = 2) priors. Residuals were givenas o - t,;(0,
2.5) (in the Gaussian model) and precision ¢ ~gamma(2, 0.1) (in the
beta model). The corresponding brms formulas are In(Eff._
MO) ~1+ cold_warm + (1 + cold_warm | Region/Stream), with fam-
ily = gaussian(), and Eff. _filter -~ 1+ cold_warm + (1+ cold_warm|Region/
Stream), with family = Beta().

Estimation, convergence and uncertainty reporting. All models
were fitted with 4 chains x 4,000 iterations (2,000 warm-up, 2,000
saved), seed =1,234, using brms (which uses Stan’s NUTS sampler) with
adapt_delta = 0.99 and max_treedepth =15 for robust convergence.
Weakly informative priorsincorporated established expectations for
metabolic temperature dependences while remaining conservative.

Convergence was assessed by monitoring R (all targeted <1.01),
effective sample sizes and absence of divergent transitions (achieved
viaadapt_delta = 0.99). For each parameter, we report posterior medi-
ans and equal-tailed 95% Cls (Supplementary Tables 5, 7 and 8).
Region-specific activation energies £;were obtained as 8 + a;;and, for
models with stream-level slopes, B + a; + b;; when stream-level sensi-
tivities were required.

Model checking and out-of-sample performance. We evaluated predic-
tive fit using Pareto-smoothed importance-sampling leave-one-out
cross-validation (PSIS-LOO) with moment matching and automatic
refitting of problematic observations (loo(..., moment_match=TRUE,
reloo=TRUE)). Weinspected Pareto-k diagnostics (target k < 0.7) and
compared LOO-IC across alternative structures during model develop-
ment. Posterior predictive checks included distributional overlays,
group-wise violin PPCs by region, LOO-PIT Q-Qplots and average error
versus predictor plots to detect mis-specification (all implemented
viabayesplot/loo).

Derived quantities and visualization. To visualize overall (fixed-effect)
temperature responses, we plotted draws of the expected mean
response with random effects set to zero (re_formula = NA), along
with 95% credible ribbons. For region-level curves, we included region
random effects (re_formula = ~(1+ cent_Abs | Region)) and averaged
over streams. For comparability across regions, we also displayed
capacity-normalized responses by subtracting, from each observa-
tion, the posterior mean region-level intercept; this centres panels at
their region-specific log capacity at T.. Region-wise posterior densities
of activation energies and capacities were obtained by transforming
posterior draws (slopes and intercepts, respectively; capacities are
presented on the original scale via exponentiation).

Software and data processing. All analyses were performed in R
using brms®® (version 2.23.0) for model fitting, loo (version 2.8.0)
for PSIS-LOO, tidybayes (version 3.0.7) for extracting/transforming
posterior draws, posterior (version 1.6.1)/bayesplot (version 1.14.0)
for diagnostics and ggplot2 for visualization. Complete brms for-
mulas, priors, sampler settings and plotting code are provided in the
accompanying scripts.
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Predicted exponential increase in CH, production potential,
CH,:CO, production and methanogen abundance. The increase
in CH, production potential, CH,:CO, production and methanogen
abundance along the natural warming gradient was predicted using
their apparent activation energies as:

prd(T) = ef(i_klr) — ef(iié) (25)
where prd(7) is the predicted increase in CH, production, CH,:CO,
production or methanogen abundance along atemperature gradient
from 0 °C to 30 °C (the same as seen in the naturally warmed streams
in this study). £ is the apparent activation energy estimated with the
hierarchical Bayesian linear mixed modelsin equations (16) and (19)—
thatis, Eyg =1.15€V, Eyp = 0.73 eVand Ey,, = 0.41 eV. kis the Boltzmann
constant at 8.62 x10°eV K. The term lT was used to centre the plot
to a middle temperature of 14 °C as above for estimating activation
energy. As we aimed to demonstrate an exponential increase driven by
the apparent activation energy, the prediction curves were set to a
starting point of O by T,, the lowest value of the temperature gradi-
ent—thatis, 0 °C.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The raw sequencing data for both methanogens and methanotrophs
are available via the NCBISRA online repository under the BioProject
numbers PRJNA1119395 for methanogens and PRJNA1119373 for metha-
notrophs. Source data are provided with this paper.
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Extended Data Fig. 1| Study regions and stream context. A, Each of the five
high-latitude regions had a natural thermal gradient nested within it (crosses
mark the middle of each map with their longitude and latitude indicated) and

