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Fire may prevent future Amazon forest recovery
after large-scale deforestation
Markus Drüke 1✉, Boris Sakschewski 1, Werner von Bloh1, Maik Billing1, Wolfgang Lucht 1 &

Kirsten Thonicke 1

The Amazon forest is regarded as a tipping element of the Earth system, susceptible to a

regime change from tropical forest to savanna and grassland due to anthropogenic land use

and climate change. Previous research highlighted the role of fire in amplifying irreversible

large-scale Amazon die-back. However, large-scale feedback analyses which integrate the

interplay of fire with climate and land-use change are currently lacking. To address this gap,

here we applied the fire-enabled Potsdam Earth Model to examine these feedback

mechanisms in the Amazon. By studying forest recovery after complete deforestation, we

discovered that fire prevents regrowth across 56-82% of the potential natural forest area,

contingent on atmospheric carbon dioxide levels. This emphasizes the significant contribution

of fire to the irreversible transition, effectively locking the Amazon into a stable grassland

state. Introducing fire dynamics into future assessments is vital for understanding climate and

land-use impacts in the region.

https://doi.org/10.1038/s43247-023-00911-5 OPEN

1 Potsdam Institute for Climate Impact Research, Member of the Leibniz Association, Telegraphenberg A31, 14473 Potsdam, Germany.
✉email: drueke@pik-potsdam.de

COMMUNICATIONS EARTH & ENVIRONMENT |           (2023) 4:248 | https://doi.org/10.1038/s43247-023-00911-5 | www.nature.com/commsenv 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00911-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00911-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00911-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-00911-5&domain=pdf
http://orcid.org/0000-0002-8004-7153
http://orcid.org/0000-0002-8004-7153
http://orcid.org/0000-0002-8004-7153
http://orcid.org/0000-0002-8004-7153
http://orcid.org/0000-0002-8004-7153
http://orcid.org/0000-0002-7230-9723
http://orcid.org/0000-0002-7230-9723
http://orcid.org/0000-0002-7230-9723
http://orcid.org/0000-0002-7230-9723
http://orcid.org/0000-0002-7230-9723
http://orcid.org/0000-0002-3398-8575
http://orcid.org/0000-0002-3398-8575
http://orcid.org/0000-0002-3398-8575
http://orcid.org/0000-0002-3398-8575
http://orcid.org/0000-0002-3398-8575
http://orcid.org/0000-0001-5283-4937
http://orcid.org/0000-0001-5283-4937
http://orcid.org/0000-0001-5283-4937
http://orcid.org/0000-0001-5283-4937
http://orcid.org/0000-0001-5283-4937
mailto:drueke@pik-potsdam.de
www.nature.com/commsenv
www.nature.com/commsenv


The Amazon basin contains about 40% of the world’s tro-
pical forest area. It plays an important role in providing
vital ecosystem services and stabilizing Earth’s climate

system1 by storing about 10% of the global forest carbon,
sequestering about 5% of historic human CO2 emissions, and
recycling ca. 20–40% of its rainfall2.

In the past decades, human activity imposed growing pressure
on the functionality of the Amazon forest. Anthropogenic land-
use change has reduced forest cover by ca. 20% of the Amazon
basin, with negative impacts on associated ecosystem services3.
Additionally, increasing droughts and temperature stress, along
with logging and slash-and-burn practices, threaten the survival
of large areas of the Amazon4–10. A potential die-back of the
Amazon forest was first described by ref. 11 and later investigated
by e.g., refs. 6,12,13. Lovejoy et al.14 argued in 2018 that devel-
opments in the region are close to crossing a tipping point if land
use expansion is not immediately halted. Such tipping could be
accelerated by self-reinforcing feedback mechanisms, such as the
coupling of climate change and increasing fire regimes, which
could push the Amazon tropical forest to a savanna-like or
treeless state. These resulting grassland or dry forest regions
would burn more frequently and intensely, thus leading to a lock-
in effect and preventing recovery from the treeless state9,15.
Similarly, the collapse of Amazon moisture recycling due to
deforestation could decrease precipitation over the Amazon basin
and potentially prevent the regrowth of trees16,17. Other
mechanisms, such as increased plant growth due to CO2 fertili-
zation, could partially offset the negative impacts of climate
change on the forest, but the magnitude of this effect remains
uncertain to date18.

