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ABSTRACT

Amazon tropical forests are being replaced by pasturelands and croplands, but they sometimes revert to
regrowth forest when abandoned after a period of agricultural use. Research suggests that this secondary

regrowth is limited by climate and nutrient availability and, using a coupled biosphere-atmosphere
model, we investigated patterns in the regrowth of the Amazon rainforest after a full deforestation event,
considering different types of nutrient stress. We found that, over a 50 year regrowth period, the reduction
of precipitation caused by large-scale deforestation was not sufficient to prevent secondary forest regrowth,
but this decrease in precipitation combined with nutrient limitation, due to logging and frequent fires, did

indeed prevent forest regrowth in central and southern Amazonia, leading to a savannization. These results
are concerning, as the northern Mato Grosso region has the highest clearing rate in Amazonia. The low
resilience of the forest under nutrient stress indicates that a large scale disturbance could greatly expand the
area suitable for cropland, accelerating forest disappearance.

Key words: Amazon, climate, deforestation, ecosystem model, net primary production, savannization.

INTRODUCTION

The Amazon tropical forest is one of the world’s
most important ecosystems, with a vital role
for the world’s biodiversity (Godoy et al. 1999,
Prance et al. 2000, Dirzo and Raven 2003) and
for the global carbon cycle (Clark et al. 2003,
Clark 2004). Large areas of the Amazon forest
have been deforested in recent decades by cattle
ranchers, with an increasing role being played

Correspondence to: Monica Carneiro Alves Senna
E-mail: monicasenna@id.uff.br

by soybean plantation (Skole and Tucker 1993,
Nepstad et al. 1999, 2006, Laurance et al. 2001,
http://www.obt.inpe.br/prodes/). Deforestation degra-
des environmental services such as the maintenance
of biodiversity, water cycling and carbon stocks
(Foley et al. 2007). The future of the rainforests
may be dependent on at least three positive
feedbacks associated with deforestation.

The first feedback suggests that the reduction
of precipitation after a large-scale deforestation
might prevent an eventual forest regrowth (Shukla
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et al. 1990). The Amazon helps fuel the Hadley
and Walker circulations in the tropical atmosphere.
Several climate modeling experiments indicate
that as deforestation increases, the subsequent
reductions in evapotranspiration and atmospheric
heating may weaken moisture recycling and
deep convection over the Amazon, thus lowering
precipitation (Shukla et al. 1990, Nobre et al. 1991,
Costa and Foley 2000, Costa et al. 2007, Sampaio
et al. 2007, Senna et al. 2009a).

The second feedback is related to the use of fire
for land-clearing and for slash-and-burn agriculture,
which is widespread in the Amazon (Nepstad et al.
2001, Zarin et al. 2005). Fires used for establishing
cattle pasture or clearing areas for crops and in their
management, often spread beyond the intended
boundaries, increasing the susceptibility of forests
to recurrent burning by removing trees, thereby
allowing sunlight to penetrate the forest canopy,
and increasing the fuel load on the forest floor
(Nepstad et al. 1999, 2001, Aragao et al. 2008).

The third feedback is related to the effects
of frequent burning on soil fertility and future
dynamics of forest net primary production (NPP).
A considerable amount of soil nutrients is lost
to the atmosphere after repeated fire events,
including N and S losses by volatilization and P,
K, Ca, and Mg losses by ash transport. Nutrients
in the remaining ash might be lost by leaching to
surface and groundwater (Kauffman et al. 1993,
Mackensen et al. 1996, Sampaio et al. 2003). In
fertilization studies (Gehring et al. 1999, Davidson
et al. 2004, Silva et al. 2006), the secondary forest
responded to application of P and N, indicating that
soil nutrient limitation may reduce the vegetation
regrowth and the biomass accumulation rate. In
addition, rates of secondary forest regrowth in
Amazonia have been inversely correlated with the
number of fires, and the biomass accumulation
rate decreases 47% in areas with a history of
frequent fires (Zarin et al. 2005). These studies
indicate that nutrient limitation is a main factor in
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reducing the rate of forest regrowth. Nutrient stress
also varies with forest age because the secondary
forest regrowth increases the accumulation of total
ecosystem N (Davidson et al. 2007). So, while the
forest maturation has the capacity of rebuilding
nutrient stocks, improving the environment for the
forest regrowth, the reduction of forest regrowth
rate makes this nutritional recuperation difficult.

