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Abstract Tropical rainforests are recognized as one of the terrestrial tipping elements which could have
profound impacts on the global climate, once their vegetation has transitioned into savanna or grassland
states. While several studies investigated the savannization of, e.g., the Amazon rainforest, few studies
considered the influence of fire. Fire is expected to potentially shift the savanna-forest boundary and hence
impact the dynamical equilibrium between these two possible vegetation states under changing climate.
To investigate the climate-induced hysteresis in pan-tropical forests and the impact of fire under future
climate conditions, we employed the Earth system model CM2Mc, which is biophysically coupled to the
fire-enabled state-of-the-art dynamic global vegetation model LPJmL. We conducted several simulation
experiments where atmospheric CO2 concentrations increased (impact phase) and decreased from the new
state (recovery phase), each with and without enabling wildfires. We find a hysteresis of the biomass and
vegetation cover in tropical forest systems, with a strong regional heterogeneity. After biomass loss along
increasing atmospheric CO2 concentrations and accompanied mean surface temperature increase of about
4 ◦C (impact phase), the system does not recover completely into its original state on its return path,
even though atmospheric CO2 concentrations return to their original state. While not detecting large-scale
tipping points, our results show a climate-induced hysteresis in tropical forest and lagged responses in forest
recovery after the climate has returned to its original state. Wildfires slightly widen the climate-induced
hysteresis in tropical forests and lead to a lagged response in forest recovery by ca. 30 years.

1 Introduction

Tropical forests play a key role in the Earth’s climate
system and provide important ecosystem services [1].
Being one of the most productive biomes and largest
terrestrial carbon stores, they stabilize global climate
and thus the Earth system. By recycling 25–50% of
total rainfall, Amazon rainforests are a huge atmo-
spheric moisture pump, thereby regulating regional cli-
mate by evaporative cooling and conserving soil and
water in South America [2]. Furthermore, tropical
forests provide timber, fiber, fuel wood and non-timber
forest products thus ensuring not only local livelihoods
[3]. Tropical forests are also the largest global reserve
of biodiversity [4,5]. Today this crucial functionality is
at risk as land use change (LUC) and climate change
(CC) pose an ever growing threat to tropical forests.
Logging, slash and burn practices, drought and temper-
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ature stress, as well as increasing fire regimes threaten
the survival of large areas of tropical forests [6–10].

In particular, the interaction between fire, vegetation
and climate plays a key role for the geographic distri-
bution of tropical forests and might lead to a vast tran-
sition from forest to non-forest states, such as savan-
nas and grasslands [11,12]. In a dense forest, the closed
canopy favors a moist and relatively cool micro-climate,
which prevents fire and stabilizes the forest state [13].
However, increasing fire regimes, through LUC and CC,
degrade forests and decrease canopy closure specifically
at the forest perimeter [14]. As a consequence, fuel at
the forest floor dries out more and grass cover increases,
which in turn increases fire frequency due to easily
ignitable fine fuels. In addition, a grassy environment
leads to a dry, hot and windy micro-climate, further
increasing fire regimes. Frequent fires are thought to
prevent the establishment of new trees and stabilizing
the grassland state [13,14]. Fire and deforestation can
change vegetation–climate feedbacks in tropical forests
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in such a way that multiple stable states are possible
implying a hysteresis in the impact and recovery phase
of the system [15,16]. For example, a disturbance by
elevated atmospheric CO2 levels and hence, higher tem-
peratures, could increase tree mortality, enhance grass
growth and push the system towards a less vegetated
state. With fires burning more frequently in grassland
and savanna ecosystems, tree recovery could be pre-
vented under decreasing temperatures and atmospheric
CO2 concentrations, thus leading to a lock-in effect and
bistable states [13]. Similar mechanisms were found for
atmospheric moisture recycling [17] and deforestation
[18].