While the die-back of the Amazon forest and the role of fire in
stabilizing grassland ecosystems have long been known and stu-
died, the interactions and feedback mechanisms between fire,
vegetation, and climate simultaneously have mainly been missing,
with studies largely based on remote sensing data19, conceptual
models20 or models of reduced complexity9,16,17,21. Furthermore,
the long-term effects of fire on Amazon forest recovery are often
neglected, and, if at all, studies focused on past decades or short
future time scales of at most 100 years22,23. However, as tropical
forest recovery might take centuries to regain forest biomass,
moisture recycling networks, and other ecosystem functions,
current findings are based on too short time scales24.

Here, we study the role of fire in a multi-century trajectory of
Amazon forest recovery after complete deforestation and differ-
ent levels of atmospheric CO2 concentrations by employing the
fire-enabled Earth system model POEM (in the configuration
CM2Mc-LPJmL v1.025). Using the coupled system allows us to
analyze the effects of climate change, fire, and land-use change
simultaneously. In this model, the dynamic vegetation is simu-
lated by the coupled state-of-the-art dynamic global vegetation
model LPJmL26, with its embedded process-based fire model
SPITFIRE27,28. Simulated fire occurrence highly depends on the
vegetation type, its moisture, and tree architecture, which is
modeled by LPJmL (along with prescribed population density and
lightning activity for computing ignitions), while fire-induced
mortality affects vegetation dynamics within LPJmL. Both,
vegetation dynamics and fire occurrence, are further impacted by
climate and influence the atmosphere through changes in the
water and energy cycle.

Our experimental setup covers three simulation phases (see
Fig. 1 and Methods): The first phase (hereafter: spin-up phase)
reflects a standard procedure letting global vegetation and climate
equilibrate together. In the second phase (hereafter: grassland
phase), the area of the Amazon basin is completely deforested and
only grass is allowed to grow. In the third phase, trees are allowed
to recover (hereafter: recovery phase). The model experiments are

performed for a number of different constant atmospheric CO2

concentrations (284, 450, 750, and 1200 ppm) and with fire either
enabled or disabled. Furthermore, for all experiments, additional
control experiments were performed, which have the same fire
ignition and climate forcing but are simulated without defor-
estation. Fire ignitions in the Amazon are adapted to match
typical ignition dynamics in deforested areas in South America
(see Methods).

In these idealized experiments, we intended to investigate
whether the fire is an important factor in the recovery from an
Amazon grassland state, including potential irreversibility. We
here deliberately choose the two most extreme scenarios, to
investigate the span of potential responses in the Earth system.
In the real world, those responses will most likely have a more
complex and heterogenous spatial pattern with impacts situated
somewhere in between the bounds of our extreme scenarios. As
current Earth system models (including POEM), are not yet
able to quantify exact atmospheric CO2 concentrations, at
which e.g. an Amazon tipping would occur or the exact areal
extent, where vegetation regrowth would be prevented, it is the
aim of this study to contribute to a better system understanding
and analysis of the role of fire in climate vegetation interactions
in South America and overall responses and processes of the
Earth system.

We find that a warmer and drier regional climate caused by the
grassland state increases fire activity, which locks large parts of
the Amazon forest into the grassland state and prevents forest
recovery. In the experiments without fire, the forest was able to
recover within 250 years, which emphasizes the important role of
fire in the irreversibility of tropical deforestation. Our results
highlight the need to keep the Earth’s system within stable
boundaries and limit climate change as well as tropical defor-
estation in order to prevent the tropical forest from crossing an
irreversible fire-controlled tipping point.

Fig. 1 Conceptual experimental design for testing the influence of fire on
the Amazon regrowth potential. After bringing climate and vegetation into
equilibrium over 1500 years under historical atmospheric CO2

concentrations (spin-up phase), for two model set-ups (with and without
fire), all trees in the Amazon region are removed and only grass can grow
for 250 simulation years (grassland phase). It is followed by another
250 simulation years where trees are allowed to grow again (recovery
phase). At the end of the last simulation phase, the relative difference in
biomass between the model set-ups is taken, which denotes the role of fire
in preventing forest recovery (illustrated by red vs. blue bar). The whole
simulation is performed multiple times from the grassland phase onwards
under different constant atmospheric CO2 concentrations to assess the
influence of climate and CO2 fertilization on forest recovery.
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Results and discussion
Effects of deforestation on climate and fire in the Amazon
forests (grassland phase). The deforestation of the entire
Amazon region and allowing only grass to grow thereafter
(grassland phase) showed large differences to the respective
control experiments due to biophysical feedback between cli-
mate, vegetation, and fire (Fig. 2 and Figs. S3–S5). Under
450 ppm atmospheric CO2 concentration, for example, the
aboveground biomass in the Amazon decreased strongly, as
grasslands only store ca. 1–3 kgC m−2 in aboveground biomass,
compared to 20–30 kgC m−2 in the Amazon tropical forest
(Fig. 2c). Moreover, air temperature in the central Amazon
increased by ca. 4 °C (Fig. 2a) while overall precipitation was
lower by 1–2 mm day−1 over the basin compared to the control
experiment (for other CO2 levels, see corresponding panels in
S3–S5). These changes are within the range of previous studies,
which found warming of 4.2 °C and a precipitation reduction of
ca 1 mm day−1 for the eastern Amazon in case of complete
deforestation29, or warming by more than 3 °C alongside a
strong precipitation reduction, especially during the dry season
from July to November8.