Despite the evidence on the effects of changing
precipitation, fire frequency, and nutrient status,
we still do not know how these controls may
interact to regulate the secondary forest regrowth
and how these interactions may vary in different
parts of Amazonia. Here, we investigate how the
climate feedback and the nutrient feedback may
affect the Amazon rainforest regrowth after a full
deforestation. In a previous study (Senna et al.
2009a), we evaluated these feedbacks considering
a gradual deforestation, however the nutrient
limitation due to frequent fires was not considered.
The fire feedback is not directly included in this
study, but it is indirectly considered by a scenario
that constantly penalizes the NPP of the regrowth
forest. In this extreme scenario we want to
represent the synergism between logging and fire
used for land management in the region (Malhi et
al. 2008). To address this issue, we used the fully
coupled climate-biosphere model CCM3-IBIS with
different initial land cover conditions and different
types of nutrient stress.

MATERIALS AND METHODS

MODEL DESCRIPTION

In this study, we used the National Center for
Atmospheric Research (NCAR) Community
Climate Model version 3 (CCM3) (Kiehl et al.
1998) coupled with an updated version of the
Integrated Biosphere Simulator (IBIS) (Foley et
al. 1996, Kucharik et al. 2000). We refer to this
coupled model as CCM3-IBIS (Delire et al. 2002).
This is virtually the same core of the Lawrence
Livermore National Laboratory (LLNL) model
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used in the Intergovernmental Panel on Climate
Change (IPCC) AR4 simulations and in the Coupled
Climate-Carbon Cycle Model Intercomparison
Project (C*MIP project), with the exception of our
own tuning for the rainforest (Senna et al. 2009b).
CCM3-IBIS can reproduce the bi-directional
interactions between vegetation and climate, being
indispensable for the study of biome distribution,
ecosystem function, and climate feedbacks in the
context of both global climate change and land use
change (Foley et al. 2000).

CCM3 is an atmospheric general circulation
model with spectral representation of the horizontal
fields. It simulates the large-scale physics (radiative
transfer, hydrologic cycle, cloud development,
thermodynamics) and dynamics of the atmosphere.
Here, we operated the model at a spectral resolution
of T42 (~2.81° X 2.81° latitude/longitude grid), 18
vertical levels, and a 15-min time step. The oceans
were represented by monthly averaged fixed
sea-surface temperatures of the 1990s that served
as boundary conditions for the atmosphere.

IBIS is a comprehensive model of terrestrial
biospheric processes that represents the physical,
physiological, and ecological processes occurring
in vegetation and soils. IBIS simulates land
surface processes, plant phenology and vegetation
dynamics, and represents vegetation as two layers
(trees and grasses). In IBIS a grid cell can contain
one or more plant functional types that together
comprise a vegetation type. Land surface physics
and canopy physiology were calculated at the same
time step used by CCM3. The plant phenology
algorithm has a daily time step and the vegetation
dynamics is solved with an annual time step.
IBIS operated on the same T42 spatial grid as the
CCM3, and with dynamic vegetation component
enabled, so vegetation structure and biogeography
changed in response to climate. Although the
spatial resolution was relatively coarse, the explicit
links between vegetation and climate represented a
considerable step forward.

To date, IBIS does not contain a complete N
cycle. Although soil N transformations are tracked
in the soil biogeochemistry module reported in
Kucharik et al. (2000), there are no soil N controls
on vegetation productivity. Thus, we penalized
the NPP of the regrowth forest directly, assuming
that the nutrient limitation was caused by frequent
fires before the beginning of the experiment.
In this experiment, we considered two types of
nutrient stress, fixed and dynamic. For a fixed
nutrient stress, the forest NPP was 47% of the
unlimited case, following the results for a young
forest in Paragominas (eastern Amazonia) found
by Davidson et al. (2004), and the results for sites
with a history of recurrent fires found by Zarin et
al. (2005). The fixed nutrient stress represented the
synergism between logging and frequent fires. For
a dynamic nutrient stress, the NPP was reduced
according to an empirical relation that reflects a
NPP decrease of 50% for trees biomass equal to
zero, and no NPP decrease when the trees biomass
reaches 10 kg-C m™ or more (typical values of a
mature forest). This assumption reproduced the
capacity of the secondary forest to rebuild nutrient
stocks in mature stages (Davidson et al. 2007, Senna
et al. 2009a), considering a smaller magnitude of
human pressures than the previous scenario.

