SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

ECOLOGY

Combined effects of photorespiration and fire strongly
regulate atmospheric oxygen levels

Rayanne Vitali'*, Claire M. Belcher', Benjamin J.W. Mills3, Andrew J. Watson'

Atmospheric oxygen concentrations have remained remarkably stable over the past ~400 million years (Myr), sug-
gesting the presence of robust regulatory mechanisms. Because of its sensitivity to oxygen, wildfire was tradition-
ally assumed to control oxygen levels by limiting terrestrial vegetation; however, this feedback is nullified by high
moisture levels in tropical ecosystems. Using vegetation modeling, we show that where oxygen-fire effects are
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dampened by high moisture, photorespiration becomes more effective through increased temperatures. Togeth-
er, these processes interact to drive an 86% reduction in modeled global biomass when oxygen levels reach 35%.
This coregulation imposes substantially tighter control of atmospheric oxygen than wildfire alone, providing pre-
viously unknown insights into the spatial and interactive feedbacks that may explain the remarkable stability of

oxygen levels since the evolution of forests.

INTRODUCTION
Since the establishment of forest ecosystems ~420 million years ago
(Ma), atmospheric oxygen (O;) has remained at broadly present at-
mospheric levels (PALs) (I), estimated to have remained between
the range ~15 to 40 vol % O, (2), playing a vital role in the evolution
of life on Earth (3, 4). This remarkably small variation in atmospheric
O, despite the whole atmospheric inventory being completely re-
placed more than 100 times throughout this period, has been termed
“the oxygen puzzle” (1). The stability of oxygen over such a long pe-
riod suggests that regulatory mechanisms must be in place to pre-
vent oxygen rising or falling out of bounds. Land-based solutions,
particularly fire-feedbacks on oxygen, have been prevalent in ex-
plaining the regulation of atmospheric O, through time (1, 3, 5-8).
Wildfire can regulate atmospheric O, concentration through changes
to organic carbon burial; the main source of atmospheric O, over
geological timescales (fig. S1A) (1, 5, 9). Studies have found that the
probability of ignition and rate of spread of a fire increases sharply with
rising oxygen levels (10-13). Therefore, fire is able to act as a negative
feedback on atmospheric O through suppressing terrestrial vegeta-
tion productivity and subsequently the amount of organic carbon
burial that can occur when oxygen levels are high and vice versa (1, 5).
Despite decades of work on this problem, the supposed tight
regulation of oxygen levels has remained largely untested and the
physical upper limit of atmospheric O, on Earth has been long dis-
puted. The long-standing assumption has been that atmospheric O,
levels greater than ~35 vol % O, would threaten the destruction of
global forests by fire due to enhanced fire frequency, extreme fire
behavior, and short fire return intervals (1, 10, 11, 14), effectively
setting an upper limit for atmospheric O,. However, dynamic vege-
tation modeling under changing O; levels questions the strength of
the fire feedback at the global scale, showing that the effect of fire on
global vegetation under rising oxygen should be mediated by high
moisture levels in productive tropical forest ecosystems (14). This
highlights the need to revisit established assumptions and explore
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additional feedbacks and regulatory mechanisms. Modern modeling
frameworks, including dynamic vegetation models, provide valuable
tools to test these processes but require further development to cap-
ture more complete biogeochemical interactions relevant to long-
term oxygen stability.

Here, we expand O,-sensitive vegetation modeling to consider im-
portant coregulation effects that can influence carbon burial through
variations in plant productivity. In C3 plants, the ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) enzyme has main-
tained a dual capacity to bind to either CO; or O,. Increasing the
oxygen mixing ratio causes an inhibitory effect on photosynthetic
CO;, fixation and increases photorespiration, resulting in lower pro-
ductivity, a phenomenon often referred to as the Warburg effect
(9, 15-18) (see fig. S1B). This direct mechanism has been approxi-
mated as part of global oxygen feedbacks in simple biogeochemical
box models by introducing an arbitrary reduction in terrestrial pro-
ductivity when O, is high (19), but its strength and relationship to
other local environmental and physiological parameters have not
been established, and thus, the global effectiveness of photorespira-
tion as an oxygen regulation mechanism is not known.

Various studies have investigated the changes in photorespiration
and productivity in C3 plants under varying CO, and O, concentra-
tions (16-18, 20) and have led to the classification and development of
compensation points. The CO, compensation point (y.*) is defined to
be the CO, concentration at which net CO fixation is zero at a given
temperature and O, concentration (16, 17, 21). A less explored con-
cept is the O, compensation point (y,*), which is the O, concentra-
tion at which photosynthesis and the opposite respiratory processes
are in equilibrium for a given temperature and CO, concentration
(18). Allowing for variations in both CO, and O, concentrations, we
can therefore produce a compensation line that determines the overall
photorespiration effect on productivity (16, 18). From this, we can
then define a function that describes how altering the CO,:0, ratio
for a given temperature changes the net photosynthesis of C3 vege-
tation and hence affects growth, total biomass, and subsequently
carbon burial.

To test the impact of varying oxygen levels on the abundance and
distribution of global vegetation, we use a version of the Lund-
Potsdam-Jena (LPJ)-LMfire Dynamic Global Vegetation Model
(DGVM) (22) to include oxygen-fire and oxygen-photorespiration
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effects on terrestrial biomass. Within the model, we simulate oxygen
effects on fire through inclusion of relationships between probability
of ignition, moisture of extinction, and heat of combustion with at-
mospheric O, following the approach of Vitali et al. (14). We then
include, as a single function, updated CO,:0, compensation points
defined by André (18) for photorespiration. While previous authors
have suggested both photorespiration (15-18) and fire (1, 9) could
have a role in oxygen regulation, this study is this first to include
both mechanisms alone and as a combined impact at the global
scale using a dynamic vegetation model. This combined and spa-
tially resolved approach is critical because there are likely strong in-
teractions between both effects, for example, photorespiration will
affect the amount of fuel (vegetation biomass) available for wildfires.
We first run a series of simulations for the present-day climate but
excluding human influence over a range of possible atmospheric O,
concentrations. We then repeat these simulations at both high CO,
and increased temperature as has been the case during many peri-
ods in Earth history but using modern day continental configura-
tion. To understand the importance of fire and photorespiration
effects on long-term oxygen regulation, we also implement the re-
sults from the LPJ-LMfire simulations for fire and photorespiration
effects on global vegetation into the Carbon-Oxygen-Phosphorus-
Sulphur-Evolution (COPSE) global biogeochemical model (see
Materials and Methods). We analyze the impacts of individual and
combined feedbacks on atmospheric O, over geological timescales.