Driven by the biophysical coupling, reduced evapotranspira-
tion resulting from grasslands replacing forests, generally lowers
latent heat loss and causes local warming30. On the other hand,
the albedo of grass is usually higher than the albedo of a closed
forest (such as the Amazon), which results in a slight cooling31.
We found the first effect to be dominant in our simulations,
which resulted in net warming. The reduced evapotranspiration
also caused a decrease in humidity, lowering annual precipitation
over the Amazon region. Evapotranspiration is lower in

grasslands compared to forests because of their shallower roots
and reduced leaf rainfall interception32.

The warmer and drier climatic conditions increased the
average annual burned area by a factor of 2–3 in the Amazon
basin (Fig. 2d), especially in the southern Amazon. In contrast,
some extremely hot and dry parts in the northern Amazon
showed reduced burned area due to inhibited grassland
productivity and, thus, fuel limitation. In the western Amazon,
wetter conditions persisted and the fire regime did not change
substantially. The difference in burnt area is spatially hetero-
geneous as a result of the relatively random characteristics of
human ignition forcing in the model (see Methods).

Fire prevents a complete recovery of the Amazon forest
(recovery phase). After the 250 years-long grassland phase, trees
were allowed to re-establish in the Amazon region in the final
simulation phase of 250 years (recovery phase). Without fire, ca.
95% of the original biomass recovered in all scenarios tested
except under the 1200 ppm scenario, which regained only ca. 80%
of the corresponding control experiment (Figs. 3, 4a–d and
Supplementary Video 1). For the latter, extremely dry and hot
conditions persisted in parts of the northern Amazon such that
extreme heat stress on woody vegetation prevented forest
recovery (for simulated biomass of the control experiments, see
Figs. S1, S2 and for all time series and absolute values, see Figs. S7,
S8).

The addition of fire to the simulation experiments reduced the
average biomass recovery in the Amazon basin strongly. Biomass
recovered to only ca. 40% at 284 ppm (50% at 450 ppm, 50% at

Fig. 2 Effect of the grassland phase on climate, vegetation, and fire. Difference between the grassland phase and the control experiment, both at 450
ppm atmospheric CO2 concentration and with activated fire disturbance, for the simulated annual mean a surface temperature, b precipitation,
c aboveground biomass, and d fractional burnt area averaged over the last 10 simulation years of the grassland phase. The extent of the deforested
Amazon basin is marked with black outlines. In the grassland state, decreased precipitation and increased temperature led to an increase in burnt areas.
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750 ppm, 20% at 1200 ppm, Fig. 3 and Table 1). More strikingly,
56–82% (353–515 Mio ha) of the Amazon area previously
covered by forest could not recover to tropical forest and was
locked in the grassland state at the end of the recovery phase
(Table 1, Fig. 4e–h, PFT fractions see S6).

Through positive feedback mechanisms between fire, vegeta-
tion and climate, higher temperatures (Fig. 2a), and reduced
precipitation (Fig. 2b) in the grassland state supported increasing
fire activities (Fig. 2d), thereby maintaining a fire-prone and
irreversible grassland state in large parts of the Amazon (e.g., in
the eastern Amazon). In particular, the extreme climate in the
1200 ppm scenario led to such hot and dry conditions that almost
all of the Amazon remained in the grassland state, except in the
Andes region, where lower temperatures due to higher altitudes
remained within the bioclimatic limits of tropical trees.

The difference in biomass recovery between the four CO2

forcings was controlled by two opposing mechanisms: While a
higher atmospheric CO2 concentration increased the CO2

fertilization effect and water use efficiency, and thus simulated
forest growth18, it also increased global warming, and thus, the
resulting heat stress decreased or prevented tree growth. The first
mechanism was dominant for a CO2 increase from 284 ppm to
450 and to 750 ppm, respectively, but the negative impact of heat
stress prevented forest recovery to a large extent under the 1200
ppm experiment.