Such system hysteresis is often accompanied by the
existence of tipping points, where relatively small dis-
turbances can cause a transition from one system state
to another. Several previous studies indicate the pres-
ence of such tipping points and stable states in tropical
forests [13,16,18–22]. Bistability between grassland and
trees has been investigated by, e.g., Baudena et al. [20],
using a simple conceptual model. They found a pos-
sible coexistence between grassland and trees. While
fire widens the parameter range for the coexistence
it also induces a bistability between forest and grass-
lands. Especially in the transition zones between grass-
lands and forests fire-sensitive tipping points exists.
This has be shown by Lasslop et al. [13], using a fire-
enabled dynamic global vegetation model (DGVM).
Another study identified three stable states (forest,
savanna and grassland) by analyzing remote sensing
data (Hirota et al. [16]). They also found that defor-
estation to the threshold of 60% tree cover might lead
to a self-propagating shift to an open savanna state.
Recently, several tipping points of tropical forests for
different regions and climatic conditions were found by
Staal et al. [21]. Using integrated remote sensing data,
a hydrological model and atmosphere moisture tracking
simulations, they emphasized the importance of mois-
ture recycling in forests for the spatial extent of tropical
forests.

Most of these studies rely on conceptual models,
uncoupled simulations or remote sensing data—hardly
ever on Earth system models. However, neither concep-
tual models nor stand-alone DGVMs (not coupled to
an Earth system model) can account for multiple feed-
backs between vegetation and climate, and using histor-
ical data does not allow to investigate various scenar-
ios and processes separately. Nevertheless, investigating
the tropical hysteresis using a fire-enabled and state-
of-the-art DGVM coupled to an Earth system model
(ESM) still remains a challenge, because of the com-
plexity of such a models and computational demands.

In this study, we aimed to investigate the poten-
tial for a climate-induced hysteresis and multiple stable
states using the fire-enabled DGVM LPJmL, coupled to
the ESM CM2Mc. Starting from a pre-industrial poten-
tial natural vegetation state (vegetation that estab-
lishes under climate and soil conditions in a particular
area or grid cell in the absence of human influence such
as land use), we investigated the response of tropical
forests to a linear increase of atmospheric CO2 over

a 350-year time span. To study the recovery of the
tropical forests, i.e., potential hysteresis and bistabil-
ity, we decreased atmospheric CO2 afterwards by the
same amount and over the same time span. The aim of
these idealized climate change scenarios was not to rep-
resent a realistic historic or future atmospheric green-
house gas concentration but to investigate the response
of the model to an extreme warming scenario. In addi-
tion, to disentangle the impact of fire on tree mortal-
ity and recovery, we performed simulation experiments
with and without fire. The impact of changing climate,
forced by atmospheric CO2, and thus fire on vegetation
was quantified by changes in the time series of average
tropical biomass and by evaluating spatial differences
between the different experiments.

2 Methods

2.1 CM2Mc-LPJmL

We used the coupled Earth system model CM2Mc-
LPJmL v.1.0 (see Fig. 1), which combines the fast but
coarse-grained atmosphere and ocean model CM2Mc
[23] with the state-of-the-art DGVM LPJmL5.0-FMS
[24,25], using the process-based fire model SPITFIRE
[26] which was recently optimized for South America
[27]. The technical details of the biophysical coupling
between CM2Mc and LPJmL are published in a sepa-
rate article [28].1

2.1.1 CM2Mc

CM2Mc is a configuration of the Climate Model 2
(CM2) [29] model framework of the Geophysical Fluid
Dynamics Laboratory (GFDL), which is coupled to the
Modular Ocean Model 5 (MOM5) at a coarse spatial
resolution of 3◦ × 3.75◦ latitude–longitude [23]. The
original configuration of the model includes the global
atmosphere and land model AM2-LM2 [30] with static
vegetation. In the configuration of CM2Mc-LPJmL, the
land model LM2 is replaced by the dynamic global veg-
etation model LPJmL, while keeping MOM5 dynam-
ically coupled. The model components are connected
via GFDL’s Flexible Modeling System (FMS), which
is a software framework to support the efficient soft-
ware development, coupling and application of its land,
atmosphere and ocean components [31].