B, streams were comparable, 1* order, (see Methods and Supplementary Table 3
and 4) with gravel and/or sand sediments. Principal Components Analysis (PCA)
identified temperature (Tc) as a key environmental factor inrelation to CH,
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emissions [InF(CH,)]. DOC - dissolved organic carbon; TIN - total inorganic N;
SRP - soluble reactive phosphorous; DO - dissolved oxygen, all in stream water.
OC,q - organiccarbonin streambed sediment; DO,,, - porewater oxygen (at 4 cm
depth). ERand GPP are ecosystem respiration and gross primary production but
are not reported on further here*”*, Additional description of the PCA can be
found in Extended Data Fig. 2. Aerial maps created in R with leaflet”.
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Extended Data Fig. 2 | Principal component analysis (PCA) of environmental
variablesin relation to CH4 emissions. Here we used PCA as quality control
for the underlying assumption that we could identify temperature as akey
environmental factor to test our specific hypotheses. A, for the most complete
dataset (n = 54 from 20 streams) the ordination explained 50% of the variance
inthe data, with PCAlexplaining 31% and aligning very well with temperature
(centered, T, see equation [12] in the main text). Both CH, emissions (In[FCH,])
and ecosystem respiration (In[ER]) increased with temperature while gross
primary production (In[GPP]) had a weaker correlation with temperature.
Note, we do not report on either ER or GPP any further here as they are not the
focus of this study and have, in part, been reported for asubset of the regions
elsewhere’®*, In contrast, the availability of the major macronutrients that s,
C, N, P (organic carbon in sediments [OC,.4] and dissolved organic carbon [DOC],
total inorganic nitrogen [TIN] and soluble reactive phosphorus [SRP]in stream
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water) were orthogonal to temperature, rather than being confounded with

it. The same relationships can be seenin B, that, while having fewer variables,
isrepresentative of all streams used to measure CH, emissions and here the
ordination explained 60% of the overall variance. The strong, positive correlation
between CH, emissions and temperature inboth A and B confirmed temperature
as akey environmental factor. A subset of the regions in the model system have
been used previously to test the effects of temperature on trophic diversity and
ecosystem metabolism***°. Note, the negative correlation between T.and stream-
water (DO) and porewater-oxygen (DO,,) reflect lower O, saturations in warmer
water. Porewater could not be collected in Svalbard (see Methods) and the data
for Svalbard were omitted in A. No physical stream characteristics for example
depth, flow or width (Supplementary Table 3) were included as they drive the
gas-transfer velocity (kmd™) which, in turn, would be confounded with CH,
emissions.
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Extended Data Fig. 3 | Frequency distributions of total inorganic nitrogen
(TIN) and soluble reactive phosphorus (SRP) in the high-latitude streams in
comparison to streams in the European Environment Agency (EEA) database
citedin Woodward et al.®’. A, with amedium TIN concentration of only 1.4 pM,
compared to 126 pM across continental Europe, the streams comprising our
natural warming experiment were clearly far removed from any influence of
anthropogenic nitrogen. B, SRP concentrations were far lower than for TIN and

logo TIN(UM)

the median of 1.1 uMin our streams represents a natural background imprinted
by local geology and weathering. C, SRP above this background s indicative

of anthropogenic SRP pollution that scales with TIN pollution. Overall, the
remoteness of the streams comprising our natural experiment helped identify
temperature as a key environmental factor which allowed us to test the effect of
warming on CH, production, oxidation and the microbial communities driving
the CH, cycle.
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streams across all regions despite regional differences in their temperature
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estimated by fitting Bayesian Linear Mixed Effects Models (see Methods) and the
density plots demonstrate variation across regions in the posterior distributions
of temperature sensitivities. Symbols are streams shaped and coloured by region
and display capacity normalised responses, grey shading shows 95% Cls.
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Extended Data Fig. 5| Some streams when sampled were acting as net sinks
for CO2 and others as net sources with CH4 emissions correlated with both
(scatter-plots, n = 148 for 51streams). Although CH, emissions were higher
overall from CO,-source streams (1.0 mmol CH,m2d ™, P(B,,... > Oldata)=1,
Biource 1S the effect of warm streams relative to the cold) than from CO,-sink
streams (0.7 mmol CH, m2d™), likely reflecting differences in organic substrate
availability®”, the temperature sensitivities of their emissions were comparable
(Eye=0.52eV,95%Cl: 0.18 to 0.87 eV in CO,-sink streams while £y, = 0.58 eV, 95%