A(a)
20.95% oxygen with fire effects

A(b)

25% oxygen with fire effects

RESULTS AND DISCUSSION

Oxygen-driven effects on vegetation via fire

and photorespiration.

Simulations including oxygen effects on fire alone (Fig. 1A, a to ¢)
replicate those conducted by Vitali et al. (14) and show a decrease
in mid- and high-latitude forest cover under increasing atmospher-
ic O, reducing global forest cover and biomass by ~45% at 35 vol %
O, compared to PAL (Fig. 2, red lines). Although the effects on tree
and forest cover are notable, the sensitivity of forests to increased
fire under high-atmospheric O, was shown in that study to be less
than had previously been assumed based on laboratory experi-
ments (I, 14, 23). Previous estimates for the “fire window’ upper
limit of atmospheric O, through time have suggested that levels of
25 to 35% O, would threaten the regeneration of present-day for-
ests globally (1, 9, 11, 13, 24, 25). Yet, the simulations suggest that
climatic limitations on fire result in substantial forest cover persist-
ing even at 35 vol % O,. Vitali et al. proposed that although the
number of fires that ignite under high oxygen increase sharply, the
rate of fire spread is limited in regions where fuel moisture content
remains high (14), explaining why forest cover remains at low lati-
tudes where rainforests stay wet and humid year-round and at high
latitudes where low temperatures and reduced evaporative demand
retain high fuel moisture contents. Hence, oxygen-fire effects on
vegetation were indicated to be weaker than inferred from con-
trolled burning experiments.
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Fig. 1. Plots of global tree cover (%) from oxygen simulations. (A) Oxygen-fire effects only, (B) oxygen-photorespiration effects only, and (C) both oxygen-fire and
oxygen-photorespiration effects, and output is plotted for (a) 20.95 vol % O, (PAL), (b) 25 vol % O, and (c) 35 vol % O,. Plots are taken as 10-year annual averages with

forest cover defined to be tree cover greater than 60%.

Vitali et al., Sci. Adv. 12, eady0542 (2026) 7 January 2026

20f14

9202 ‘T A2 Al uo BI0"30UB 105" MMM/:SAN WO ) PaPE0 JUMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

A
1400

1120 -+

840

560 4

280 -

Aboveground biomass (PgC)

21 23 25 27 29 31 33 35
Oxygen (% of atmosphere)

Forest cover (km2 x 106)
w (@] ~
(o] N N

-
[o2)
1

o
1

23 25 27 29 31 33 35
Oxygen (% of atmosphere)

N
e

— Combined — Fire — Photorespiration

Fig. 2. Plots of global total vegetation from LPJ-LMfire simulations over atmo-
spheric oxygen. (A) Aboveground biomass (PgC) and (B) forest cover (tree cover >
60%, km?). Lines indicate different oxygen simulations, which include oxygen-fire
effects only (red), oxygen-photosynthesis effects only (blue), and both oxygen-fire
and oxygen-photosynthesis effects (black). Shaded areas and dashed lines indicate
the range and results from the sensitivity analysis (see Materials and Methods and
Supplementary Methods). Totals are calculated from 10-year annual averages from
LPJ-LMfire output, summed over grid cells to give a single global value.

Alternatively in Fig. 1B (a to c), we do not consider fire but in-
stead apply photorespiration effects in the model for changing O,
levels. We find that simulations including this effect on plant pro-
ductivity alone also suggest that ~45% of forest cover is suppressed
at 35 vol % O, (Fig. 2B, blue line). This is comparable to experimen-
tal studies such as Beerling et al. (20), which found that photosyn-
thetic rates halved under 35% O, (20, 26). While fire alone and
photorespiration alone appear to reduce global forest cover by
roughly the same amount, each influences different areas of the
globe. Oxygen-fire effects favor removing mid-high latitudinal for-
ests while oxygen-productivity effects remove forests mainly from
low-mid latitudes under increasing oxygen levels (Fig. 1B, a to c).
While the former is due to moisture content, the latter is due to the
latitudinal temperature gradient. Low latitudes experience higher
temperatures, causing the solubility of CO, to decrease and altering
the specificity factor of rubisco. This results in an increase of the

Vitali et al., Sci. Adv. 12, eady0542 (2026) 7 January 2026

compensation point for a given O, concentration (15, 27-29). In
simulations under high atmospheric oxygen, this means warmer
temperatures at low latitudes experience more pronounced oxygen
inhibition on productivity, while the oxygen-photorespiration effect
is more diminishing at higher latitudes with cooler temperatures,
reflecting the change in forest cover in these regions compared to
PAL [see Fig. 1B(c)].

Fire has been assumed to have a greater sensitivity to changes in
oxygen concentration through time than the effect on plant produc-
tivity through photorespiration (I, 9). It has been suggested that the
present day suppression due to photorespiration is ~30% (30). Early
DGVM simulations conducted by Bond et al. (23) found under
PAL, fire suppressed forest cover by 50%, implying that fire is more
sensitive than oxygen-productivity effects. These findings have
strongly influenced the development of global biogeochemical
models that predict the abundance of atmospheric oxygen and car-
bon dioxide levels over geological time (1, 31, 32). However, we
show here that not only are both oxygen-fire and oxygen-plant pro-
ductivity effects on global vegetation likely to be broadly similar but
are also often additive in nature due to their spatial patterns of effect.

Oxygen-fire relationships are critically dependent on fuel mois-
ture, and oxygen-photorespirations feedbacks are dependent on
temperature, which means that each feedback alone has an impact
on different regions of the globe. In simulations that combined the
oxygen effects on both fire and photorespiration (Fig. 1C, ato ¢), a
much larger decrease in total biomass is observed compared to im-
posing either of the feedbacks individually. Here, at 35 vol % O,
forest cover and biomass see a ~86% reduction compared to PAL
(Fig. 2, black lines). A substantial amount of forest cover is removed
under high oxygen concentrations due to the additive effects of both
oxygen-fire feedbacks that remove mainly the mid-high-latitude
tree cover and oxygen-productivity feedbacks that remove forest
cover from mainly low latitudes. Moreover, the enhanced removal of
biomass occurs when including both effects due to the complex in-
teractions between fire and productivity. As oxygen levels rise and
cause a greater inhibitory effect on plants, plant growth and hence
tree heights become more limited (see fig. S3). This results in a higher
chance of mortality if fires occur, which becomes increasingly more
likely under rising oxygen. These results indicate that the interaction
between fire and plant productivity under high oxygen concentra-
tions has a very substantial effect on the abundance of global vegeta-
tion, the rate of organic carbon burial, and the ultimate source of
oxygen to the atmosphere over geological time (1, 5). We note that
while evapotranspiration is internally calculated in the model as part
of vegetation-climate interactions, the role of evapotranspiration-
driven water recycling in facilitating forest expansion or enhancing
forest resilience in arid regions is not explicitly assessed in this study.