In simulations with enabled fire, the spatial pattern of forest
recovery followed a heterogeneous pattern explainable by general
moisture dynamics in the Amazon basin: First, forests started to
establish and grow at the western border of the Amazon (see
Supplementary Video 1). In the 284, 450, and 750 ppm scenarios,

Fig. 3 The effects of fire and climate change on biomass regrowth in the recovery phase. a Biomass/fire maps at the beginning (left panels), after 120
years (central panels), and at the end of the recovery phase (right panels, snapshots taken from Supplementary Video 1: www.pik-potsdam.de/~drueke/
fire_nofire_combined.mkv). b Time series of biomass recovery. Without fire (dashed line for 450 ppm and blue area for other CO2 concentrations),
biomass nearly fully recovers under 284, 450, and 750 ppm, respectively, but only 80% under 1200 ppm. Fire (solid line for 450 ppm and red area for
other CO2 concentrations) inhibits full biomass recovery, with only 20% (at 1200 ppm), 40% (at 284 ppm), and 50% (at 450 ppm and 750 ppm) of
biomass recovered after 250 years. c Bar plot showing final relative biomass under different atmospheric CO2 concentration forcing (mean of the last 10
years of the recovery phase). Biomass is normalized to its corresponding control simulation experiment (same atmospheric CO2 concentration).

Fig. 4 Regrowth of the Amazon in the recovery phase.Modeled mean aboveground biomass over the last 10 years of the recovery phase for no-fire (a–d)
and with fire (e–h) under 284 ppm (a, e), 450 ppm (b, f), 750 ppm (c, g), and 1200 ppm (d, h). Biomass recovered homogeneously throughout the whole
Amazon basin for the no-fire experiments, while the Amazon only recovered partially with fire disturbance enabled.
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forest cover in the area in the western Amazon (close to the
Andes) almost reached the state of the control experiment
(Fig. 4e–h). Here, the moist air, channeling from the Atlantic
Ocean towards the Andes, was releasing enough precipitation on
the eastern side of the mountains, to foster relatively fast forest
regrowth. Other regions, especially in the eastern Amazon, were
more dependent on slowly re-establishing moisture recycling
mechanisms supported by increasing forest cover, which is also
proved by substantially lower annual precipitation in the
grassland state (see Fig. 2)2,8,17,23. Re-establishing forest increased
local evapotranspiration and consequently humidity, which
incrementally restored climate conditions similar to the corre-
sponding control experiment (with full forest cover, see
Supplementary Video 1). Canopy closure further increased
humidity, reduced wind speed, and thus lowered fire risk and
consequently burnt area. Increasing forest cover also fostered the
transport of moisture to the atmosphere, increased precipitation
of neighboring cells downwind, and improved the conditions for
tree growth. As a result, the average burned area declined in the
first 50 years of the recovery phase in those areas, where forests
re-emerged. Where large amounts of grasslands persisted, fire
burned up to 50% of the grid cells. The average burnt area
remained high throughout the recovery phase (ca. 18–20%) in the
Amazon region compared to the control experiments (ca. 6–8%,
Fig. 5 and S9). While fire leads to a much large fraction of the
more fire-adapted rain green trees compared to more evergreen
trees in the simulations without fire, larger fractions of grassland
prevail at the end of the recovery phase, fostering a still relatively
large fire regime (Figs. S7, S9).

Interestingly, fire activity was not higher in the 1200 ppm
compared to the 750 ppm experiment, due to an extreme
temperature increase at 1200 ppm (above 4 °C, Fig. S5). This
increased the fraction of bare soil in many cells, thus decreasing
available fuel for burning and, thus, fire danger28. Therefore, we
see here a shift from a fire-dominated to a temperature-controlled
ecosystem.

After its initial decline, the burnt area stabilized at a lower level
and therefore indicated a saturation of the recovery process
(Fig. S9). Forest biomass, however, needed more time to reach its
potential maximum, but also, here, a clear saturation towards the
end of the recovery phase is evident (Fig. 3b, S7). Therefore,
vegetation, climate, and fire reached a new quasi-equilibrium in
the Amazon forest, in which fire substantially delayed or
prevented the regrowth of the Amazon basin.

Comparing recovery and control (no deforestation) experi-
ments reveals that two very different and clearly separated stable

states are possible for this important region of the Earth system in
our model (Fig. 6): Despite having been forced with the same
atmospheric CO2 concentration and fire ignition data, the long-
term trajectory of both simulations differed substantially. The
attained state depended only on the extent of the Amazon forest
cover at the beginning of the simulations. In contrast, the results
of the control experiments (starting from an intact forest cover)
showed that the ecosystem remained mostly intact even under
strong climate impact and increased fire ignitions, which has been

Table 1 Overview of the biomass recovered and the
proportion of the area of the Amazon basin, which remained
locked in the grassland state at the end of the recovery
phase.