2.1.2 LPJmL

The Lund–Potsdam–Jena managed Land version model
(LPJmL5.0-FMS, based on LPJmL4.0 [24,32] and
LPJmL5.0 [25]) is a well-established and validated
process-based DGVM, which globally simulates the sur-
face energy balance, water fluxes, carbon fluxes and
stocks for natural and managed vegetation forced by
climate and soil input data. LPJmL simulates the

1 Submitted to Geoscientific Model Development.
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establishment, growth, competition and mortality of
plant functional types (PFT) in natural vegetation and
crop functional types (CFT) on managed land. Vege-
tation composition results from changes in foliar pro-
jective cover (FPC) of competing PFTs. The estab-
lishment and survival of different PFTs is regulated
through bioclimatic limits and effects of heat, pro-
ductivity and fire on plant mortality. These processes
enable LPJmL to investigate feedbacks, for example,
between vegetation and fire. LPJmL simulates water
balance [33], impacts of agriculture [34], wildfires in
natural vegetation (SPITFIRE) [26], permafrost [35]
and specified multiple climate drivers on phenology
[36]. Recently, using an optimization approach, several
important parameters in LPJmL have been newly esti-
mated [37] and the fire model has been improved by
developing a new fire danger index, to obtain a more
realistic fire representation [27]. We applied the opti-
mized and improved SPITFIRE in this study.

2.1.3 Coupling interface

The biophysical coupling of LPJmL in CM2Mc con-
sists of canopy humidity, soil and canopy temperature,
roughness length and albedo, that interact with the
atmosphere in a temporal resolution of 1 h. These vari-
ables are calculated within LPJmL and then passed
to the coupling software FMS. The coupler provides
LPJmL with the necessary climatic input as, i.e., radi-
ation and precipitation (Fig. 1). The spatial resolution
of the atmosphere and ocean is 3◦ × 3.75◦ latitude-
longitude, while LPJmL uses its native resolution of
a 0.5◦×0.5◦ latitude–longitude grid. The FMS interpo-
lates the variables exchanged in both directions, guar-
anteeing conservation of all scalar and vector fields.
Thus, the atmospheric input in one grid cell is dis-
tributed over several biosphere grid cells.

To couple LPJmL with CM2Mc, several adjustments
in LPJmL had to be implemented, including the use
of the Penman Monteith scheme [38] for the calcula-
tion of potential evapotranspiration and the modeling
of canopy humidity. We furthermore included the cal-
culation of surface temperature by employing a simple
energy balance parameterization. Roughness lengths
and albedo have been calculated as in stand- alone
LPJmL [24]. To counteract a large negative tempera-
ture bias in the northern latitudes, we added a more
detailed parameterization of the sublimation [39]. To
make the LPJmL grid compatible with the FMS grid,
a small wrapper library for the data exchange between
LPJmL and the FMS domain was developed.

The detailed description of the coupling between
CM2Mc and LPJmL and a thorough evaluation is pub-
lished in a separate article [28].

2.2 Experimental setup

To ensure our simulation experiments start from an
equilibrium of long-term soil and ocean carbon pools,
we used a 5000-year stand-alone LPJmL spin up and

restart files from CM2Mc. This first model spin-up was
followed by a second spin-up by running the fully cou-
pled model for 750 simulation years under pre-industrial
conditions without land use, but with fire disturbance
enabled. This second spin-up ensured a consistent equi-
librium between soil, vegetation and climate.

To investigate the existence of a climate-induced hys-
teresis in tropical forests, we conducted a set of simula-
tion experiments based on the following protocol which
included three phases:

1. Impact phase: Linear increase of atmospheric CO2

level by 1% (from 284 ppm) per year, starting from
pre-industrial conditions at 284 ppm over 350 years,
reaching a final CO2 level of 1280 ppm.

2. Recovery phase: Subsequent linear CO2 decrease,
according to the impact phase, reaching 284 ppm
after 350 simulation years.