Simulations assessing the sensitivity of parameterizations for fire
and photorespiration (see supplementary methods) show reasonable
agreement with the results presented above (dashed lines, Fig. 2).
Among the parameters tested, those related to photorespiration
demonstrated the highest sensitivity, as indicated by the broadest
range of outcomes when simulations were conducted using the ex-
trema. This heightened sensitivity stems from the wide range of plau-
sible values for dark respiration rates, which, can vary between 5%
and 30% of total oxygen evolution (33, 34). The upper end of this
range, characterized by elevated dark respiration rates, amplifies the
effects of photorespiration, leading to a notable reduction in biomass
and forest cover under PAL. In the primary series of O, simulations
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presented (Fig. 2, solid lines), dark respiration was assumed to be
10% of total O, evolution, a value situated at the lower end of the
plausible range. Consequently, the selected parameters for dark res-
piration and, by extension, photorespiration yield a relatively modest
compensation point, resulting in a lower sensitivity to varying O,
concentrations. Higher parameterization values would therefore ex-
acerbate the impact of photorespiration under increasing O, concen-
trations. Conversely, simulations focusing on fire, as well as those
incorporating combined parameterizations, displayed minimal vari-
ation even when different combinations of extrema were applied. The
combined simulations showed only slightly greater variability, attrib-
utable to the sensitivity of photorespiration as discussed.
Simulations conducted under alternative climate states, designed
to reflect plausible Phanerozoic conditions, broadly support the patterns
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observed in the present-day climate runs (Figs. 3 and 4, figs. S6 to
S10, and table S1). In scenarios with elevated CO, alone [1000 parts
per million (ppm)], photorespiration effects are globally weakened
under high atmospheric O, (figs. S6 and S9A, blue lines). Despite
the overall reduction in vegetation suppression, the combined effects
of fire and photorespiration still produce a greater-than-additive re-
sponse, removing more than 60% of global biomass and confining
forest cover to high latitudes [fig. S6C(c)].

To isolate the role of temperature, a separate configuration was
run with elevated temperatures alone (without increased CO,, but
including a lower meridional gradient). Under this scenario, both
fire and photorespiration effects intensify with rising O, concentrations
(figs. S7, S9B, and S10B). Higher temperatures increase fire activity
by drying moisture-limited regions and simultaneously enhance
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Fig. 3. Simulated global total vegetation over atmospheric oxygen under elevated CO,, temperature, and precipitation. (A) Aboveground biomass (PgC) and
(B) forest cover (tree cover >60%, kmz)‘ Lines indicate different oxygen simulations, which include oxygen-fire effects only (red), oxygen-photosynthesis effects only
(blue), and both oxygen-fire and oxygen-photosynthesis effects (black). Totals are calculated from 10-year annual averages from LPJ-LMfire output, summed over grid cells

to give a single global value.
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Fig. 4. Vegetation-based negative feedbacks on atmospheric O, in COPSE simulations. (A) Atmospheric O, (B) terrestrial biomass, and (C) atmospheric CO, under
different feedback scenarios: no vegetation feedbacks (gray dotted), fire only (red), photorespiration only (blue), additive fire + photorespiration (black dashed), and
coupled fire-photorespiration feedbacks (black solid). Horizontal gray lines mark present-day O, (A), normalized biomass (B), and preindustrial CO; (C). Shaded area in
(A) shows the O, consensus range from (2) and (C) CO, proxy data (see fig. S4). Feedback terms are informed by LPJ-LMfire outputs (see Fig. 7 and Materials and Methods).
ppm, parts per million.
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photorespiration rates—together amplifying vegetation loss across
latitudes.

The two climate scenarios combining elevated CO, and tempera-
ture (one with increased precipitation and one without) yield simi-
lar outcomes (Fig. 5, fig. S8, and table S1). Elevated precipitation
increases global biomass slightly by ~5% at PALs of O,, which leads
to a very minor dampening of effects under high levels of atmop-
sheric oxygen (table S1). Figures 3 and 5 present simulation results
under the elevated CO,, temperature, and precipitation climate con-
figuration, for which under high O, concentrations, vegetation loss-
es are again substantial. Under 35 vol % O, fire alone removes 44%
of global biomass (Fig. 5A), primarily at mid-latitudes. Photorespi-
ration has a somewhat weaker effect in this configuration, reducing
global biomass by ~20% compared to ~60% under the default cli-
mate (blue lines in Figs. 3 and 5B), due to the dampening of photo-
respiration impacts in low-latitude regions caused by high CO,.Yet,
when fire and photorespiration are combined, their interaction re-
sults in a >80% reduction in global biomass and forest cover
[Fig. 5C(c) and table S1], suggesting that the suppression of vegeta-
tion by photorespiration at the lower latitudes is enough to remove
vegetation by fire where fire cannot alone. These findings reinforce
the conclusion that the joint fire-photorespiration feedback has a
significantly stronger regulatory effect on vegetation than either
mechanism alone and thus a greater potential to constrain atmo-
spheric oxygen levels through geological time.

