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Climate change and land-use change can alter the role of natural vegetation
as a sink or source of atmospheric carbon. In this work, we evaluate the
response of water and carbon fluxes and stocks in Brazilian biomes as a proxy
for ecosystem services of regional climate regulation under two contrasting
future scenarios: a sustainable development scenario, where some deforested
areas are restored by vegetation regrowth combined with a low representative
concentration pathway, and a pessimistic scenario, where there is still high
deforestation rates and strong climate change. We used refined regional
scenarios for land-use change in Brazil, together with climate projections of
the HADGEM2-ES model for RCPs 2.6 and 8.5 to drive a land surface model
and assess possible future impacts in surface fluxes. Our results show that
drying climate and shifts of natural vegetation into anthropogenic land use
might shift part of upperstory biomass into understory biomass, which can be
more vulnerable to dry events. The simulations also show that climate change
appears to drive most of the water balance changes compared to land-use
change, especially over the Amazon.
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Introduction

CO; is one of the main greenhouse gasses, and despite the sink role of ocean and
land surfaces, its atmospheric concentration is increasing due to fossil fuel emission
and land-use change (LUC), reaching more than 400 part per million (ppm) recently
(Friedlingstein et al., 2022). Both ocean and land surfaces can act as a carbon sink, but
the ocean absorbs atmospheric CO; at a relatively constant rate; the continental surface
has much greater variability between years (Bloom et al., 2016) because the biosphere is
highly sensitive to changes in climate (Canadell et al., 2007).
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Changes in water balance are strongly related to biosphere
productivity, and drought events can change the sink role
of vegetation to the source of atmospheric CO, due to
both a temporary stop in growth and an increase in carbon
loss by mortality, which represents an emission flux by
decomposition over several years (Phillips et al., 2009; Lewis
et al., 2011). Moreover, elevated temperatures can increase
the soil respiration rates (heterotrophic plus root respiration),
reducing carbon stocks in the largest C reservoir in the terrestrial
C cycle (Nottingham et al, 2020). The soil contains about
three times as much carbon as vegetation and two times
as much carbon as the atmosphere (Batjes and Sombroek,
1997).

On the other hand, the increase in atmospheric CO;
concentration associated with anthropogenic emissions may
improve the ability of the biosphere to assimilate C through
the CO, fertilization process, but this effect can be limited
by the increasing temperatures associated with high CO;
concentration (Fernandez-Martinez et al., 2019) and in drought
events (Lewis et al., 2011). High CO, concentration can also
improve the water-use efficiency (WUE), leading to a lower
water loss by transpiration, since the plant opens its stomata for a
shorter period to capture the same amount of CO5 (Steffen et al.,
2004).

Recently, Brazil has already experienced extreme drought
events (Lewis et al., 2011; Cuartas et al., 2012), which by itself can
weaken the sink role of the land surface (Lewis et al., 2011; Gatti
etal., 2021). In addition to climate change (CC), Brazil is under
pressure due to changes in the policies related to deforestation,
including in protected areas (Friedlingstein et al., 2022; Wiltshire
et al., 2022). Some biomes are suffering more than others, but
the environmental constraints are becoming weaker. Brazilian
biomes Pantanal and Cerrado have experienced 2 years of
huge fire events, losing much of their ecosystem richness. In
the Amazon, in addition to deforestation for agriculture and
pasture, degradation is also increasing and even exceeding
deforestation in some years (Assis et al., 2020; Friedlingstein
et al., 2022).

In this study, we explore how changes in climate and land use
can affect future water and carbon fluxes and stocks in different
Brazilian biomes. We used the dynamic vegetation global model
(DVGM) INLAND (Anderson de Castro et al., 2018; Dionizio
etal, 2018; Caen et al,, 2022) to evaluate projections considering
two contrasting scenarios (Table 1):

TABLE 1 Configuration of the simulations.

