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Supplementary Results and Discussion
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By comparing the distribution of parameter values from the subset of simulations with
persistent biological activity to the distribution of all parameter values, we can delineate the
region in parameter space that corresponds to ecosystem viability (Supplementary Figure
1C). We find that viability is significantly conditioned by high values of b,, low values of

basal mortality m, low values of b, and high values of maximum division rate r,,,,., with a
predominant effect of b, (Supplementary Figure 1D and E).

Next, we use the subset of ecologically viable simulations to examine how model
parameters influence the equilibrium biomass and biogenic methane flux, ¢, (CH,). We
find that the level of biogenic methane emission is positively related to the maximum
metabolic rate through parameter b, and negatively related to the maintenance cost through
bg, while biomass production negatively correlates with both b and b, (statistical analysis
not shown).

Finally, we compare the distribution of outputs in the subset of ecologically viable
simulations to the default parameterization outcome (Fig. 1). The distribution is relatively
narrow (95% interval envelope is about one order of magnitude wide), highlighting the fact
that the model is more strongly constrained by its structure than parameterization. In most
scenarios, default parameter values yield results that are close to the median of the subset of
ecologically viable simulations (Fig. 2). With the MG ecosystem, the results of the default
parametrization are within the 95% confidence intervals, but close to the boundaries (lower
limit for methane emission, upper limit for biomass; data not shown). This greater sensitivity
to parameters is due to the global redox equilibrium being strongly impacted by the
metabolic rate of methanogens; this is in contrast to the other ecological scenarios where the
global redox equilibrium is determined chiefly by photochemical processes. The default
value of g,,,, is near the lower end of the viability range for that parameter, so most of the
ecologically viable simulations correspond to higher g,,,., hence larger CH4 emission at
equilibrium and lower equilibrium biomass. This is because the redox state of the system is
closer to its thermodynamic equilibrium, and therefore metabolism is less efficient.
Interestingly, exploring higher values of g, IS equivalent to releasing kinetic constraints on
biology. This explains why our predictions of CH4 emission then get closer to refi2.

Global redox balance of the planet

By tracking the global hydrogen budget of the atmosphere, computed as f(Hz2) + 4 f(CHa)
+ f(CO) following refs, we check the evolution of the atmospheric global redox budget in the
simulations presented in Fig 4. We find that in most cases the atmospheric redox budget is
very similar whether the planet is populated by a primitive biosphere or not (Supplementary
Figure 11). The only two exceptions are the ecological scenarios in which AG is present in
the biosphere in the absence of AT. When this is the case, some of the redox budget of the
atmosphere is transferred to the ocean in the form of acetate.



The conservation of a steady atmospheric redox budget from a lifeless to a living Earth
highlights that the biomass production of primitive biospheres was so low that it did not
constitute a significant sink of Hz relative to atmospheric escape (the main sink of reduced
species during the Archean).

ological feedback of methanogenesis on climate warming and resilien

Supplementary Figure 3 shows the atmospheric and climatic impact of the biosphere as a
function of Hz volcanic outgassing, ¢,, ,.(H,), and the abiotic temperature, Tceo. Here Taeo
varies independently of pCO2 due to external factors such as solar activity. Two values of
pCO:2 are tested: 2500 ppm (Supplementary Figure 3A) to allow comparison with refi2, and
105 ppm (Supplementary Figure 3B) for comparison with Fig. 1 and 3 (the climate model
predicts 105 ppm CO2 to set Teeo at 12 °C). Qualitatively, the results are similar to those
reported in Fig. 3 where temperature is set by pCOz2. Quantitatively, with the MG ecosystem
the effect of temperature variation on biological activity is even stronger when Tceo and
pCO:2 are independent. This is because the negative effect of higher temperature on
thermodynamics is partially offset if pCOz2 is concomitantly higher. As a consequence,
hydrogenotrophic methanogenesis is expected to have an even greater effect on climate when
temperature varies independently of pCOz. In contrast, climate warming by AG+AT
metabolisms is weak, irrespective of H2 outgassing and abiotic temperature when the latter
varies independently of pCO2. Warming will occur, however, in an AG+AT ecosystem in
which MG evolves, the effect being as strong as in the MG-only ecosystem (Supplementary
Figure 3A).