3. Post-recovery phase: 350 additional years with con-
stant CO2 at 284 ppm to establish the experiment
closer to an equilibrium state.

To investigate the contribution of fire, we repeated the
spin-up and the three phases in another set of simula-
tion experiments but with fire disabled (no-fire). The
1% CO2 concentration increase is an accepted method
to force idealized climate change scenarios [40]. To focus
on the main drivers of the climate-induced hysteresis in
an already complex ecosystem, we turned land use off to
have an undisturbed potential natural vegetation (since
SPITFIRE does not work on managed land, the inclu-
sion of land use would skew the results), and disabled
CO2-fertilization and the nitrogen cycle within LPJmL.
Aerosols, greenhouse gases besides CO2, ozone and
solar irradiance were set to pre-industrial values from
1860, which allowed to isolate the impact of increasing
CO2 and fire on natural vegetation. The experiments
were performed globally, but we analyzed simulation
results covering the tropical latitudes 30◦S to 30◦N only.

3 Results and discussion

3.1 Trajectories of tropical biomass and
temperature

In the impact phase of the experiments, where atmo-
spheric CO2 increased from 284 to 1280 ppm over a
period of 350 years, average tropical surface temper-
ature (called temperature, hereafter) increased by ca.
4.1 ◦C with and without fire (Fig. 2a). Alongside the
temperature increase in the impact phase, the mod-
eled biomass decreased by ca. 20% for both experiments
(Fig. 2b). Previous studies suggest temperature stress
on the vegetation as the cause for this large reduction
[41]. Without fire, the total biomass was ca 25% larger,
due to missing combustion and fire-related tree mortal-
ity [42].
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Fig. 1 Schematic
overview of the coupling
and the model components
in CM2Mc-LPJmL

In the recovery phase, atmospheric CO2 decreased
over another 350 years, until the starting value of 284
ppm was reached. In the first years of climate recovery,
the temperature decrease was rather small, due to a
delay in the response of the surface to the new CO2

values. After ca. 100 years, the temperature decreased
faster and finally reached a value of ca. 0.7 ◦C above the
starting value of the impact phase for both experiments.

This temperature offset occurs for two reasons: (1)
The temperature was not yet in a radiative equilibrium
with the new CO2 values, which takes a few years, given
no other interactions between temperature and vegeta-
tion [43]. (2) At the end of the recovery phase the veg-
etation was in a different state compared to the begin-
ning. Average vegetation carbon (orange and light-blue
lines in Fig. 2b) were still ca. 10% lower than at the
beginning of the impact phase. Here, a lower biomass
showed less evaporative cooling, leading to a higher
temperature. Both effects, higher temperature and less
biomass, are highly connected and strengthen this off-
set [44]. In the post-recovery phase of the experiments,
atmospheric CO2 was kept constant at 284 ppm for
350 years, to investigate lagged effects of the reverse
trajectory in the climate-induced hysteresis in tropical
forests. In both experiments, the temperature decreased
rapidly over the first 10–20 years, reaching the radia-
tive equilibrium at the lower CO2 value of 284 ppm. In
the remaining ca. 330 years, the temperature decreased
much slower from ca. 0.3–0.4 ◦C to 0.1–0.2 ◦C above
the starting value in the first experiment. Even at the
end of the post-recovery phase, the temperature was
still slightly elevated and did not reach its original state
yet. Biomass continued to recover slowly (by ca. 10%)
in this last phase. To estimate the rate of recovery, we
subtracted the standard deviation of the last 100 years
(where biomass was relatively stable) from the mean
of this period. The resulting value has been reached by
the fire-enabled experiment (light grey line, Fig. 2b)
after ca. 160 years of the post-recovery phase and by
the no-fire experiment (black line, Fig. 2b) after ca.
130 years. Hence, the experiment without fire recovered
slightly faster than the experiment with fire disturbance
enabled. After 200 years of the post-recovery phase, the
biomass was relatively stable for both experiments and
approximately as large as in the initial state.