CCM3-IBIS was calibrated against Large Scale
Biosphere-Atmosphere Experiment in Amazonia
(LBA) tower results, and extensively validated
against spatial fields of incident solar radiation,
precipitation, land cover patterns, heterotrophic
and root respiration, total NPP, aboveground NPP,
wood NPP, leaf area index, and aboveground live
biomass. The Amazon climate (annual mean and
seasonality) was very well simulated for both
incident solar radiation and precipitation. Average
incident solar radiation and precipitation were
within 7% and 5% of the observations, respectively.
Average total NPP was within 5% and average
aboveground NPP was within 2% of observations.
Respiration rates and wood NPP were within
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15% and 16% of the observations, respectively.
Simulated aboveground live biomass was within
12% of Saatchi et al. (2007) estimates. For more
details, refer to Senna et al. (2009b).

Climate models continue to have limitations
(Stainforth et al. 2007), such as in their represen-
tation of clouds, which lead to uncertainties in the
magnitude and timing, as well as regional details, of
predicted climate change. Nevertheless, scientists
are constantly working to further understand
the climate system, and reduce the uncertainties
IPCC (2007). The CCM3-IBIS ability to represent
the main Amazon climate features increases our
confidence that it represents the essential physical
processes important for the simulation of future
climate change.

EXPERIMENT DESIGN

The numerical experiment was designed to
investigate the biosphere-atmosphere interaction
of the Amazon rainforest regrowth under nutrient
stress. The CO, concentration was kept constant
at 380 ppmv. The experiment evaluated different
initial conditions (forest/pastureland) and different
types of nutrient stress (dynamic/fixed). It was
divided in four 50-year long simulations, with three
ensembles each:

F: initial condition forest and no nutrient

limitation (control run);

P: initial condition pasture and no nutrient

limitation;

PND: initial condition pasture and with a

dynamic nutrient limitation;

PNF: initial condition pasture and with a fixed

nutrient limitation.

RESULTS
LAND COVER PATTERNS

The simulated land cover chronosequence with
different initial conditions and different types of
nutrient stress is illustrated in Figure 1. In the F
simulation the Amazon tropical evergreen forest

An Acad Bras Cienc (2014) 86 (2)

remained stable through the 50 years of the
experiment, except for a small part in southeast
Amazonia that became tropical deciduous forest,
regionally called cerraddo. Vegetation in few
pixels in the Brazil-Venezuela border and in
northeast Amazonia was misrepresented due to
precipitation underestimation in these areas. In the
P simulation the secondary forest regrew rapidly in
all deforested area and the land cover patterns were
quite similar to the F simulation after 50 years,
although the biomass of this secondary forest was
much smaller than the one of the primary forest
(more details in Section Trees Biomass). In the
PND case the forest regrowth was incomplete and
was delayed by 20-30 years in much of the region.
In contrast, the secondary forest was unable to
regrow in most of the region in the PNF simulation.
Analyzing the four simulations, three distinct
regions were evident. In region 1, over Colombia
and northwestern state of Amazonas, Brazil, the
secondary forest regrew in all simulations. In
region 2, central Amazonia north of 10° S (central-
southern state of Amazonas), after 50 years of
simulation, an evergreen rainforest regrew in the
P simulation, the PND deforested region became a
tropical deciduous forest and the PNF land cover
changed from grassland to savanna (regionally
called cerrado strictu sensu). Finally, in region 3,
southern Amazonia below 10° S (northern state of
Mato Grosso), after 50 years, the PND and PNF
land cover became a savanna and a dense shrubland
(regionally called campo sujo), respectively. Even
with a more optimistic nutrient stress in the PND
simulation, there was no regeneration of the forest
over region 3. In PNF simulation, the future
climate and NPP dynamics favored the expansion
of savannas in most of the Amazon region. Oyama
and Nobre (2003) have shown that two stable
vegetation-climate equilibrium states are possible
in the region, one corresponds to tropical forest,
and the other equilibrium state corresponds to
a land cover in which most of eastern Amazonia
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is covered by savannas. Below, we analyzed the
major variables that describe the climate-vegetation
interaction in these three regions. Over each region,
the mean values of these variables were calculated
considering six grouped grid cells under the
respective numbers shown in Figure 1.