Climate resilience to variation of pCOz2 is shown in Supplementary Figure 4. With the
MG ecosystem, the ecological feedback to the atmosphere has a buffering effect on
temperature variation above ca. 5 °C (Supplementary Figure 4A) and an amplifying effect
below 5 °C (Supplementary Figure 4B). With the AG+AT ecosystems, the amplification
effect prevails irrespective of the temperature range (Supplementary Figure 4C and D). Once
MG, AG and AT have all evolved, we can however conclude from Fig. 3 that the ecosystem
has almost no effect on the resilience of the climate.

heric and climatic i  me |

CHa emissions by MG and AG+AT metabolisms create conditions favorable for the
evolution of methanotrophy (MT). The evolutionary rate has a critical influence on the MT
environmental feedback. Supplementary Figure 6 shows the environmental impact of fast-
evolving MT that arises on a 103 years timescale after the establishment of MG and/or
AG+AT metabolisms. In this case, MT evolution takes place under atmospheric and climatic
conditions set by the atmosphere-ecosystem equilibrium of MG and/or AG+AT (Figs. 2 and
3, Supplementary Figure 3). Irrespective of Hz volcanic outgassing rate and abiotic
temperature (Supplementary Figure 6A), the environmental effect of MT is to consume most
of the atmospheric CH4 produced by methanogens (Supplementary Figure 6C), driving the
surface temperature close to its abiotic value, T;,, (Supplementary Figure 6B). The timescale
over which this happens is very short, of the order of 103 years (Supplementary Figure 6B



and C). The outcome is a new atmosphere-ecosystem equilibrium at which all metabolisms
coexist, under a methane-poor atmosphere resulting in a cool climate.

The previous scenario will hold provided the evolutionary timescale is much shorter than
the timescale of the carbon cycle. If the timescale of MT evolution is of the order of the C
cycle characteristic time (107 yrs), or longer, then the environmental impact of MT evolution
will depend on the long-term effect that the carbon cycle has on the environment inhabited
by MG and/or AG+AT ecosystems (Supplementary Figure 12). As explained in the main
text, the carbon cycle response to the evolution of methanogenesis leaves the biogenic
outflux of CHa relatively unaltered. However, the equilibrium temperature, Tg;ogeo, IS Much
lower than at the short-term equilibrium shown in Fig. 3, in the absence of carbon cycle
feedback. Under such conditions, the evolution of methanotrophy drives both pCH4 and
pCO2 down (Fig. 5A), causing dramatic climate cooling and putting the planet at high risk of
global glaciation (Fig. 5B and C). Supplementary Figure 8C shows that relatively low abiotic
temperature combined with a high rate of H2 volcanic outgassing favors the global glaciation
outcome.
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Supplementary Figure 1.

Outputs of 5,000 Monte Carlo simulations for the MG ecosystem. (A) Surface
temperature. (B) Atmospheric composition. (C) Ecosystem viability across the parameter
space. Red dots indicate simulations in which the ecosystem is viable; other simulations are
indicated in black. A discrepancy between the distributions of black and red dots for a given
parameter indicates that viability is favored by a specific range in that parameter’s value. The
significance and strength of each parameter’s influence on MG ecosystem viability is given
in panels D and E, respectively. Volcanic Hz outgassing ¢,,,.(H,) is setto 2 1095, other
parameters are set to their default values (Supplementary Tables 2 and 3).
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Influence of the number of simulations on the higher and lower boundaries of biomass
production and biogenic emission of CH4, ¢ . (CH,). The numbers of simulations
represent 1/16, ', Y4, 2 and the full set of the whole simulations ensemble. For each
simulation set size, a thousand subsamples of that size are bootstrapped, for which the
average value (dot) and standard deviation (error bar) are calculated. Noticingly, for all three
types of ecosystems, the lower boundary is largely underestimated when the number of
simulations is too low, and converge toward its actual value as the number of simulations
increases. Hz volcanic outgassing is fixed atof 2 1010.5 molecules cm-2 s-1, other parameters
are set to their default values (Supplementary Tables 2 and 3).
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Supplementary Figure 3.