CLIMATE and CO2 LUC scenario
S1 HADGEM2-ES - Bias corrected RCP2.6 SSP1-RCP1.9
S2 HADGEM2-ES - Bias corrected RCP8.5 SSP3-RCP7.0
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e S1 (optimistic), where some areas have restored vegetation
following Socioeconomics Pathway (O’Neill et al., 2014)
SP1, and global CO; emissions are reduced following
Representative Concentration Pathway (van Vuuren et al.,
2011) RCP2.6;

e S2 (pessimistic), with high deforestation and increasing
emissions following SSP3 and RCP8.5.

Materials and methods

Model configuration

We used the INLAND DGVM model to simulate the
water and carbon cycles in the present climate and also
under two different CC and LUC scenarios. For these
simulations, some improvements were included in the model
compared to the simulations used by Caen et al. (2022),
such as better spatial representation of leaf, root, and wood
residence times and also in considering the water stress
in the dark respiration. The spatial variability of residence
time parameters was obtained using the carbon data model
framework (CARDAMOM), at 1o resolution for the 2001-2010
period. CARDAMOM is a benchmark produced using a model
data fusion approach (MDF) to obtain terrestrial C cycling
information (e.g., autotrophic and heterotrophic respiration,
carbon stocks, and residence time) by assimilation of the leaf
area index, biomass and soil carbon maps, and atmospheric
forcing in a low-complexity C model (Bloom and Williams,
2015; Bloom et al., 2016; Smallman et al., 2021; Caen et al,,
2022).

To stabilize the carbon and water stocks, we used a 500-
year spin up run with dynamic vegetation, which means that
the vegetation is allowed to respond to climatic constrains.
After this spin up, performed with historical data from Climatic
Research Unit and Japanese reanalysis (CRU-JRA, detailed by
Harris, 2019), we started the two different scenario simulations
in 2006 but discarded 10 years, which was considered as
stabilization time to the new input data (for both LUC and
climate), and recorded the model outputs from 2016 to 2095
(80 years), in a 0.5 X 0.5 degrees grid (latitude AND longitude),
with an hourly time step. For the analyses, we considered the
yearly outputs.

Input data

The meteorological forcing and CO, concentration were
taken from HADGEM2-ES (Collins et al., 2011), which is an
Earth System Model developed by the Met Office Hadley Center
(MOHC). HADGEM is already known for a good representation
of El Nifo and La Nifa (da Rocha et al., 2014) and also the
precipitation patterns in South America (Sorribas et al., 2016).
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The data were obtained from the Inter-Sectorial Impact Model
Intercomparison Project (ISIMIP)?, from 2b Repository (https://
data.isimip.org/). The project adjusts the simulations of different
models according to the difference between the simulation and
the historical observations as described by Fricler et al. (2017).
We choose to use the bias-corrected data because this study is
focused on the analyses of climate and land-use impacts in the
land surface, and not in the climate model evaluation.

As input of land-use and land cover maps, we used the
refined regional scenarios provided by Bezerra et al. (2022), data
available at https://zenodo.org/record/5123560#.Y V]FzzIv80M
(Bezerra et al., 2021), based on local socioeconomic driving
factors using the LUCCME-BR model. LUCCME-BR is a tool
developed at the INPE, which calculates the fraction of each
of six uses per grid cell: forest vegetation, grassland vegetation,
planted pasture, agriculture, mosaic of occupation, and forestry.
As INLAND uses only the natural fraction of each grid cell
as land-use information, we consider the forest, grassland, and
forestry uses as natural, and pasture, agriculture, and mosaic of
occupation as anthropic. The scenarios are available for each
5 years. In the intermediate years, the data of the previous
map were repeated. Figure 1 shows the main Brazilian biomes
and the general scenarios projected for changes in temperature,
precipitation, and land cover according to the two contrasting
scenarios in this study.