Years

i

(A %)

SIS SS

80wW 70W 60W 50w 80W 70w 60W 50w

PND

80W 70W 60W 50w

PRECIPITATION

The region 1 annual mean precipitation (Figure 2a)
was very similar for all simulations; there were only
a few differences among them in the first years,
when the deforested cases (P, PND, and PNF)
had a smaller precipitation. The mean simulated

PNF

tundra

open shrubland

I desert

dense shrubland

grassland

savanna

mixed forest

boreal deciduous
forest

boreal evergreen
forest

temperate deciduous
forest

temperate evergreen
conifer forest

temperate evergreen
broadleaf forest

tropical deciduous
forest

tropical evergreen
forest

80W 70W 60W 50W

Fig. 1 - The simulated land cover chronosequence. The numbers 1, 2, and 3 represent the regions over Colombia and northwestern
state of Amazonas in Brazil, over central Amazonia above 10° S, and over southern Amazonia below 10° S (northern state of
Mato Grosso), respectively. These regions were chosen because of the distinct simulated land cover after 50 years.
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precipitation for the 50 years was 8.8, 8.6, 8.8, and
8.3 mm day™! for F, P, PND, and PNF, respectively.
This reflects that precipitation in this region was
nearly independent of the land cover. Fu et al.
(2001) and Li et al. (2006) showed that precipitation
in the western Amazonia is a result of topographic
moisture convergence forced by the east slope of
the Andes of easterly trade winds from the Atlantic,
largely dominant over land cover conditions. Over
region 2 (Figure 2b), the annual mean precipitation
of F simulation remained high, with an average of
8.4 mm day! through the 50 years. The precipitation
of P case was slightly lower in the first 10 years,
and then reached the magnitude of F precipitation,
with an average of 8.2 mm day™' through the 50
years. The precipitation in the PND and PNF cases
was significantly lower. In PND, the precipitation
increased slowly through the years and after 40
years it reached the F precipitation. This happens
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o N o
T |

o
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because only after 30-40 years the recovery of the
secondary forest over region 2 was more noticeable
(Figure 1), and the mean simulated precipitation
for the 50 years was 6.9 mm day™'. In PNF, the
average for all simulated period was 6.4 mm day!
and the precipitation never reached the F climate.
In all four cases in region 2, precipitation was
clearly dependent on the land cover. Over region
3 (Figure 2c¢), the precipitation also showed a clear
dependence on the land cover, but its magnitude
was lower than in the former regions. The F mean
precipitation was 7.3 mm day! and the P was 7.1
mm day! through the 50 years. P precipitation was
a little lower during the first 5-10 years because the
forest was recovering. In the PND case, the 50-yr
mean precipitation was 6.1 mm day™'. In the PNF
case, the 50-yr mean precipitation was 5.6 mm
day’!, the lowest value because in this region the
grassland only grew to become a dense shrubland.

(b)

Precipitation (mm day'1)

Years

Precipitation (mm day ™)

Years

P ---&-- PND ——PNF

Fig. 2 - The simulated annual mean precipitation for (a) region 1 - Colombia and northwestern state of Amazonas,
(b) region 2 - central Amazonia above 10° S, and (¢) region 3 - northern state of Mato Grosso.
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NET PRIMARY PRODUCTION (NPP)

Over region 1 (Figure 3a), the NPP of F simulation
varied around 1.3 kg-C m™ y*!. The P case showed
an initial period of intense growth, corresponding
to the initial fast recovery of the secondary forest,
with NPP reaching 2.0 kg-C my"!, then decreasing
and following the F NPP. The NPP of PND
simulation increased until it reached the magnitude
of F simulation after 30 years, and its mean value
was 1.0 kg-C m y™! through the 50 years. The PNF
NPP never reached high levels, with an average of
0.7 kg-C m y"! for the whole period. The region 2
NPP (Figure 3b) was very similar to the region
1 NPP for the F and P simulations, both with
a 50-yr mean value of 1.3 kg-C m? y™!. The PND
NPP increased during the simulation span, but did
not reach the F and P NPP levels, with a 50-yr mean
value of 0.7 kg-C m™ y!. In the PNF simulation,

the NPP increased slightly throughout the years,
with a 50-yr average of 0.5 kg-C m? y!. Over
region 3 (Figure 3c), the F and P NPP remained
together, although the average value was 1.0 kg-C
m2 y! throughout the entire period, lower than in
the former regions, but still enough to build and
maintain a rainforest. The PND and PNF NPP
were significantly lower, with a 50-yr mean value
of 0.3 kg-C m™? y!, insufficient for a rainforest.
A remarkable difference between regions 2 and 3
(southern Amazonas to northern Mato Grosso) was
that while PND NPP increased with time in region
2, it remained constant at a low level in region 3.