Biogeochemical response of the early Archean Earth to changes in H2volcanic
outgassing, abiotic temperature (Tceo) and ecosystem composition. Here Tceo IS varied
independently of pCO:z in the climate model. (A) pCOz2 = 2500 ppm. (B) pCO2 = 10s ppm.
Left, Atmospheric pCHa4 at ecosystem-climate equilibrium. Shaded areas indicate conditions
for organic haze formation. Right, Temperature differential between Teeo and the global
surface temperature reached at ecosystem-climate equilibrium, Teioceo . Shaded areas indicate
conditions leading to glaciation. Other parameters are fixed to their default values
(Supplementary Tables S2 and S3).
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Supplementary Figure S4.

Climate resilience in response to pCOz2 variation. The central color panels are from Fig. 3.
Side panels A-D show the climatic response of the planet, either inhabited (T;,6e0. PlaIN
curves) or lifeless (T;,,, dashed curves), to periodic variation in pCOz2, depending on
ecosystem composition (MG or AG+AT). The corresponding abiotic temperature variation
amplitude is ATeeo = 20 °C (indicated by the white dots and arrows in the central color
panels). On a warm planet inhabited by MG (Tceo ranging from 30 to 50 °C), the climate
response is buffered by about 20 % (A). However, on a cool planet (Tceo ranging from -20 to
0 °C, panel) the MG ecosystem amplifies the climate response by up to 33% (B). On a planet
inhabited by AG+AT, the climate response to pCO2 variation is always amplified, but much
less on a warm planet (C) (5% for Tceo ranging from 30 to 50 °C) than on a cool planet (33%
for Tceo ranging from -10 to 10 °C, bottom-right panel) (D).
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Equilibrium biomass production (in molecules C cm-2 s-1) for each ecosystem
composition. The abiotic surface temperature, T;,,, is determined by pCOz2. Other
parameters are set to their default values (Supplementary Tables 2 and 3).
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Supplementary Figure 6.
Biogeochemical response of the early Archean Earth as MT evolves into the MG
ecosystem. (A) Effect of Hz2volcanic outgassing and abiotic temperature, T;,,, On
atmospheric pCHas at ecosystem-climate equilibrium. Here Tg,, is determined by pCOz. (B,
C) Effect of MT evolving with MG (dotted lines) or 1,000 years after MG (plain lines) on
temperature (B) and mixing ratios (C) of CHa4 (blue), H2 (red), CO (yellow) and CO2
(magenta), for T¢,, and ¢,,,,.(H,) indicated by the white dot in (A). All other parameters are
fixed at their default values (Supplementary Tables 2 and 3).
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Supplementary Figure 7.

Climatic and atmospheric destabilization by evolutionary metabolic innovation
(methanotrophy). (A) Example with Tceo = 2 °C, ¢@volc(H2) = 3 1011 molecules s-1 cm-2, and
sulfur-based methanotrophs (MT) evolving 100 million years after MG (instead of MG-AG-
AT as in the main text). Top, Change in surface temperature. Bottom, Change in atmospheric
composition. Panels (B) Distribution of outcomes across a range of abiotic temperature Tceo,
H2 volcanic flux, and evolution time of MT (2,000 randomly chosen combinations). Letft,
Amplitude of global cooling, AT, with respect to the evolution time of MT. Right, Frequency
distribution of all temperature changes AT (blue) and of temperature changes conditional on
glaciation outcome (yellow). (C) Estimated probability of glaciation as a consequence of MT
evolution, given the abiotic temperature Tceo and H2 volcanic flux. Other parameters are set
to their default values (Supplementary Tables 2 and 3).
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Probability of climate destabilization (global cooling leading to glaciation) by the

MT evolution time (My)
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Supplementary Figure 9.

Equilibrium thermodynamic reaction quotient, Q*, (inversely correlated to resource
use) as a function of cell radius and temperature. The dashed line indicates the
evolutionarily optimal cell size, i.e., cell size corresponding to the highest Q*, as a function
of temperature. Parameters are set to their default values (Supplementary Tables 2 and 3).
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Supplementary Figure 10.

Absolute net flux of CHas, H2 and O2 due to CO2 and CHa4 photolysis as a function of the
CHa mixing ratio with 0.1 bar of COz2, 100 ppm (left) and 1000 ppm of H2 (right). Dots
correspond to the results of the 1D photochemical model and lines to our parameterization.
The photochemistry leads to a production of CO and destruction of CHa4 in all cases. For low
mixing ratios of CH4, the H2 flux is negative by the photolysis of COz2. For high mixing ratios
of CHa4, the Hz flux is positive due to the photolysis of CHa.
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Supplementary Figure 11.