Cl:0.10t0 1.05 eV in CO,-source streams). Black lines are correlations between
methane emissions and carbon dioxide emissions fitted using Bayesian Linear
Mixed Effects Models (symbols are streams shaped and coloured by region; grey
shading shows 95% CI). Data have been cube-root" transformed to improve
normality while preserving the negative and positive structure of the original
data. Box-plots denote 25% and 75% quartiles, medians and interquartile ranges
of posterior distributions.
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Extended Data Fig. 6 | Phylogenetic tree of 110 mcrA OTUs constructed
from 27 reference sequences of known methanogen cultures. Based on

the phylogenetic placements of mcrA OTUs on the tree with the taxonomy

of reference sequences (marked inbold and italics), we were able to assign
taxonomic classification then annotate the methanogenic pathways to the
majority of the OTUs (93 OTUs from 3,793,456 reads out of a total 110 OTUs
from 4,199,328 reads, that is 90 % in terms of reads count). We took this as
good evidence that our sequencing library captured the overall characteristics
of the methanogen community in the streambed sediments. Therefore

we used the 93 OTUs from 3,793,456 reads as the representative mcrA
community within which there were: 19 OTUs as acetoclasts (1,160,280 reads,
at 30.5% of the mcrA community, within Methanothrix solely)®’; 50 OTUs as
hydrogenotrophs (2,292,004 reads, at 60.2% of the total mcrA library, within
genera Methanosphaerula®, Methanolinea®, Methanoregula®, Methanocella
Methanobacterium®*°, Methanobrevibacter®*® and Methanothermobacter®);
and 24 OTUs as methylotrophs (341,172 reads, at 9% of the total mcrA library,
within Methanomethylovorans’®, Methanolobus®, Methanosphaera®,

83,84
’

(methylotrophs)

Methanomassiliicoccus®, Candidatus Methanosuratincola® and Candidatus
Methanofastidiosum®°°), respectively. Note that the publications supporting
the annotation of methanogenic pathways are cited by genus. Two genera
(Methanobacterium and Methanobrevibacter) contain species that may utilise
alcohol-like substrates, however, this does not reclassify the hydrogenotrophic
methanogen phylawe detected in our streams as methylotrophs.
Methanobacterium bryantii and Methanobacterium formicicum canuse H, + CO,
and secondary-alcohols as substrates®*, but none of the OTUs detected in the
streambed sediments were closely related to these species. Methanobrevibacter
ruminantium and Methanobrevibacter AbM4 contain the genes related to
alcohol utilization”’%, however, the genus Methanobrevibacter are still widely
recognized as hydrogenotrophic methanogens®*®. Also, note that 8 OTUs from
405,872 reads were removed for being assigned as the non-methanogen taxon
(Candidatus Methanoperedenacea)® and an additional 9 OTUs from 13,891
reads (shaded in grey) were also removed for being either assigned as generalist
methanogens (Methanosarcina)'* or for being placed outside of clades for any
known references.
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Extended DataFig. 7 | Phylogenetic tree of 264 pmoA OTUs constructed Methylothermus)®'°"'°> and 94 OTUs as type Il (1,409,349 reads, including
from 17 reference sequences of known methanotroph cultures. Traditionally, Methylocapsa and Methylosinus)'**. These two groups together constituted
methanotrophs are divided into two groups, that is, type | methanotrophs 99.9 % of the total of 2,146,954 reads sequenced from the streambed sediments.
(y-Proteobacteria) and type Il methanotrophs (a-Proteobacteria). In this Therefore, like the phylogenetic classification performed to the methanogen
study, as we intended to test for any shift in the methanotroph community OTUs (Extended Data Fig. 6), we took this as good evidence that our sequencing
with warming in terms of their types (Fig. 3,e and ), we did not attempt to library captured the overall characteristics of the methanotroph community.
assign taxonomy classification but to annotate methanotrophic types to each Note, 4 of the OTUs from 453 reads were removed as they were assigned as
pmoA OTU only. Based on the phylogenetic placement of OTUs on the tree non-methanotroph taxon (Nitrospira)'** and an additional 7 OTUs from 1,851
with the taxonomy of the reference sequences (marked in bold and italics), reads (shaded in grey) were also removed for falling outside any clades of any
the main two methanotrophic types formed two distinct clades thus we were known references. To facilitate visualisation, clades with bootstrap values of
able toannotate 159 OTUs as type I methanotrophs (735,301 reads, including <0.08 similarity were collapsed.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