Scenario Biomass recovered Area locked as grassland

with fire
284 ppm 40% 400 Mio ha (69%)
450 ppm 50% 373 Mio ha (57%)
750 ppm 50% 353 Mio ha (56%)
1200 ppm 20% 515 Mio ha (82%)
without fire
284 ppm 98% 10 Mio ha (1.5%)
450 ppm 97% 0 ha
750 ppm 95% 0 ha
1200 ppm 80% 71 Mio ha (10.5%)

The percent value is relative to the respective control experiment. A cell was assumed grassland
with biomass below 5 kg Cm2.

Fig. 5 Bar plot of mean burnt area in the Amazon under different
atmospheric CO2 concentrations for the last 10 years of the recovery
phase and their respective control experiments. Burnt area is expressed
as fractions of 0.5° lat × lon grid cells for which the average overall grid cell
sizes in the Amazon basin was taken. Starting from grassland conditions,
the mean burnt area was substantially higher than in the control
experiments, for which a closed forest cover in the Amazon basin was
simulated.

Fig. 6 Bi-stability of forest cover and grassland in the Amazon forest. Bi-
stable regions can either be in the grassland or forest state under exactly
the same climate and fire ignition conditions, depending on whether the
scenario started from grassland (recovery phase) or from an intact Amazon
forest (control experiment). The always stable area maintained a grassland
or forest state for all experiments, while the rarely (sometimes, mostly,
always) bi-stable areas showed bi-stability for one (two, three, four) of the
experiments under different CO2 concentrations.
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shown previously33. The dependence of the long-term trajectory
on the previous history (here: initial state) and thus irreversibility
for certain conditions led to bi-stability between forest and
grassland for a large area of the Amazon basin. While parts of the
forest showed bi-stability for all tested CO2 concentrations
(mostly in the eastern Amazon, always bi-stable in Fig. 6), the
more complex large-scale pattern of no, partial or limited
regrowth depended on the prevailing climate conditions (see
Table 1). Therefore, the impact of deforestation on moisture
recycling and vegetation dynamics varies in different regions of
the Amazon basin. According to our study, there are bi-stable
regions where a strong decline in moisture recycling (complete
deforestation) could lead to vegetation not receiving enough
water to grow quickly and suppress fires. This means that already
deforested regions that fall within the bi-stable range in our
simulations may have difficulty to regenerate on their own. In
contrast, our model shows that it is more likely that the forest will
regain its original state on its own in other areas (provided that
moisture recycling does not decrease substantially).

The role of human and natural ignitions. The development of
fire ignition sources plays an important role in predicting future
fire regimes in the different biomes of South America. In the
densely vegetated central Amazon forest, fire is currently a rare
occurrence: The population density and the likelihood of humans
igniting a fire are very low, and often zero. Fires are usually only
observed along roads and at deforestation sites at the edge of the
forest34. On the other hand, lightning ignitions are frequent in the
Amazon, due to convective processes35, but usually, the forest is

too moist to start burning. Deforestation of the Amazon would,
however, lead to non-linear changes in the number of potential
ignitions in the Amazon region because human ignitions are
closely connected to the expansion of treeless area34,36,37. Such a
transition to grassland/land use would result in increased human
ignitions similar to those observed today in the Cerrado, due to
people migrating into the deforested areas. Large grassland
regions would stimulate cattle ranching and areas, then easily
accessible, would be converted into agricultural lands, connected
by roads, thus increasing the number of potential ignition
sources38. On the other hand, lightning activity might decrease,
due to reduced convection over the deforested Amazon.

While realistic modeling of human ignitions in a deforested
Amazon forest requires a socio-economic model (e.g.,
Copan:CORE39), here we assumed a population density in the
Amazon basin constructed by choosing for each Amazon cell the
population density of a randomly chosen cell in the Cerrado
region (Fig. 7a and Methods). In doing so, we considered the
possible increased population density of the Amazon after
deforestation but also allow for variability, which is typical in
already (partially) deforested regions. On the other hand, we
decreased the number of lightning strikes by forcing the Amazon
basin with average lightning data from the relatively low
convection area of the Caatinga in northeast Brazil (Fig. 7b).