3.2 Spatial heterogeneity

The response of vegetation and climate in the con-
ducted experiments had a strong regional variation.
Here, we discuss the spatial heterogeneity of how trop-
ical biomass, vegetation cover type and precipitation
responded to the different CO2 trajectories (fire distur-
bance included) across the tropics.

In the fire-enabled experiment, temperature was
still slightly elevated but average biomass had recov-
ered after ca. 200 years of the post-recovery phase.
This behavior can be explained by nonlinear effects
in the vegetation–climate interaction in combination
with regionally different biomass changes (Fig. 3). Fig-
ure 3a shows the distribution of biomass in the state
before the impact phase. Here, highest values (25–
35 kgC/m2) were found close to the equator. Savanna
areas, as the Cerrado in Brazil or the Sahel zone,
had biomass values of ca. 10–20 kgC/m2. Panels b–
d of Fig. 3 show the absolute difference in biomass
comparing the three phases, thus areas with a large
biomass exhibited the largest magnitude of change.
These most affected areas lost almost half of their
respective biomass (10–15 kgC/m2) throughout the
impact phase (e.g., Amazon and African rainforests),
but still maintained biomass levels higher than is usu-
ally found in tropical grassland areas of ca. 2–3 kgC/m2.
Only a few, cooler regions offered better growing con-
ditions in a 4 ◦C warmer climate, mostly mountain
ranges, such as the Andes. These biomass increases
are supported by earlier studies showing that higher
temperatures could lead to a greening of mountainous
regions [45]. At the end of the recovery phase, much
of the biomass recovered (Fig. 3c), except northern
Amazon and northern Central-African forests where
biomass was still ca. 3–5 kg/m2 lower. Biomass loss
affected also African savannas (Fig. 3b, c). Regions that
gained biomass from elevated temperatures, continued
this trend (Fig. 3c).

After atmospheric CO2 levels returned to the pre-
impact state, biomass recovery still required 200 years
of the post-recovery phase to reach its original state
in most regions (Fig. 3d). Even after these additional
200 years, vulnerable regions, such as the northern
Amazon and savannas in northern Africa, still did not
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(a)

(b)

Fig. 2 a Overview of tropical mean land surface temper-
ature for the simulation experiments. Atmospheric CO2 is
increasing from 284 ppm to 1280 ppm in 350 years, leading
to warming of 4.1 ◦C in the no-fire (blue line) as well as fire-
enabled (red line) experiments, respectively. In the recovery
phase experiments, CO2, and hence tropical surface temper-
ature, decreases again for another 350 simulation years (fire-
enabled—orange line; no-fire—light blue line). Each exper-
iment is then continued for another 350 simulation years
under pre-industrial conditions marking the post-recovery
phase (fire-enabled—light grey line; no-fire—dark grey line).

b Overview of tropical mean above-ground biomass for
the simulation experiments. Atmospheric CO2 is increasing
from 284 to 1280 ppm in 350 years, leading to a decrease
in biomass of ca. 20% in the no-fire (blue line) and fire-
enabled (red line) experiments, respectively. In the reverse
experiments, CO2 decreases again for another 350 simula-
tion years, followed by an increase in biomass (fire-enabled—
orange line; no-fire—light blue line). Each experiment is
then continued for another 350 simulation years under pre-
industrial conditions (fire-enabled—light grey line; no-fire—
dark grey line)

fully recover. Conversely, regions such as the Caatinga
in northeastern Brazil, showed an even larger biomass
compared to the beginning of the impact phase. This
is due to a slightly wetter climate, caused by tempera-
ture changes, impacting the Atlantic ocean and hence,

the precipitation in northeastern Brazil (Fig. 3f). Sim-
ilarly, biomass increased along increasing precipitation
in eastern Africa. On the contrary, biomass decreased
in India and China, which is connected to a decrease
in precipitation (Fig. 3f). Comparing Figs. 2b and 3
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Fig. 3 a Simulated above-ground biomass (AGB) at the
beginning of the experiments at 284 ppm with fire activated.
b Difference between (a) and the end of the impact phase
after the first 350 years reaching 1280 ppm. c Difference
between (a) and the end of the recovery phase after another
350 years reaching 284 ppm again. d Difference between (a)
and after 200 years of the post-recovery phase, after simu-