TREES BIOMASS

For simplification, trees biomass was uniformly
initialized at 11.2 kg-C m™ in all forest areas in
the F simulation, and zero in P, PND and PNF

P & PND —>—PNF

Fig. 3 - The simulated annual mean net primary production for (a) region 1 - Colombia and northwestern state of Amazonas,
(b) region 2 - central Amazonia above 10° S, and (¢) region 3 - northern state of Mato Grosso
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simulations. The simulated trees biomass over
region 1 (Figure 4a) for F case was nearly constant
throughout the 50 years, with a mean value of 11.1
kg-C m™. Trees biomass increased with time in all
deforested cases over region 1, and at the end of the
simulated period, the P, PND, and PNF trees biomass
were 10.3, 8.8, and 3.8 kg-C m™, respectively. Over
region 2 (Figure 4b), the trees biomass behavior was
similar to region 1, but the magnitudes were lower
in the nutrient-limited cases. The trees biomass
for the last simulated year were 10.8, 9.8, 5.5, and
1.8 kg-C m™ for F, P, PND, and PNF, respectively.
Over region 3 (Figure 4c¢), the F case trees biomass
decreased with time, seeking a new equilibrium at
9.0 kg-C m™. This occurred because in this region the
land cover adjusted from an initialization of 100%
evergreen rainforest to a mix of tropical evergreen

(@)

- A
o N
1

Trees Biomass (kg-C m?

forest and tropical deciduous forest, which was a
more realistic representation of the current forest
and its biomass than the uniform initialization
(Figure 1). The trees biomass for P case increased
throughout the 50 years of the experiment, reaching
7.9 kg-C m™. In the PND and PNF simulations,
the increase of trees biomass was very small.
PND reached 1.2 kg-C m and PNF reached
0.4 kg-C m™ because in these simulations the
secondary forest was unable to regrow. A contrast
of the simulations in region 3 demonstrated how
important the nutrient deficit could be for the
regrowth of the secondary forest. In regions 1
and 2, the nutrient deficit just delayed the forest
regrowth, but the region 3 secondary forest did
not regrow under nutrient stress, at least during
the 50 years of this experiment.

(b)

Trees Biomass (kg-C m'z)

Trees Biomass (kg-C m?

Fig. 4 - The simulated annual mean trees biomass for (a) region 1 - Colombia and northwestern state of Amazonas, (b) region 2 -
central Amazonia above 10° S, and (¢) region 3 - northern state of Mato Grosso.
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DISCUSSION AND CONCLUSIONS

This study described the climate and soil nutrient
feedbacks involved in the recovery of the Amazon
rainforest after a large-scale deforestation. The
secondary forest regrew faster in the deforested
simulation without nutrient stress and its recovery
occurred in all regions. Under nutritional limitation,
however, different regions in the Amazon may
respond differently, allowing the regrowth of the
secondary forest back to a primary forest or leading to a
savannization, as suggested by some studies (Nobre et
al. 1991, Oyama and Nobre 2003, Hutyra et al. 2005).
should be
interpreted as an initial analysis of the biosphere-

The results presented here
atmosphere interactions in Amazonia. More studies
focusing on soil fertility and biomass accumulation
in secondary forests are needed, especially over
central Amazonia and northern Mato Grosso, to
considerably improve the scope of these modeling
exercises and perform reliable projections of
potential ecological disruption.

In the most optimistic scenario PND, which
considered a small magnitude of human pressures
afterafull-scale Amazon deforestation, an evergreen
rainforest would regrow only over northwestern
Amazonia, a mixed forest would develop in central
Amazonia, and a process of savannization would
start over southern Amazonia. Considering the PNF
scenario, where the anthropogenic forcing after
the disturbance was large, an evergreen rainforest
continued to regrow only over northwestern
Amazonia, a savannization started over central
Amazonia, and a dense shrubland developed in
southern Amazonia.