When comparing the fire-enabled with the respective control
experiments, the forcing of increased population density and
decreased lighting activity remained the same for all simulations
(see Methods). While these ignitions are certainly unrealistic for
the fully grown forest in the control experiments, it reinforces our
result of the bi-stability in the Amazon basin: The fully grown

Fig. 7 The effect of prescribed ignition sources in the Amazon biome on fire modeling in POEM. a Population density in inhabitants km−2, b lightning
strikes day−1 km−2, c average monthly modeled number of fires per cell, d average monthly fraction of burnt area per cell.
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Amazon forest survives even at increased ignitions and elevated
atmospheric CO2. Recovering from a deforestation event,
however, fire-vegetation-climate interactions prevent the com-
plete recovery into the forest state.

Limitations of the modeling approach. While most studies
investigating tropical tipping and bi-stability rely on remote
sensing data, conceptual models, or uncoupled models, we used
here the fully biophysically coupled Earth system model POEM,
with an embedded state-of-the-art, fire-enabled dynamic global
vegetation model LPJmL. One of the main advantages of our
model is that it can simulate the long-term dynamics of the
Amazon forest under various scenarios of climate change and fire.
Our model has a lower spatial resolution than most of the CMIP6
models, but it incorporates a sophisticated dynamic global vege-
tation model that accounts for the feedback between vegetation
and climate (that are not accounted for in simpler modeling
approaches15,20), as well as a process-based fire model that cap-
tures the effects of fire on the ecosystem25. These features are rare
among the CMIP6 models and allow us to explore the possibility
of an Amazon bi-stability and tipping, which has been a topic of
interest for many years11,13, and to assess the potential for
recovery of the forest under different levels of warming and fire
disturbance.

Earth system models such as POEM are, however, tuned and
calibrated to match historical data well, and projections into the
future can suffer from large remaining process uncertainty22,40.
Biases in the simulation of global climate could lead to an error
propagation on the distribution of global vegetation, which in
turn affects the carbon cycle, the water cycle, and the energy
balance. In simulations of the coupled climate model inter-
comparison phase 5 and 6 (CMIP40), carbon fluxes between
biosphere and atmosphere, as well as surface temperature, differ
by about 800 PgC globally and surface temperature by 2°C in an
idealized emission scenario for 100 years41. These differences in
global warming and vegetation carbon flux could strongly impact
the results of a potential Amazon degradation or die-back. While
POEM captures the general patterns of climate and vegetation
and the performance is in the range of CMIP5 models (ref. 25,
S10–S12), the CO2 fertilization effect in POEM could possibly be
overestimated as it can be limited by other factors such as
nutrient availability42 or leaf cooling43, which are not accounted
for in the current model version. Including both processes would
lower the biomass increase under elevated CO2 and could
decrease biomass recovery. Furthermore, accounting for natural
plant trait diversity, e.g., a continuum of tree rooting strategies,
could reduce simulated drought stress and thus increase the
potential forest re-establishment under a broader climatic
range32.

In addition to uncertainties in the simulation of global climate
and carbon cycle dynamics, also fire models are calibrated to
match satellite observations of burned area and fire activity, with
limited data in time and space44. Therefore, fire models may not
capture the variability and trends of fire regimes in different
regions and periods. This can lead to systematic errors and biases
in the simulated fire regimes, especially before and after the
satellite era. To improve the accuracy and reliability of fire
models, a more process-based understanding of the drivers and
impacts of fires is needed. Fire modeling in our study is also
limited by the model resolution of POEM, which does not capture
the heterogeneity of individual trees within a grid cell. Instead, it
assumes an average tree individual that is representative of the
entire cell. This affects the estimation of the burnt area, which is
only available as a fraction of the cell area. Consequently, we
cannot account for the variability of fire frequency among

different trees or forest plots. For example, if a cell has a burnt
area of 10% per year, this implies a fire return interval of 10 years
for the entire cell. However, this may not reflect the actual fire
regime, as some parts of the cell may burn more frequently than
others. We use LPJmL coupled with CM2Mc at a spatial
resolution of 0.5 × 0.5 degrees, which is relatively fine for an
Earth system model, but still coarse for capturing detailed fire
dynamics. A higher spatial resolution would improve the
representation of fire impacts on vegetation, but it would also
increase the computational demand and limit the number of
model experiments.