While this study primarily focuses on the effects of fire and pho-
torespiration on atmospheric oxygen regulation and begins to look
at different climate states, it is important to acknowledge that other
factors, such as the different continental configuration and plant
functional types that existed in Earth’s past, would also play notable
roles in determining net terrestrial productivity and oxygen dynam-
ics. The LPJ-LMfire model used in this study assumes a present-day
continental configuration, with fixed latitudinal distributions and
climatic belts. However, the position and configuration of conti-
nents have varied considerably over geological time, which would
have affected the area available for different types of vegetation and
the spatial distribution of fire and photorespiration feedbacks. For
example, shifts in landmasses and the extent of tropical regions
would likely influence the prevalence of wildfire feedbacks in cer-
tain areas and potentially modulate the temperature sensitivity of
photorespiration. In addition, simulations presented here include
modern-day plant functional types (PFTs), which introduce a limi-
tation when analyzing impacts over certain periods over the Phanero-
zoic, where different vegetation types existed and in some cases
those of today had not yet evolved (e.g., C4 grasses did not evolve
until the Paleogene) These considerations highlight the importance
of future work that could incorporate different continental configu-
rations, climate states, and relevant plant PFTs to better understand
their potential influence on oxygen regulation and terrestrial pri-
mary productivity throughout Earth’s history.
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Fig. 5. Plots of global tree cover (%) under elevated CO,, temperature, and precipitation. Subplots show (A) oxygen-fire effects only, (B) oxygen-photorespiration
effects only, and (C) both oxygen-fire and oxygen-photorespiration effects, and output is plotted for (a) 20.95 vol % O, (PAL), (b) 25 vol % O and (c) 35 vol % O.. Plots are
taken as 10-year annual averages with forest cover defined to be tree cover greater than 60%. Here, elevated temperatures also include a lower meridional temperature

gradient (for more details, see Materials and Methods).

Vitali et al., Sci. Adv. 12, eady0542 (2026) 7 January 2026

6of 14

9202 ‘T A2 Al uo BI0"30UB 105" MMM/:SAN WO ) PaPE0 JUMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

Long-term regulation of atmospheric oxygen

“Forwards” or “predictive” biogeochemical models are commonly
used to try to reconstruct the controls on atmospheric O, over geo-
logical time and to predict the overall atmospheric O, level through
the Phanerozoic (31). The COPSE (Carbon-Oxygen-Phosphorus-
Sulfur-Evolution) model (31) specifically includes the direct effects
of reduced terrestrial biomass on carbon burial and the counter-
effect of redistribution of phosphate to the oceans (5), both of which
are dominant processes in atmospheric O, feedbacks. The inclusion
of negative vegetation-based feedbacks (predominantly through
fire) exerts major control on the O, predictions from these models
(1, 9, 31, 35), where exclusion of these feedbacks results in extremely
high levels of O, (e.g., gray-dotted line, Fig. 4) that tend to be out-
side of the boundaries set by available proxies (I1). Through imple-
menting the results for oxygen effects on vegetation from LPJ-LMfire
into the COPSE biogeochemical model (see Materials and Methods),
we found that including fire and photorespiration feedback effects
singularly resulted in late Cretaceous oxygen peaks of 27.6 and
27.5 vol % O, respectively (Fig. 6, counter effect). This is signifi-
cantly lower than model runs excluding any vegetation-based nega-
tive feedbacks, which reached a maximum of ~37 vol % O, rising
75% above PAL. The inclusion of the combined fire-photo respira-
tion feedback proposed above (Fig. 7A) resulted in the tightest O,
regulation over Phanerozoic time, rising only 14% above PAL in the
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Fig. 6. Compensation point (y*) and gross photosynthesis from the LPJ-LMfire
photosynthesis module over a range of CO, and O,. Photosynthesis plotted as
output from the LPJ-LMfire module for a set temperature of 20°C and dark respira-
tion assumed to be 10% of total oxygen evolution (see Materials and Methods). The
single compensation point (y*) defined by André (18) used in this study is shown as
a black solid line. Dotted lines show the preindustrial O, and CO, concentrations or
20.95% and 288 ppm, respectively.
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late cretaceous peak reaching just 23.8 vol % O (Fig. 4, black solid
line). While including both updated fire and photorespiration feed-
backs separately in the same simulation in COPSE (i.e., using the
fire and photorespiration columns from table S5) resulted in weaker
regulation of atmospheric oxygen through the Phanerozoic (Fig. 4,
black dashed line). This indicates that combined fire-photorespiration
effects that account for interactions between fire and photorespira-
tion can provide considerably stronger negative feedback on atmo-
spheric oxygen and therefore must be considered in discussions of
major controls on O, over geological time. It is only by using a dynamic
vegetation model that these latitudinally distinctive and additive effects
can be simulated, showing how the combination of effects can out-
weigh the sum of their individual strength.

The resulting prediction of Phanerozoic O, using the updated
combined fire and photorespiration feedback aligns broadly with pre-
vious studies and proxy data, showing two pronounced peaks: one in
the late Carboniferous/early Permian and another in the late Creta-
ceous (2, 36). The model’s tight regulation of O, levels near PALs sup-
ports early theoretical calculations of an upper limit for atmospheric
oxygen. Early work, including that of Lovelock (37) suggested that O,
concentrations exceeding ~25% by volume would lead to widespread
wildfires, threatening forest regeneration (I, 7). The near-continuous
presence of forests in the fossil record supports this conclusion
(38, 39), indicating that O, levels likely did not rise above this thresh-
old. Subsequent studies, based on proxies and models, have proposed
higher upper limits for atmospheric oxygen, arguing that increased
fuel moisture content under elevated O, could mitigate the impacts of
widespread wildfires (9, 11, 14, 38, 40). However, these arguments
have generally overlooked and underestimated the effects of photo-
respiration and fire-photorespiration-vegetation interactions, which
may impose additional constraints on atmospheric oxygen levels. It is
also important to highlight that other negative feedbacks not included
in the current version of COPSE, such as a direct oxygen dependence
of marine organic carbon preservation and burial, may act to further
constrain atmospheric O, variability, likely resulting in even tighter
regulation and a lower maximum O, peak through time.