lating another 200 years under constant CO2 of 284 ppm. e
Difference of foliar projective cover (FPC) of tropical trees
between the beginning of impact phase and the state after
200 years of the post-recovery phase. f Difference of global
precipitation between the beginning of impact phase and
the state after 200 years of the post-recovery phase
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shows, that even with almost completely restored aver-
age biomass after 200 years of the post-recovery phase,
regional differences still remained and the original state
was not completely restored.

While biomass was changed throughout the different
phases of the experiment, also the vegetation compo-
sition reacted to the impact of changing CO2 concen-
trations (Fig. 3e). For some small regions in, e.g., the
Brazilian Cerrado and northern Australia, the fraction
of tropical trees decreased by ca. 0.1 and 0.3 between
the start of the impact phase and the state after 200
years of the post-recovery phase. Hence, the vegeta-
tion cover switched to a more grassy environment. In
some mountainous areas in eastern Africa, the fraction
increased by 0.2–0.3, indicating a shift towards forest.
These changes correspond quite well to the differences
in biomass (Fig. 3d) and precipitation (Fig. 3f).

3.3 The hysteresis of the tropical forest

We clearly observed in our study a hysteresis in time
between the impact and recovery phases of the tropical
forests. After completing the recovery phase, tropical
average biomass was still decreased by ca. 10% com-
pared to the original value and needed 200 more years
at constant CO2 to reach the value it had at the begin-
ning of the impact phase.

Various regions showed a different response to our
experiment ranging from an overall increase of biomass
to an incomplete recovery (decrease) after 200 years of
the post-recovery phase. A transition to another stable
state of vegetation cover was, however, only detected
in small regions, which were sparsely vegetated at the
beginning. This was the case for a transition to a more
grassy and less woody environment in, e.g., the Cer-
rado or northern Australia and for a transition to a
more woody environment in, e.g., eastern Africa. These
shifts went along with changes in the precipitation pat-
terns, as well as increased average tropical surface tem-
perature after 200 years of the post-recovery phase.

While part of the observed hysteresis was due to the
normal recovery time of the vegetation after a distur-
bance, a large part can be ascribed to dynamic changes
in the vegetation–climate interactions: Some regions,
as, e.g., the northern Amazon, showed a very tight
vegetation–climate interaction by a strong response to
higher temperatures and a slow recovery. Mountainous
regions were able to establish more trees in warmer cli-
mate, which led to more precipitation and stabilized
the new vegetation cover. Our results show, that an
impact through elevated atmospheric CO2 concentra-
tions disturbs climate–vegetation interactions and their
co-evolution over centuries.

We find, however, that biophysical interactions between
climate and vegetation, including fire, cannot push
complete biomes, such as the entire Amazon rainfor-
est, to a point beyond recovery. Other perturbations
such as deforestation or factors such as biogeochemi-
cal coupling, incl. respective fire effects, might increase
the probability of such tipping events. For example,