Due to substantial biases in simulated climate and vegetation
patterns (Figs. S10–S12) as well as uncertainties associated with
fire and Earth system modeling, it is not the aim of this study to
simulate the exact velocity and pattern of vegetation recovery or
to suggest concrete measures to safeguard the Amazon rainforest.
We demonstrate in this study the potential impact of fire on the
recovery of the Amazon rainforest, by applying well-chosen
control experiments: (a) the recovery without fire and b) the
trajectory of the Amazon rainforest with exactly the same fire/
climate forcing but starting from an intact forest cover instead of
grassland. As both control experiments yield a stable forest state,
we can dismiss the conclusion that fire or climate change alone
are strong enough to always lead to a grassland state in our model
setup. Instead, the results suggest that the combined effect of fire
and climate change in combination with the initial conditions is
decisive. We conclude that fire is a key process determining
potential forest recovery on regional scales. We demonstrated
that climate-fire-vegetation feedback could lock vast parts of the
Amazon in a treeless state. Comparisons of the control and
deforested simulations revealed the potential bi-stability of
regions within the Amazon and underscored the significance of
initial conditions for the disturbance simulations.

Future studies could take into account a variety of deforesta-
tion scenarios, ranging from the present land cover pattern in the
Amazon basin to the full deforestation scenario discussed in this
paper, to further emphasize the danger of a potential fire-
controlled lock-in effect in a state of no trees after deforestation.
The size and location of the deforested region would most likely
determine the likelihood of regeneration. The effects of various
ignition scenarios on the potency of interactions between fire,
vegetation, and climate could also be examined. Yet, a fully
connected Earth system model would take a lot of computer
power to apply to such a wide range of scenarios, which is outside
the scope of this paper.

Conclusions
Employing a fire-enabled Earth system model, this study
demonstrated that fire could prevent the recovery of 56–82% of
the Amazon forest (353–515 Mio ha, depending on atmospheric
CO2 concentration) after a large-scale deforestation event,
showing a history-dependent bi-stability of the Amazon basin
ecosystem. Several positive feedback loops, for instance, the
reduction of evapotranspiration and precipitation related to tree
loss, increased temperatures, and fire activity, stabilized the
grassland state in more than half of the Amazon basin in our
model simulations. On the other hand, with deactivated fire
disturbance, the forest was able to almost completely recover
from the grassland state.

Therefore, our model simulations show that fire is a crucial
factor in evaluating the potential future forest recovery. Fire
disturbance, along with large-scale deforestation, can create a
lock-in effect that prevents the forest from returning to its ori-
ginal state. This implies that the system state could change dra-
matically if deforestation and climate change surpass certain
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thresholds. Our results provide another strong argument for the
need to protect the Amazon forests, by stopping deforestation
and reducing global CO2 emissions as they question the feasibility
of future reforestation measures without fire control.

Methods
Model description and input data. We used the coupled Earth system model
Potsdam Earth Model (POEM, in the configuration CM2Mc-LPJmL v1.025),
combining the relatively coarse but fast atmosphere and ocean model CM2Mc45

with the state-of-the-art dynamic global vegetation model (DGVM) LPJmL5.0-
FMS26,46, employing the process-based fire model SPITFIRE27. CM2Mc is a
coarser configuration of the Climate Model 2 (CM2)47 model framework developed
by the Geophysical Fluid Dynamics Laboratory (GFDL), coupled to the Modular
Ocean Model 5 (MOM5) at a coarse spatial resolution of 3∘ × 3.75∘ latitude-
longitude45. The original model configuration includes the global atmosphere and
land model AM2-LM2 or AM2-LM48 with static vegetation. In the newly devel-
oped CM2Mc-LPJmL configuration, the static land model LM is replaced by the
dynamic global vegetation model LPJmL, while keeping MOM5 and AM2 dyna-
mically coupled. All model components are connected via GFDL’s flexible mod-
eling system (FMS), which is a software framework to support the efficient software
development, coupling, application, and flux exchange of its land, atmosphere, and
ocean components49.

The Lund–Potsdam–Jena managed Land version model LPJmL526,46 is an
extensively validated and established process-based DGVM, which globally
simulates the water fluxes, surface energy balance, carbon fluxes, and stocks for
both, natural and managed vegetation forced by climate, soil, and land use input
data. To simulate vegetation composition, LPJmL explicitly considers the
establishment, growth, competition, and mortality of plant functional types (PFT)
in natural vegetation, which changes the foliar projective cover (FPC) of competing
PFTs. The establishment and survival of different PFTs is controlled through
bioclimatic limits and the effects of productivity, heat, and fire on plant mortality.
These processes enable LPJmL to investigate several feedback mechanisms in the
biosphere, for example, between vegetation cover and fire. For the study region of
northern South America, three PFTs are possible in the tropical climate, which are
the tropical evergreen tree, the tropical raingreen tree, and tropical grass. While the
raingreen tree is slightly more fire resistant, the evergreen has advantages in a wet
climate, as in the Amazon rainforest. Under very dry and hot conditions, no tree
PFTs can establish and the grass PFT is growing, while under extreme dry and hot
conditions, no PFT can establish, resulting in bare soil. LPJmL simulates water
balance50, agriculture51, wildfires in natural vegetation (SPITFIRE)27, permafrost52,
and specified multiple climate drivers on phenology53,54. Recently, by using an
optimization approach and by developing a new fire danger index, a more realistic
fire representation has been obtained28. We applied the optimized and improved
SPITFIRE in this study.