Methods

We compare a sustainable development scenario with a
pessimistic scenario (Table 1). According to Bezerra et al
(2022), in the S1 scenario, in addition to respecting existing
environmental laws, there is an incentive for restoration and
preservation actions in order to reduce deforestation. In this
scenario, like in other countries, Brazil would be moving toward
a sustainable path and inclusive development that respects
environmental limits, and investments would be mainly oriented
toward the wellbeing of society and changes in consumption
habits. By contrast, the S2 scenario reflects the weakening of
actions to combat deforestation, linked to the resurgence of
nationalism, that is, a greater concern with competitiveness and
security and regional conflicts. Furthermore, countries would
focus on achieving energy and food security goals in their
regions at the expense of broader development, which would
contribute to increasing inequality. Environmental degradation
would intensify mainly due to low national and international
priorities to address environmental issues.

INLAND considers 12 plant functional types (PFTs), where
the first 8 PFTs include a diversity of trees, considered as
upperstory vegetation, and the last four include shrubs and

1 https://www.isimip.org/documents/564/
ISIMIP2b_protocol_210131_noEnergy_IV_JS-1_IV_pmp-1.pdf
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grasses, considered as understory vegetation. For the treatment
of land-use change, the model runs simultaneous simulations,
the first one where the whole domain is treated as natural
vegetation, allowing any PFT which fits the climatic restrictions,
and the second one where the whole domain is treated as C4
grass. Every year, the model reads a land cover map, with the
fractions of natural vegetation and anthropogenic land, and then
calculates a composite of the fluxes and stocks from the weighted
average of each simulation.

To evaluate the changes in water and carbon fluxes and
stocks, we calculated the difference between the mean of the last
and first 15 years of the simulation for each biome, so between
2016-2030 and 2076-2090. The differences were evaluated for
both absolute values and percent difference, given by Equation
1. The percent difference allows for evaluation of the relative
change from the beginning of the simulation.

Pdif = (meanyoz6—2000 — Meanzois—2030) /meanaoie—2030 (1)

To evaluate the spatially explicit distribution of the changes,
we also evaluated the linear trend coefficient, given by the term
ain Equation 2:

Y (x) = ax+ yp (2)

In Equation 2, Y(x) represents the expected value for any
variable if the trend is linear, x is the number of years since the
beginning of the time series, and y, is the value of the variable
in the first year (the point where the time series cross the Y axis
and a is the trend coefficient (Satyamurty et al., 2009, 2013). The
trend coefficient shows the annual change in the variable, which
means it has the same unit of each variable per year.

To analyze impacts in the water balance, we evaluated
precipitation (PPT), evapotranspiration (ET), total runoff
(RUN), surface and subsurface runoff (SRUN and SUBRUN),
and transpiration (TRANSP). For the carbon stocks, we consider
the soil and litter carbon together as dead carbon (DEADC) and
evaluated the carbon biomass in upper- and understory biomass.
For the carbon fluxes, we analyze the model outputs of gross
primary productivity (GPP), net primary productivity (NPP),
heterotrophic respiration (HR), and connection between water
and carbon fluxes, through the water-use efficiency (WUE),
given by Equation 3.

GPP

WUE = ———
TRANSP

3)

The source/sink role of the land surface can be approached
by the net ecosystem exchange (NEE) or the net ecosystem
production (NEP). The NEE and NEP are usually used
interchangeably in the scientific literature (NEE = —NEP)
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Biome limits
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Pantanal

Atlantica

FIGURE 1

(A) Brazilian biomes: (B) trend in temperature (C/year), (C) trend in precipitation (mm/year?), and (D) trend in LUC (fraction of natural area/year)
between 2016 and 2095 to SSP1-RCP 2.6 (S1) and SSP3-RCP8.5 (S2).
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and represent the balance between gross carbon uptake and
emissions by autotrophic (AR) and heterotrophic respiration
(HR) in the ecosystem. In this work, we assessed NEP (equation
4), resulting from the difference between model outputs of NPP
and HR, where positive values indicate a net sink of carbon in
the biosphere. Note that NPP represents the net photosynthesis
(NPP = GPP-AR).