The update to terrestrial feedbacks in the COPSE model has had
minimal impact on reconstructions of metrics such as 8'°C, which
maintains a good fit with the geological record and proxy data orig-
inally used for COPSE model validation (see fig. S4). While the
simulated evolution of atmospheric O, aligns with the general pat-
terns derived from the charcoal record [e.g., figure 5A in (2)], the
absolute O, values are at times lower than those inferred from some
proxies and recent modeling studies, for example, against the con-
sensus O, curve range suggested by Mills et al. (2) range and shown
in Fig. 4A. This discrepancy can be attributed to the calibration of
inertinite data, where maximum inertinite levels are traditionally
scaled to assumed upper limits of 30 to 35 vol % O, (9, 38, 41). If a
lower upper limit of atmospheric oxygen, as argued in this study,
were applied, then the proxy-derived O, range would also shift
downward, improving agreement with the presented simulation.
Moreover, many biogeochemical models have been validated using
charcoal-based proxies with these previously assumed limits, fur-
ther compounding this circularity (2, 31, 32, 42, 43). This highlights
a critical limitation: Atmospheric O, predictions from some proxies
are influenced by bounds derived from earlier model assumptions,
while those same models are validated against these proxies. Conse-
quently, comparisons between proxies and models must be inter-
preted with caution.
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Fig. 7. Feedback mechanisms and simulation results for atmospheric oxygen. (A) Diagram of proposed combined fire-photorespiration feedback on atmospheric
oxygen. Positive feedbacks (solid arrows, “+”) indicate direct relationships, while negative feedbacks (dashed arrows, “—") represent inverse relationships. Green boxes

denote photorespiratory feedback, the orange box represents fire feedback, and blue boxes illustrate combined interaction effects. Here, the box labeled “P processes”

refers to phosphorus redistribution from land to ocean and phosphorus weathering by faster generating vegetation [more details on specific feedbacks are given in (7)].
(B) Normalized terrestrial biomass as a function of atmospheric oxygen, derived from LPJ-LMfire simulations averaged globally over each oxygen level, used to update
scaling factors in COPSE. Lines represent simulations with only oxygen-fire effects (red), only oxygen-photorespiration effects (blue), and combined effects (black).

The results presented in the figure align broadly with previous
modeling studies. However, the work presented here offers an im-
portant contribution by addressing key knowledge gaps in the
mechanisms underlying atmospheric oxygen regulation. While pri-
or studies have explored Phanerozoic oxygen dynamics and the gen-
eral O, trajectory (2, 11), the testing of specific feedbacks influencing
oxygen levels over time remains underexplored. Recent advances,
such as the use of DGVMs and Earth system models, have started to
investigate these mechanisms, for instance, to examine O, impacts on
climate (36). However, how Earth system and climate feedbacks col-
lectively influence oxygen concentrations remains poorly understood.

Vitali et al., Sci. Adv. 12, eady0542 (2026) 7 January 2026

This study investigates the spatial interactions of two critical pro-
cesses—fire and photorespiration—in regulating atmospheric oxy-
gen concentrations through terrestrial feedbacks. By leveraging
DGVMs, the study integrates spatial variability, highlighting how
these processes interact under varying climatic and environmental
conditions. Specifically, it shows that where fire feedbacks are damp-
ened by high moisture levels, the temperature sensitivity of photo-
respiration becomes a dominant regulatory mechanism, particularly
in tropical ecosystems. This spatially explicit approach, not previ-
ously applied in this context, advances our understanding of the co-
regulation mechanisms stabilizing atmospheric oxygen and provides
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a refined framework for interpreting proxy records and evaluating
assumptions in earlier modeling studies.

While this study has begun to explore spatial interactions be-
tween oxygen, CO,, and temperature on photorespiration and fire
feedbacks, future work implementing a comprehensive matrix of
climate and atmospheric gas scenarios in the DGVM could provide
mechanistic insights to better inform and refine the vegetation feed-
back parameterizations within the COPSE model. This would en-
able a more integrated treatment of coupled CO,—0, dynamics and
their influence on compensation points, advancing our understand-
ing of biosphere-atmosphere interactions and their role in long-
term atmospheric oxygen regulation.

We have demonstrated that the combination of oxygen-fire and
oxygen-photorespiration feedback effects likely results in extreme
limitation of global terrestrial biomass when atmospheric O, levels
rise far above PAL. Thus, we conclude that atmospheric oxygen con-
centration on Earth is very tightly regulated, more so than has tradi-
tionally been considered, and perhaps to the point where it has
remained in the range of 21 to 24% over the past 150 Myr. This sta-
bility has important consequences for the evolution of animal eco-
systems: the high O, levels that supported mammals may have been
in place for hundreds of millions of years before they evolved (2),
and stable and high O; levels may have contributed to the lower ex-
tinction rates of the past 400 Myr compared to the high turnover in
the Early Paleozoic (36, 44).

MATERIALS AND METHODS

LPJ-LMfire model summary

We used the LPJ-LMfire DGVM, a version of the LP] model (45)
with enhanced details of fire dynamics, built for simulating interac-
tions between climate, vegetation, and fire regimes during prehis-
toric and preindustrial times (22). The model incorporates nine PFTs
to represent different vegetation groups, simulating their growth, re-
production, and mortality. The model uses input data (see table S1)
including climate (such as temperature, CO, concentrations, and
precipitation), soil, and topography data together with vegetation
characteristics. These inputs are used to drive processes of photosyn-
thesis, respiration, and biomass allocation, while soil moisture and
nutrient availability influence plant growth and competition. Fire
dynamics are modeled by simulating fire ignition, fire spread, inten-
sity, and severity, which are affected by fuel load, moisture content,
and weather conditions. Biogeochemical cycles are also included
where carbon and nitrogen fluxes are tracked within ecosystems.
Simulations run on a 0.5° spatial resolution and designed to operate
on a daily time step. Outputs include vegetation distribution, fire re-
gime metrics, carbon and nutrient fluxes, and water dynamics, pro-
viding insights into the ecological impacts of fire.

We updated LPJ-LMfire to include a parameter for O, concentra-
tion, which was altered to influence fire and photorespiration simu-
lated in the model. The model parameter for O, concentration was
set as an external input and therefore remained fixed at a predeter-
mined value throughout all simulations. This setup ensures con-
sistency in modeling the interactions between fire dynamics,
photorespiration, and forest coverage and allows for a controlled
investigation of how fixed levels of O, affect ecosystem dynamics,
providing clear insights into the influence of these gases under the
given simulation scenarios. Hence, through introducing an atmospheric
oxygen parameter and including relationships between oxygen

Vitali et al., Sci. Adv. 12, eady0542 (2026) 7 January 2026

and both fire and photosynthesis, we were able to analyze natural
oxygen-vegetation effects under a range of oxygen concentrations
through a series of simulations.

Changes to fire and photorespiration processes within the model
are described in the subsections below, followed by a description of
the oxygen simulation experiments conducted using LPJ-LMfire.
For a full model description of LPJ-LMfire, see (22).