The coupling between atmosphere and biosphere in POEM consists of the
variables canopy humidity, soil and canopy temperature, roughness length, and
albedo, which are calculated within LPJmL but interact with the atmosphere in a
temporal resolution of one hour25. These variables are passed to the coupling
software FMS, which provides LPJmL with the necessary climatic input, i.e., air
temperature, radiation, and precipitation. While the spatial resolution of the
atmosphere and ocean is 3∘ × 3.75∘ latitude-longitude, LPJmL uses its native
resolution of a 0.5∘ × 0.5∘ latitude-longitude grid. The variables exchanged in both
directions are interpolated by FMS, which guarantees the conservation of all scalar
and vector fields. Thus, the atmospheric input in one grid cell is distributed over
several biosphere grid cells.

For the coupling of LPJmL into CM2Mc, several important processes had to be
adjusted within LPJmL, which included the use of the Penman-Monteith scheme55

for the calculation of potential evapotranspiration and the modeling of canopy
humidity. Furthermore, the calculation of surface temperature by employing a
simple energy balance parameterization was included. Roughness lengths and
albedo were calculated as in stand-alone LPJmL26. A large negative temperature
bias in the northern latitudes was counteracted by the addition of a more detailed
parameterization of the sublimation56. A small wrapper library has been developed
for the data exchange between LPJmL and the FMS domain, to make the LPJmL
grid compatible with FMS.

A more detailed description of the biophysical coupling of LPJmL into CM2Mc
and the published code can be found in a separate publication in Geoscientific
Model Development25. A short evaluation of the standard model, equivalent to
ref. 25 can be found in Figs. S10–S12.

Experimental setup. To investigate the impact of fire and climate change on the
potential regrowth of the Amazon forest after a large-scale deforestation event, we
applied POEM in a series of model experiments:

All experiments share the same spinup, which is consistent with ref. 25: After a
5000-year stand-alone LPJmL spin-up, a second fully coupled spin-up under pre-
industrial conditions without land use was performed for 1500 model years (Fig. 1
and S13). In this way, we ensured that the model starts from a consistent
equilibrium between the long-term soil carbon pool, vegetation, ocean, and climate.
After this spin-up period, the whole biome of the Amazon forest was replaced by

natural grassland, i.e., all trees were cut and no tree establishment was allowed,
while the atmospheric CO2 concentration was kept at different constant values. To
get the model close to a new equilibrium after this strong disturbance, pure
grassland was simulated for 250 years (grassland phase). In the following
simulation phase of another 250 years, trees were allowed to regrow (recovery
phase). Both, the grassland- and recovery phases, were conducted for four different
atmospheric CO2 levels, which remained constant over time: 284 (pre-industrial),
450, 750, and 1200 ppm, and each with and without enabled fire disturbance.
Furthermore, we conducted the respective control experiments, where potential
natural vegetation without the deforestation of the Amazon forest was simulated,
also with and without fire, each set under different CO2 concentrations. The
control experiments started from the same spinup and were simulated for 250
years, to reach an equilibrium between fire, vegetation, and climate.

Forcing of ignition sources. To account for the fact, that population density in the
deforested Amazon would increase, we assigned each cell in the Amazon basin the
population density and the inclination of humans to set a fire27 of a randomly
chosen cell in the Cerrado region (Fig. 7). On the other hand, we substituted the
number of lightning strikes by forcing the Amazon basin with average lightning
data from the relatively low convection area of the Caatinga in northeast Brazil. In
the different experiments in this study, all setups with activated fire disturbance
have the same forcing of human and natural ignition sources. By this, we make sure
that the results of the scenario run and the control runs are comparable.

Data availability
The data used for the analysis and creation of the figures in this paper is publicly
available under the Creative Commons Attribution 4.0 International license at Zenodo
(https://doi.org/10.5281/zenodo.8028061)57.

Code availability
The model code for POEM used in this study, and the corresponding Python3 scripts for
the creation of the figures is publicly available under the Creative Commons Attribution
4.0 International license at Zenodo (https://doi.org/10.5281/zenodo.8028061)58.
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