NEP = NPP — HR

Study area

The evaluations were performed for each biome (Figure 1A),
ranging from a tropical humid forest (Amazon) to a semiarid
(Caatinga), and also to Brazil as a whole. Some important
information about the biomes is presented in Table 2.

Looking at the input data for each simulation, S1 presents
almost no changes in temperature, while the trend coefficient is
increasing over all the area in S2 (Figure 1B). In precipitation
(Figure 1C), RCP8.5 presents a decrease in northeastern
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Amazon and an increase in southwest Brazil and over Atlantica
and Pampas biomes. In Caatinga and Cerrado, the trend
coeflicient is very low. S1 shows the same patterns of S2 but
with a lower magnitude. In LUC (Figure 1D), the trends show
regrowth of natural vegetation in S1, mainly in Atlantica, eastern
Cerrado, Caatinga, and the arc of deforestation, while in S2, the
trends are deforestation in most of Brazil.

Results

Water balance

In S1, the climatic trends in the input data are small, while
in S2, the increase in temperature reaches 4 degrees over most
of Brazil in the period evaluated. Land use is also very different
between the scenarios, with recovery of vegetation in S1 and
deforestation over all the country in S2, achieving a condition
where there would remain areas with more than 75% of natural
vegetation only in the Amazon (Figure 2).

Evaluating the changes in the water balance per biome
(Figure 3),

we can see the differences in precipitation
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TABLE 2 Area, total annual precipitation, months and mean of daily precipitation for the dry and wet seasons, temperature range (minimum and
maximum), main vegetation, and percent of natural area for each biome and Brazil.

Area (X Annual Dry seas. Wet seas. Temp. Main natural Natural
1,000 precip. (Months (Months range vegetation** area (%)
km?) (mm/year)* and and (Celsius)*

mm/day)* mm/day)*

Amazdnia 4,197 2,200 JJA (2.8) JEM (9.6) 27-29 Tropical forest 81
Atlantica 1,110 1,450 MJJ (2.2) NDJ (6) 20-27 Evergreen/deciduous/temperate 17
forest
Caatinga 844 655 JAS (0.5) JEM (3.5) 26-30 Dryland 59
Cerrado 2,036 1,445 MJJ (0.4) NDJ (7.7) 26-29 Savana 48
Pampas 176 1,620 MJJ (4) MAS** (5.2) 15-28 Temperate forest 60
Pantanal 150 1,280 MJJ (0.9) NDJ (6.8) 24-30 Wetland 53
Brazil 8,515 1720 JJA (1.8) DJF (7.8) 26-29 - 62

* Data obtained from CRU-JRA data (Harris, 2019).
** From the INLAND vegetation map in the first year of simulation.
***Pampas presents two maximum precipitation, one in May and other one in September.

Land cover - present

Land cover - 2095
SSP1-RCP2.6 (S1)

. 025
0.5
| 0.75

[ R

(fraction of
natural
vegetation)

Land cover - 2095
SSP3-RCP8.5 (S2)

FIGURE 2

Land cover (fraction of natural area) for (A) the first time step of the model and at the end of the simulation to (B) SSP1-RCP2.6 (S1) and (C)
SSP3-RCP8.5 (S2).
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(PPT, Figure 3A), total runoff (RUN, Figure3B), and
evapotranspiration (ET, Figure3C). In PPT, while in SI,
the changes are small, in S2, they present a significant decrease
in Amazonia and Caatinga (about 400 and 200 mm/year,
respectively) and a significant increase in Atlantica and Pampas
(about 250 and 350 mm/year, respectively). Compared to
the present period, it represents —18% rainfall in Amazdnia
and —22% rainfall in Caatinga by the end of the century.
The increases are 15% in Atlantica and 19% in Pampas.
Pantanal and Cerrado present lower variation, about —6 and
—1%, respectively.