Fire

Within LPJ-LMfire, fire is based on the SPITFIRE (SPread and In-
Tensity of FIRE) process-based model (46) but includes numerous
improvements to the representation of fire including multi-day
burning and coalescence of fires and explicit calculation of natural
ignitions (22). As a necessary component of fire, the abundance of
oxygen in the atmosphere influences fire ignition and behavior.
Numerous studies have found that the probability of ignition and
rate of fire spread increases sharply with rising oxygen concentra-
tions (7, 11-13), while growing evidence suggests that the energy
released from a fire in the form of heat (heat of combustion) is also
dependent on oxygen (47). We therefore alter the fire module in
LPJ-LMfire following (14), such that key components of fire be-
havior (probability of ignition, moisture of extinction, and heat of
combustion) are simulated to vary under different atmospheric
oxygen concentrations.

Within the LMfire fire module, ignition efficiency (ieff) is defined
as the product of the fire danger index calculated based on relative
fuel moisture and fuel type, the average ignition efficiency of vegeta-
tion within the gridcell (ieff,,,), and previous burned area within the
gridcell (ieff,¢), such that the likelihood of an ignition occurring de-
creases based on an increase in area already burned to date

ieff = FDI - ieff,, - ieffy (1)

The average ignition efficiency is calculated as a weighted average
based on foliar projected cover (fpc,,q) and individual ignition effi-
ciencies (ieff,) of each pft, where ignition efficiencies are based on
prescribed constants

npft

Z (fpcgrid ' ieffpft)

pft

2

ieff, ==
ave npft

Z fpcgrid

pft

Here, oxygen-dependent probability of ignition is added through
scaling individual ignition efficiency constants based on atmospher-
ic oxygen concentration prescribed to the model using probability
of ignition as a function of atmospheric oxygen concentration (O,)
and fuel moisture content (M), taken from (7)

PI(0,,M) = [308.02 —27.406(0,) +0.634(0,)* — 0.0044(02)3] In(M)
— 633.54 4+ 42.327(0,) - 0.2194(0,)* =0.0075(0,)’

Because fuel moisture within the model is divided into woody
fuel moisture (w,) and 1-hour fuel and live grass moisture (®,,),
ignition efliciency based on oxygen level is calculated as

PI(0,,m,)

off = 02 0u)
o PI(20.95, 0,

)
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PI(0,, ,
ieff,, = (0::0,)

" PI(20.95,0,) ®

where ieff,, andieff,, are the scaled ignition efficiencies due to oxy-
gen for gragsses and woody fuels, respectively, normalized around
PALs (20.95 vol % O). Therefore, if oxygen-fire effects are switched
on in the model, then Eq. 2 becomes

npft

Z (fpcgrid ' ieffpftox )

pft

(6)

npft

2 fpcgrid
pft

where

i ieff  -ieff . , pft = grass
leﬂ:Pﬁm = { pft 8 (7)

ieff g - ieff,, , pft = tree

The moisture of extinction describes the limit of fuel moisture con-
tent that prevents fire spread and is therefore critical in determining
fire within LPJ-LMfire. Within the model, constants for moisture of
extinction are prescribed for each fuel class before a mass-weighted
average is calculated for each gridcell (M,,,
show that the moisture of extinction increases with rises in atmospher-
ic oxygen (7). We therefore introduce an equation for moisture of ex-
tinction dependent on atmospheric oxygen (M,) as described in (7)

M, =80, — 128 ®)

which is then normalized around PALs to give a scale factor of mois-
ture of extinction based on levels of atmospheric oxygen (M, .,)

). Combustion experiments

Me (02 )
€ 0X — nr A Gy (9)
M,(20.95)
Therefore, the overall moisture of extinction for each gridcell
(me) becomes
me = Mavg : Me_ox (10)
Last, growing literature suggests that the heat of combustion
(amount of energy released in a fire in the form of heat) is depen-
dent on both atmospheric oxygen concentration and vegetation type
(47-49). Previously, LPJ-LMfire included a set value of 18,000 k] g_1
for the heat of combustion, irrespective of PFT. We therefore include
the improved version of heat of combustion as outlined in (14), al-
though the addition of an equation for heat of combustion (h,g) is
dependent on PFT type and atmospheric concentration

o
pft
h =

pft I9)

X

+ Bose (11)

where o, and B are PFT coefficients outlined in table §3. The over-
all heat of combustion in the grid cell is then calculated as a single

foliage projected cover-weighted average (h,,,)

npft

Z (fpcgrid : hpft)

pft

havg =

npft ( 12)
Z fpcgrid
pft
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Photorespiration

The photosynthesis scheme within LPJ-LMfire is adapted from the
Farquhar and Caemmerer model (26), as simplified by Collatz et al.
(50, 51) and Haxeltine and Prentice (52). The daily photosynthesis is
calculated as a function of absorbed photosynthetically active radia-
tion (APAR), atmospheric CO, concentration, temperature, canopy
conductance, and day length and is determined by two limiting
rates: the response of photosynthesis to APAR and the limitation of
Rubisco activity.

Within the model, the atmospheric oxygen concentration affects
the Rubisco-limited rate of photosynthesis through inclusion of a CO,
compensation point, defined to be the CO, concentration at which
the net CO, fixation is zero for constant O, concentration (set at PAL)
and temperature, taken from (53). While this is sufficient for model
use with oxygen assumed to be constant at PAL, research since origi-
nal definitions of compensation points has found that, due to the dual
activity of Rubisco, an O, compensation point exists that defines the
equilibrium point between photosynthesis and the opposite respira-
tory processes for a given temperature and CO; level (16-18). There-
fore, to simulate the effect of varying oxygen on photorespiration, an
update of the compensation point in the model was required.

Over recent decades, various studies have attempted to formulate
the impact of varying O, on rates of photorespiration and photosyn-
thesis including Tolbert et al. (17) definitions of separate compensa-
tion points and Nisbet and Nisbet (16) who suggested the concept of
a permitted zone. Others have conducted experimental and model-
ing studies that support the existence of an O, compensation point
(15, 20, 54). A notable study was conducted by André (18), who—
through a critical analysis of both their own work and others—
found that a reciprocal relationship exists between CO; and O,
compensation points [see figure 5 in (18)], such that a single func-
tion defining both exists.