Evolution of the atmospheric global redox budget evaluated as the atmospheric H2
budget (in ppms) for each biosphere composition. The global hydrogen budget of the
atmosphere is computed as f(Hz2) + 4 f(CH4) + f(CO) following refs. Results derived from the
simulations presented in Fig. 4 (1,000 simulations in each scenario), obtained by drawing
uniformly the model abiotic parameter values in log-uniform priors based on the litterature
(see Table 1). The white dots represent the median of the distributions, the thick gray lines
the interquartile range, and the thin gray lines the rest of the distribution.
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Supplementary Figure 12.

Long-term effect of the carbon cycle on the biogeochemical response of the early
Archean Earth to changes in Hz volcanic outgassing, abiotic temperature (Tceo) and
ecosystem composition. Here Tceo is determined by pCOz2 in the climate model. Left,
Atmospheric pCHa4 at ecosystem-climate equilibrium. Shaded areas indicate conditions for
organic haze formation (pCHa4:pCO2 > 0.2). Right, Temperature differential between Tceo
and the global surface temperature reached at ecosystem-climate equilibrium, Tgioceo . Shaded
areas indicate conditions leading to glaciation (Tg;yce, < 0°C). Other parameters are fixed to
their default values (Supplementary Tables 2 and 3).
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Supplementary Table 1.
Metabolic reactions and their thermodynamic constants.
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Name Notation Catabolic reaction AGo AHo
|
H2-based -32.6 -63.2
methanogens MG 4 Hy+ €Oy > CHy+ 2 Hy0 kJ.mole-1 | kJ.mole-1
Sulfur-based -107 -1.8
methanotrophs MT CHy + HpS04 = HpS + €Oz +2-H20 4y ot | kamoles
-77.9 -129.9
Acetogens AG 4.C0+2-H,0 - CH;COOH +2-CO, K moka | Kimoles
Acetotrophs AT CH,COOH — CH, + CO -55 16.2
P 3 4 2 kJ.mole-1 | kJ.mole-1
- . 10-CO, + N, + 24 - H, 28.25 128
Shared anabolic reaction: S C1oH130sNy + 1.5 - HyO kmolst | Kimole



Supplementary Table 2.

Default parameter values in the biological model.
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internal reserve

Parameter (and reference) Notation Value or expression Unit
I
Cell radius Te 10%r+br T um
|
4 3 3
Cell volume Ve 3T pm
|
Structural carbon content Bgructl? 1810715 . %9 mol C cell™!
|
Maximum metabolic rate Tmax e%tbaT .y d-!
I
aq18 —55.76
bg19 0.1
Cq21,22 0.82
I
Half-saturation constant K 1077 mol. L™t
|
Maintenance rate En, eEtbET .7 CE . 1073 kj.d™!
|
ag18 —43.54
bg20 0.08
23 0.67
I
Decay rate kg 0.5 d-!
|
Basal mortality rate m 0.1 d1
|
Maximum division rate Tmax 1 d-1!
I
Division rate dependence on 0 10 dimensionless
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Supplementary Table 3.
Default values for parameters in metabolism specific size dependency on temperature.

Metabolism a, b,
| MG -13.23 0.0431
MT -13.289 0.0432
AG -13.21 0.044
AT -12.55 0.042



Supplementary Table 4.

Ranges of biological parameter values used in Monte-Carlo simulations.
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Prior
Parameter Symbole Range explored distribution
|
Maximum metabolic rate aq -55.20 — -56 uniform
bq 0.076 — 0.12 uniform
Cq 0.53-1.10 uniform
|
Half-saturation constant K 10-11 — 10-6 log-uniform
|
Maintenance rate ag -43.03 —-43.93 uniform
I
bg 0.059 —0.098 uniform
Cg 0.66 —0.94 uniform
|
Decay rate kg 0.05-5 log-uniform
I
Basal mortality rate m 0.01 — 730y log-uniform
|
Maximum division rate Tnax 0.1-10 log-uniform
I
Division rate dependence on 0 1-100 log-uniform

internal reserve
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