The PND simulation was the most likely
scenario, as long as we prevented disturbances
such as fire to occur in the region. If this model
represented the fire disturbance directly, probably
these results would be more pessimistic in regions
like the arc of deforestation, and probably would be
more similar to PNF simulations. Fire volatilizes

significant stocks of ecosystem N (Kauffman et al.
1995), preventing the secondary forest recovery
and decreasing trees biomass (Botta and Foley
2002, Delire et al. 2003). Once burnt, the forest
becomes more vulnerable to further burns because
fire-induced tree death allows more sunlight to
reach the forest interior, drying dead leaves and
branches on the forest floor (Nepstad et al. 1999,
2001, Aragao et al. 2008). Besides, forests growing
on nutrient-poor soils often develop thick roots
above the mineral soil (Kauffman et al. 1988), and
may be particularly vulnerable to fire-induced tree
mortality since a substantial portion of the root
system can be killed.

The land cover shift in the P, PND, and PNF
scenarios would release around 7, 34, and 51 Pg-C,
respectively, including the initial deforestation
emissions and the carbon sequestration during
the 50 years of the experiment. Carbon emissions
expected for each simulation were estimated by
assuming that 85% of the carbon contained in
deforested trees was released to the atmosphere
(Soares-Filho et al. 2006), and the entire Amazonia
was considered. This large-scale degradation could
speed global warming, leading to a global climatic
disruption (Cox et al. 2000, 2004).

We conclude that the simulated precipitation
reduction caused by deforestation was not sufficient
to prevent the secondary forest regrowth, as we can
see in P simulation in all regions. However, when it
isassociated with a soil nutrient stress, the secondary
forest may not regrow in southern Amazonia (in an
optimistic scenario) where the precipitation rates are
lower than in central and western Amazonia. With a
fixed soil nutrient stress that combined forcings of
deforestation and increased forest fire, an Amazon
savannization process may take place in most of the
region. In areas where the secondary forest regrew,
the precipitation rates resumed normal values.

Furthermore, the vegetation dynamics and
structure variables show how the ecosystem
changes over time. In northwestern Amazonia, the
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final land cover was the same in all simulations,
but the NPP of PNF case was lower than in the
other simulations because of the fixed nutrient
limitation. Simulated NPP fell within the limits of
the observations for the biomes found in the three
regions considered for all simulated scenarios
(Zaks et al. 2007). Under fixed nutrient stress,
trees biomass recovered slowly over northwestern
Amazonia. However, the recovery of the forest,
measured by these variables, was practically null
over central and southern Amazonia, at least on the
timescale of 50 years.

The simulated biosphere-atmosphere inte-
ractions indicated that the precipitation reduction
caused by deforestation combined with soil
nutrient limitations, due to logging and frequent
fires, may prevent the regrowth of the rainforest in
central and southern Amazonia. This is concerning,
because southern Amazonia has elevated clearing
rates, not only for pasture conversion but also for
cropland expansion (Morton et al. 2006). Fire is the
dominant land-clearing and pasture maintenance
method throughout this region, and is practiced by
most farmers and ranchers (Nepstad et al. 2001,
Zarin et al. 2005). The low resilience of the forest
under nutrient stress indicates that a large scale
disturbance could greatly expand the area suitable
for cropland, accelerating forest disappearance.
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RESUMO

A floresta tropical amazonica estd sendo substituida
por pastagens e lavouras, mas quando essas areas sdo

abandonadas apdés um periodo de uso agricola, muitas
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vezes ocorre o recrescimento de uma floresta secundaria.
Pesquisas sugerem que esta floresta secundaria ¢ limitada
pelo clima e pela disponibilidade de nutrientes e, usando
um modelo acoplado biosfera-atmosfera, investigamos os
padrdes do recrescimento da floresta amazonica apos um
evento de desmatamento total, considerando diferentes tipos
de estresse nutricional. Os resultados sugerem que ao longo
de um periodo de recrescimento de 50 anos, a redugdo da
precipitacao causada pelo desmatamento em grande escala
ndo foi suficiente para impedir o recrescimento da floresta
secundaria, mas essa diminui¢ao da precipitagdo combinada
auma limitagdo de nutrientes, devido ao desmatamento € ao
uso frequente do fogo, impediu a regeneracao da floresta na
regido central e sul da Amazonia, levando a um processo
de savanizagao. Estes resultados sdo preocupantes, pois o
norte do Mato Grosso tem a maior taxa de desmatamento
na Amazonia. A baixa resiliéncia da floresta sob estresse
nutricional indica que uma perturbacdo de grande
escala poderia expandir a area adequada para lavouras,

acelerando o desaparecimento da floresta.

Palavras-chave: Amazonia, clima, desmatamento,
modelagem de ecossistemas, produgdo primaria liquida,

savanizacao.
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