We therefore update LPJ-LMfire to include an approximated
single compensation point that varies over O, using equation 12B,
section 4.5, from (18)
y'=5- ) (13)
where O, is the atmospheric oxygen concentration (%) and 6is a
fraction dependent on rates of dark respiration assumed. Here, we
assume moderate but not excessive dark respiration, taken to be
10% of total oxygen evolution, such that 6 = % [R = 0.1E used in
equation 12B in (18)]. T is the CO,/O; specificity factor and is de-
fined by a q10 relationship for a given temperature, T, as

()

T =1y - ql0; (14)

Where t,; and q10_ are coefficients with values 2600 and 0.57,
respectively. The addition of this results in an intermediate photo-
respiration effect that can allow net photosynthesis to remain posi-
tive up to a very high oxygen concentration (see Fig. 6) and is
applied to PFTs in each grid cell dependent on simulated tempera-
ture and prescribed CO, and O, concentrations. A full description
of the photosynthesis module can be found in (52).

Oxygen simulations

To analyze the effect of atmospheric oxygen on vegetation through
fire and photosynthesis, a series of LPJ-LMfire simulations were run
at different oxygen levels ranging from 20.95 to 35 vol % O, in

100f 14

9202 ‘T A2 Al uo BI0"30UB 105" MMM/:SAN WO ) PaPE0 JUMOC]



SCIENCE ADVANCES | RESEARCH ARTICLE

accordance with the range of validity of the experiments from which
changes to the probability of ignition were based (7). The complete
series of O, simulations were undertaken for different configurations
of the model, namely, fire updates only (where only fire is dependent
on O, concentration), photorespiration only (only photorespiration
depends on O, concentration), and both, where both fire and photo-
respiration are dependent on O, concentrations. Simulations were
driven using detrended and transient reanalysis data spanning a 40-
year period (1971-2010; see table S2), where the dataset of climatic
inputs is repeatedly cycled over the simulation period. For any given
simulation, O, concentration is set at a predetermined constant and
therefore, as with CO», is not dynamically recalculated in LPJ-LMfire
but treated as external input. As oxygen has not varied considerably
during the time of human existence, and since we were interested in
natural relationships with oxygen, simulations were run with hu-
mans excluded so that no human influence on vegetation or fire was
modeled and only natural, lightning-caused fires could start. All
simulations conducted were initialized for 1500 years to ensure an
equilibrium was reached, with results taken from the past 10 years of
the simulation taken as output, plotted as 10-year annual averages.

A very high fraction of wildfires in the modern world is largely
influenced by human activity (suppression, ignition, etc.); hence,
evaluating the model’s ability to simulate natural fire and vegetation
against observations is difficult at a global scale. In regions where
natural fire is still dominant, such as boreal and subarctic regions,
LPJ-LMfire has been extensively evaluated and found to be in much
better agreement with observations than previous model versions
(22). To ensure the model is still valid with the changes to fire and
photorespiration as above, we compared model simulations at 20.95
vol % O, with both the changes for photorespiration and fire in-
cluded, against previous model simulations (without changes) and
observations in Alaska. While simulations show a general slight
overestimation in aboveground biomass compared to observational
data for this region (see fig. S5), this overestimation of biomass is
noted in previous, published versions of the model [see figure 1A in
(22)], and thus changes implemented did not significantly affect re-
sults. Similarly, burned area simulated in Alaska was not affected by
the model changes and was consistent with previous model versions
and observations [see table 4 and figure 5 in (22)], where Intermon-
tane Boreal ecoregions are seen to have elevated burned area, aver-
aging more than 0.8% of each grid cell (fig. S5C).

Simulations were also conducted to evaluate the model’s sensitiv-
ity to various parameters used in this study. These parameters in-
clude moisture of extinction and heat of combustion, both related to
fire behavior, together with specificity factor and dark respiration
rates for photorespiration. To thoroughly assess sensitivity, an en-
semble of simulations was performed, encompassing all possible
combinations of minimum and maximum values for the four key
parameters. The realistic range for these parameters was defined on
the basis of existing literature and are presented in table S4 and de-
scribed in Supplementary Methods. These sensitivity simulations
followed the same protocol as the primary simulations described
above, where decadal averages were calculated from the final 10 years
of each 1500-year-long simulation.

Climate simulations

Throughout the Phanerozoic, periods of elevated atmospheric oxy-
gen have often coincided with high CO, concentrations and warmer
global temperatures (2, 6, 25, 31), while some intervals are thought

Vitali et al., Sci. Adv. 12, eady0542 (2026) 7 January 2026

to have also experienced a wetter climate, such as the Late Creta-
ceous (55). To test the robustness of our findings under different
climatic conditions, we repeated the oxygen-fire-photorespiration
simulations described above using LPJ-LMfire across four alterna-
tive climate scenarios. These scenarios represent plausible Phanero-
zoic climate extremes associated with high atmospheric oxygen and
include: (i) elevated COy; (ii) elevated temperature; (iii) combined
elevated CO, and temperature; and (iv) elevated CO,, temperature,
and precipitation.

Elevated CO, levels were prescribed directly in the model at
1000 ppm. For high-temperature scenarios, input temperature fields
were adjusted on the basis of the meridional scaling relationships de-
scribed in (56), applying a latitudinally dependent gradient consistent
with greenhouse climates. In the high-precipitation configuration,
modeled precipitation was increased uniformly by 25% based on esti-
mates from the literature (55). The full set of oxygen simulations was
repeated for each of these four climate scenarios. Results from the
combined elevated CO,-temperature-precipitation scenario are pre-
sented in the main text, with the outcomes of the other scenarios pro-
vided in the Supplementary Materials.

COPSE model summary

To test the implications that the different oxygen-vegetation effects
may have on long-term oxygen regulation, we run simulations using
the COPSE model (19). COPSE is a simple nondimensional biogeo-
chemical box model designed to simulate Earth system interactions
over geological timescales. The model represents global biogeochem-
ical cycles of carbon, oxygen, phosphorus, and sulfur. It considers
how changes in temperature, nutrient availability, and biological pro-
ductivity feedback onto biogeochemistry, predicting the coupled his-
tories and controls on atmospheric O,, CO,, and ocean composition
over Phanerozoic time (31, 43).

Originally, COPSE was developed by Bergman et al. (19) and was
based on the GEOCARB models (57, 58) but differs in that it uses a
forward’s model approach. Forward models aim to explicitly simu-
late biogeochemical fluxes such as organic carbon burial rather than
driving this from isotope records, allowing for easy representation
of feedback processes and leaving proxy data for comparison and
revisions (I). The model uses a single box to represent the atmo-
sphere and ocean with sedimentary inventories and key reservoirs,
such as carbon and oxygen, represented as a series of boxes with
initially prescribed sizes, which are then updated iteratively based
on fluxes (representing processes) between them.