] XX [ 0]

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.
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For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Data collection Data for CH4 and CO2 concentration were collected using "GC ChemStation Software rev A.10.02". Quantification of methanogenic (mcrA)
and methanotrophic (pmoA) copy numbers were collected using a CFX384TM Real-Time PCR Detection System (BIO-RAD, CA, US). Amplicon
sequencing was performed on an lllumina MiSeq (600 cycles; reagent kit v3).

Data analysis All statistical analyses were performed in R (version 4.2.3) and all graphical presentations were created using the “ggplot2” package (version
3.4.4). Bayesian models were fitted using the "brms" package (version 2.23.0). Model validation and comparison were performed using the
"loo" package (version 2.8.0). Posterior analysis and visualization were conducted with the "posterior" (version 1.6.1), "tidybayes" (version
3.8.7), and "bayesplot" (version 1.14.0) packages.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Source data are provided with this manuscript. Raw sequencing data for both methanogens and methanotrophs are available via NCBI SRA online repository under
the BioProject number numbers PRINA1119395 for methanogens and PRINA1119373 for methanotrophs.
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

these points even when the disclosure is negative.

In this study, we used 52 ambient and naturally warmed (1 to 36 °C) streams across five high-latitude regions (in Iceland, Alaska,
Greenland, Svalbard and Kamchatka) spanning the Northern Hemisphere as a unique test of the natural effects of warming on the
CH4 filter. We showed that streambed methanogenesis became more efficient with natural warming with fundamental changes in
methanogen community composition. In contrast, methanotroph communities became dominated by less efficient methanotrophs
and overall failed to constrain CH4 emissions temperature increased. Our study provided intercontinental-scale evidence that the
capacity of the CH4 filter appears to be capped under warming and if the "capping" is common to natural sources of CH4 worldwide,
a positive feedback loop accelerating future warming on Earth appears inevitable.

We visited geothermal catchments in the 5 regions of Iceland, Alaska, Greenland, Svalbard and Kamchatka where we typically
sampled 7 to 13 streams per region to give us 52 streams in total. Here, indirect warming through the bedrock generated a natural
temperature gradient in the streams from 1 to 36 °C, a typical temperature range of natural CH4 sources (wetlands, lakes, streams,
for example) on Earth. These naturally warmed streams are off any anthropogenic influence, are circumneutral and share
comparable hydrophysical and chemical characteristics.

Samples for hydrological and chemical properties of the streams were determined within a 50 m transect. Porewater samples were
collected using probes inserted at 2, 4, 6, 8 and 10 cm depth where the streambeds were penetrable. Surface water samples for
dissolved gases were collected at three equally spaced locations along each stream transect. Sediment samples for CH4 production
and CH4 oxidation potentials were collected from the surface streambed sediments. To link the microbial community and abundance
to related potentials, sediments for molecular microbial analyses were also collected.

No prior statistical analysis was performed to determine sample size. However, across the five high-latitude regions mentioned above
we typically sampled 7 to 13 streams per region, which is robust for regression, to give a total of 52 streams. This sampling strategy
provided a natural thermal gradient in the streams from 1 to 36 °C, in total, covering a temperature range of typical natural sources
of CH4 on Earth. Further, technical triplicates were collected in each stream providing a dataset suitable for fitting hierarchical
Boltzmann-Arrhenius models in a fully Bayesian framework where the variations across streams or regions were accounted for. This
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approach allowed us to estimate the overall temperature sensitivity of CH4 emission, CH4 production, CH4 oxidation etc, and to
evaluate these relationship across the 5 regions.

Data collection Data for hydrophysical and chemical characteristics were collected using sensors connected to a multiprobe and stream temperature
data were collected using MiniDots. The data above were collected in situ by SFH with assistance from other members of the field
team.