Lasslop et al. [13], Hirota et al. [16], Baudena et al.
[20] and Staal et al. [21] found tipping points and
bistability in the tropical forests using different meth-
ods. While we used a biophysically fully coupled, fire-
enabled Earth system model for this study and inves-
tigated the climate-induced hysteresis, these studies
focused on land use change scenarios alongside climate
change using simpler model approaches, remote sensing
data or conceptional models. CM2Mc-LPJmL employs
a state-of-the-art DGVM, which is fully biophysically
coupled to an atmosphere. Hence, we have included sev-
eral positive and negative feedback processes, includ-
ing (1) the impact of evaporation on the temperature
and precipitation, (2) the impact of roughness lengths,
albedo and wind on the temperature, (3) the impact
of shifting PFTs on the water cycle [46] and (4) fire
dynamics [26]. Incorporating further important model
features would improve our process understanding of
the climate-induced hysteresis in tropical forests. For
instance, accounting for the fertilizing effect of elevated
atmospheric CO2 concentration on vegetation growth
would most likely lead to overall higher biomass accu-
mulation as anticipated in this study. We decided to
neglect this effect in this study, since CO2-fertilization
can be limited by other factors such as nutrient avail-
ability [47] or leaf cooling [48], which are not accounted
for in this model version either. Including related pro-
cesses such as the nitrogen cycle [25] and implement-
ing the calculation of explicit leaf temperatures is in
the scope of further studies. Furthermore, accounting
for natural plant trait diversity, e.g., a continuum of
tree rooting strategies, could reduce simulated drought
stress and thus increase biomass resilience under chang-
ing climate [46]. The inclusion of a realistic land use
pattern in the modeling experiments would lead to less
fire and a lower mean biomass at the beginning of the
experiments. Since the parameters chosen to simulate
crop growth in LPJmL are similar to the respective
physiological parameters for natural plant types, crop
biomass would also decline with increasing heat stress.

In the experiments of this study, fire had a strong
influence on biomass stocks, leading to about 25% lower
biomass throughout all phases of the experiment (Fig.
2b). This effect of fire has also been shown by Lass-
lop et al. [42]. Nonetheless, the impact of fire on the
decrease and increase biomass was small in the impact
and recovery phase. Only towards the end of the recov-
ery phase and the first half of the post-recovery phase,
fire slightly delayed the increase of biomass, hence the
system needed more time to reach a near-equilibrium
(Fig. 2b). The temperature recovery was however very
similar for both experiments (Fig. 2a). The described
hysteresis of vegetation cover was observed in both
experiments with and without fire disturbance. Hence,
the hysteresis does not depend on weather fire is acti-
vated or not in the model CM2Mc-LPJmL. This effect
might be due to an imprecise modeling of fire feedbacks
in the model or due to the much larger impact of rapidly
increasing heat stress on tropical biomass, superimpos-
ing a smaller fire impact. If a future climate or land
use change leads to a shift of wet tropical rainforest
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to a grassland state, the rapidly burning grass could
increase the impact of fire.

4 Conclusion

In this study, we present an important step in quanti-
fying the climate-induced hysteresis of tropical forests
by investigating changes in biomass, following an atmo-
spheric CO2 perturbation and recovery over the course
of 1050 years. We applied the state-of-the-art fire-
enabled dynamic global vegetation model LPJmL, bio-
physically coupled to the Earth system model CM2Mc,
and simulated the response of potential natural vege-
tation and fire to changes in climate feedbacks due to
elevated atmospheric CO2.

Our results show a delayed recovery of biomass and
temperature due to fire–vegetation–climate feedbacks,
after an impact and recovery phase of 350 years, respec-
tively. It took another 200 years (post-recovery phase)at
constant CO2 level of 284 ppm, to reach pre-impact
temperature and biomass levels. The system response
was spatially heterogeneous, with some regions in the
tropics showing an even slower recovery, while other
regions exhibited a larger biomass after 200 years of the
post-recovery phase. Fire generally had a large impact
on vegetation stocks and led to a slightly slower recov-
ery in our experiments.

Biophysical coupling between climate, fire and vege-
tation, while not considering land use changes, did not
lead to large-scale tipping of tropical forests or alter-
native stable states in vegetation cover. Analyzing the
climate-induced hysteresis, only a few smaller regions
shifted to a more grassy environment (e.g., Brazilian
Cerrado), while other regions increased their tree cover
(e.g., eastern Africa). Smaller regions in the tropical
forests showed a very strong response to CO2 changes
and a very slow recovery after several centuries (e.g.,
the northern Amazon).

Using an Earth system model that accounts for com-
plex vegetation processes, fire and climate-induced feed-
backs, the presented study is an important step in eval-
uating hysteresis in tropical forests and in quantifying
the impact of fire–vegetation–climate interactions.
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