COPSE is driven by several “external forcings” including time-
dependent solar insolation, volcanic and tectonic activity, and evo-
lutionary switches [for a full list of forcings and prescribed reservoir
sizes, see the Supplementary Materials in (43)] and is computed in
MATLAB using a variable order ordinary differential equation solv-
er. Since the original model, numerous versions of COPSE have
been developed. Here, we use a recent release based on the model
that is lightly updated from (43). A full model description together
with source code and forcing data can be found at https://github.
com/bjwmills/ COPSE.git.

In contrast to LPJ-LMfire, the COPSE model internally calculates
both atmospheric O, and CO; at each time step. Both atmospheric
0O, and CO; are represented in COPSE by a single global value. Atmo-
spheric CO; is taken to be a fraction of the total ocean-atmosphere
reservoir and is influenced by external forcings (solar insolation,
tectonic input, etc.), biological activities and evolutionary changes,
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and geochemical processes (for instance, burial and weathering
rates) that alter the total carbon in the model. Similarly, atmospher-
ic oxygen varies depending on the long-term O, sources (organic
carbon and pyrite sulfur burial) and sinks (uplift and weathering or
subduction and degassing) (43). In earlier versions of COPSE, an
explicit oxygen dependence was included in the marine organic car-
bon burial (mocb) flux, introducing a direct negative feedback on
atmospheric O, levels (31). This feedback was found to produce
smaller O, variations and slightly tighter regulation through time.
While conceptually realistic, its inclusion shifted modeled O, trends
away from geochemical proxy records. Consequently, this oxygen-
dependent mocb feedback is not included in the present version of
COPSE used here. An indirect O,-marine feedback remains in our
simulations: Phosphorus burial fluxes are retained with an inverse
dependence on ocean anoxia, such that more reducing conditions
enhance P recycling (31, 43). While COPSE incorporates a number
of other feedbacks [see (31, 43) for more details], we focus here on
the terrestrial vegetation-fire-oxygen feedback that has been found
to have the largest impact on atmospheric oxygen control in COPSE
simulations (31). In this interaction, changes in atmospheric O af-
fect fire activity and vegetation cover, which in turn influence the
burial of organic carbon and thus atmospheric O, itself.

Because of the coupling of components in COPSE, this means
that not only do the changes in CO, and O; affect the value calcu-
lated for terrestrial vegetation in the model, but any changes to veg-
etation through other processes (for instance, fire) will feedback
onto atmospheric O, and CO,.

Within the model, terrestrial biomass (V') is represented by a
single global value, which is calculated as the product of terrestrial
net primary productivity (V,,,,) and a “fire regulation” parameter
(fire)> @ normalized representation of the amount of fire suppression

on vegetation for a given oxygen concentration
V= Vnpp 'fﬁre (15)

where

kﬁre
kge — 14+ ignit(mOz)

fﬁre =

(16)

Here, kg, is a constant (kg = 3) following (12), such that fire
suppression on vegetation equates to 50% under PALs relative to
vegetation with no fires, assumed to be at mO, < 0.19 (volumetric
mixing ratio). Function ignit(mO,) then scales the fire regulation
parameter dependent, increasing linearly with atmospheric oxygen

ignit(mOz) = min [max(48 -mO, —9.08, 0), 5] (17)

While terrestrial net primary productivity is calculated based on
an “OCT” (where OCT refers to the specific productivity formula-
tion to calculate plant productivity dependent on O,, CO,, and tem-
perature) formulation (19), such that it is dependent on temperature
and both CO; and O; concentrations, which each have multiplica-
tive factors within the model (V, Voo, and V,, respectively) and
also being forced by a plant evolution and land colonization forcing
factor, E

Vapp =2 E - Voy ' Vegp - Vo (18)

While Vi, describes the growth rate dependence on CO, fertiliza-
tion and V. describes the parabolic relationship between temperature
and productivity, V,, describes oxygen inhibition of primary produc-
tivity through respiration as a linear relationship dependent on O,

Vo, =1.5-(05-0,)

Phanerozoic simulations

We conduct Phanerozoic simulations in COPSE to analyze the im-
pacts of the different oxygen-vegetation effects on long-term atmo-
spheric oxygen regulation. The series of oxygen simulations conducted
in LPJ-LMfire are analyzed to give values of annual global total
biomass simulated under each oxygen concentration. Normalizing
the global biomass output from LPJ-LMfire indicates how the differ-
ent oxygen-vegetation processes (fire, photorespiration, and both)
differ in their ability to scale suppress global vegetation under differ-
ent O, concentrations.

Within this study, we therefore replace normalized variables for
global fire suppression and photorespiration within COPSE ( f;,.
and V5,) with normalized forcing factors fg . p; and Vi, p, respec-
tively, computed using LPJ-LMfire simulations above, such that ter-
restrial biomass within the model becomes

(19)

V= (knpp -E- VOZLP]'VCOZ : VT) 'fﬁreLP]

where forcings are normalized and interpolated from global total
values of terrestrial aboveground biomass output from LPJ-LMfire
for a given O, concentration (see table S5).

Simulations were then run to include different combinations of
vegetation-based feedbacks to analyze regulation on atmospheric
oxygen (see overview in Table 1) including: no vegetation-based
oxygen feedbacks (where both V), p; and f5,.; pj were set to one, ef-
fectively switching them off), oxygen-fire feedback only (V,; p; = 1),
oxygen-photorespiration feedback only ( fg..1p; = 1), both oxygen-
fire and oxygen-photorespiration feedback included separately in the
same run, and lastly a new combined fire-photorespiration feedback
that accounts for interaction effects between fire and photorespiration

(20)

Table 1. Outline for configurations used in COPSE model feedback simulations over the Phanerozoic.

Simulation (feedback included) Voa fere

No vegetation-based oxygen feedback 1
,,,,,,,,,,,, Youes .. L S
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, fotes
,,,,,,,,,,,, Yous ... fﬁfeLPJ i

Combined V.
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combined
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(see Fig. 7A). In the combined-feedback simulation, V,;p; and
fareLpy Were set to one, and a new combined-effects forcing was added
on the basis of LPJ-LMfire output, V,

such that Eq. 6 becomes

comb>

V= knpp “E-Veomp * Veoz - Vr

Supplementary Materials
This PDF file includes:
Supplementary Methods
Supplementary Text

Figs.S1to S10

Tables S1to S5
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