Data for gas concentrations and potentials of CH4 production and oxidation were collected using a gas chromatograph Agilent
Technology UK Ltd., South Queensferry, UK) and recorded by the chromatography data system "GC ChemStation Software rev
A.10.02". Data for total inorganic nitrogen and soluble reactive phosphorous were collected using an automated wet chemistry
analyzer (San++, SKALAR Analytical B.V.) and recorded by software “FlowAccess”. The data described above were collected by SFH.
Data for methanogen and methanotroph abundance were collected using a CFX384TM Real-Time PCR Detection System (BIO-RAD,
CA, US) by KR. Data for methanogen and methanotroph community composition were collected on an lllumina MiSeq (600 cycles;
reagent kit v3) via the NERC Biomolecular Analysis Facility at the Centre for Genome Research (Liverpool, UK) after sample
preparation by KR.

Timing and spatial scale  Field sampling was performed over two summers in 2016 and 2017: Hengill Valley in Iceland; Manley Hot Springs in Alaska; Disko
Island in Greenland; the North-Western Spitsbergen National Park in Svalbard; and the Verkhne-Paratunskiye thermal springs in
Kamchatka, Russia. The coordinates of each sampling region are provided in Supplementary Table 3 and 4.
At each sampling site, data for hydrophysical and chemical characteristics were collected during the daytime while the MiniDot
loggers were placed within each stream for a minimum of 24 hours to continuously record temperature. Sediment samples for
potential of CH4 production and oxidation were collected and transferred to gas-tight vials during the daytime, flushed with OFN for
production or left with air for oxidation and then incubated for the next 48 hours before being fixed with formaldehyde.

Data exclusions Typically 7 to 13 streams were visited in each sampling region to give 52 streams in total. Due to difficulties in sampling streambeds
armored with cobbles in Svalbard and some additional samples being lost in the field or during transportation, the datasets for CH4
production and oxidation potentials (in Fig. 2A, 2B and 4A) and the capacity of the CH4 filter (in Fig. 4C and 4D) were incomplete.
Further, CH4 emissions for 2 streams fell outside the 95% percentiles for the dataset and were recognised as outliers and were
therefore excluded from the emissions analysis (Fig. 1D).

Reproducibility Across the five high-latitude regions spanning the Northern Hemisphere, a total of 52 streams were visited with typically 7 to 13
streams being sampled in each region. The combination of study sites provided a natural warming experiment using streams (well-
known sources for CH4 worldwide) across a typical temperature range for natural aquatic CH4 sources on Earth (1 to 36 °C). Further,
technical triplicates were collected at each sampled stream to form a complete dataset suitable for analysing the temperature
sensitivity of each component in the CH4 cycle (methanogenic production, methanotrophy, the CH4 filter and CH4 emissions) using
hierarchical Bayesian models. All the disclosure mentioned above guaranteed a reproducible and representable result.

Randomization The sampling transect for each stream sampled was randomly selected. The incubation vials were randomly ordered for
deoxygenation or for the addition of CH4. Samples for gas concentration, CH4 production and CH4 oxidation were analysed in
random order.

Blinding The data collection for the in-situ process rate measurement activities was led by SFH, as part of their postdoc, in the field with
assistance from other members of the field team or in the laboratory largely by SFH solely. As such blinding was not applicable.
Similarily, KR led the field sampling of sediment samples for molecular characterisation and processed sediment samples for DNA
extraction, downstream gPCR assays and amplicon library preparation as part of their postdoc. Hence, again, blinding was not
applicable.

Did the study involve field work? |z| Yes |:| No

Field work, collection and transport

Field conditions As described above, field work was performed over the course of two summers in 2016 and 2017 and the annual mean air
temperature of these five sampling regions ranged from ~ -8 to 4 °C. The temperature of the study streams ranged from 1 to 36 °C
overall and the hydrophysical and chemical characteristics of the streams are provided in Supplementary Table 3 and 4.

Location The coordinates of the sampling regions and hydrophysical characteristics of the study streams are provided in Supplementary Table
3.

Access & import/export  Local scientists were involved in field work. No special permits were required for access to the sampling locations.

Disturbance We minimised trampling by using the same path to sites. No other disturbance was caused.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

n/a | Involved in the study n/a | Involved in the study

g |:| Antibodies g |:| ChlIP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

X |:| Palaeontology and archaeology |:| MRI-based neuroimaging
|Z |:| Animals and other organisms

g |:| Clinical data

|Z |:| Dual use research of concern

X|[] Plants
Plants

Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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