Precipitation is an input, which will provide water to
be distributed between ET and RUN. Thus, looking at their
variations, most of the change in PPT in S2 (Figure 3A)
is reflected in the total runoff (Figure 3B) in the Amazon,
Atlantica, and Pampas, with decreases in the first and increases
in the other two. In Caatinga and Cerrado, the change in
precipitation is likely directed to ET (Figure 3C). In addition to
a small change in PPT in Pantanal, the biome presents greater
reduction in ET, compensated by an increase in RUN. In S1, the
change in precipitation is smaller than that in S2, and except
for a small reduction in ET in Caatinga and an increase in
RUN in Pampas, ET is increasing and RUN is reducing in all
other biomes.

Transpiration (Figure 4A) increases in the Amazon and
Atlantica for both scenarios, but with the changes around 27
mm/year in S1 and about 44 mm/year in S2 in the Amazon
(about 5%) and 20 mm/year in Atlantica for both scenarios
(nearly 3%), while in Pampa, it decreases in S1 (about —7
mm/year or —3% of total annual TRANSP) and increases in S2
(about 60 mm/year or 7% of total annual TRANSP). Cerrado,
Caatinga, and Pantanal experience decreases for both scenarios,
with higher changes in S2, reaching —30% of total TRANSP
in Caatinga.

When we separate the runoff into surface and subsurface
components (Figure 4B), the reduction in S2 in the Amazon is
related to both of them, with more change in SUBRUN. Also,
despite increases in Pampas and Atlantica, the magnitude of the
Amazon reduction is leading to decreases in both components
when considering Brazil as a whole.

Figure 5 shows the spatially explicit trend in the total runoff,
which includes surface and subsuperface waters (Figures 5A,D),
evapotranspiration (ET, -Figures5B,E), and transpiration
(Figures 5C,F) for S1 (Figures 5A-C) and S2 (Figures 5D-F). In
S1, the trend is small, with a decrease in RUN and an increase
in ET. In S2, the Amazon biome presents a strong decrease in
RUN, while ET increases in southwest to decreases in northeast
Brazil, coinciding with the changes in precipitation (Figure 1C).
RUN increases in the other biomes, while ET only in Pampas
and Mata Atlantica. In TRANSP, both S1 and S2 trends follow
the same pattern of ET, as expected, since ET is given by the
sum of soil evaporation, transpiration, and water interception
by vegetation.
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Carbon stocks and fluxes

In carbon stocks, the model indicates a structural change in
vegetation, allocation of more carbon to upperstory (Figure 6B)
and less to understory (Figure 6A) biomass in S1, while S2
presents mostly a decrease in upperstory and an increase
in understory biomass. The soil and litter carbon (SLC) is
decreasing in Cerrado and Pantanal and increasing in Pampas
and Atlantica for both scenarios (Figure 6C). In the Amazon and
Caatinga, it is increasing in SI and reducing in S2, with very
low values in Caatinga. Altogether, the balance in carbon stocks
(Figure 6D) shows an increase in all biomes in S1, especially in
the Amazon (about 13%), Atlantica (48%), and Pampas (about
50%). In S2, there is a reduction in C stocks, except for Atlantica
and Pampas, achieving a mean of —1.9 kg/m? considering Brazil
as a whole, which means a reduction of about 15% compared to
the first period.

The spatially explicit results (Figure 7) shows that although
the mean of Amazon upperstory carbon biomass is increasing
in S1 (Figure 7A), there is still a decrease in the arc
of deforestation, where understory biomass is increasing
(Figure 7B). In S2, except for the northwest Amazon and central
Atlantica, upperstory biomass carbon is decreasing (Figure 7D).
Understory is decreasing only in Pantanal and Cerrado edges
(Figure 7E). A trend in soil carbon shows similar patterns in
both experiments (Figures 7C,F), but with higher magnitude in
S2: decreases in northeastern Amazon and in Cerrado-Amazon
and Cerrado-Atlantica borders.

Figure 8 shows the difference between the beginning and
end of the century for each biome for NPP (Figure 8A),
GPP (Figure 8B), HR (Figure 8C), and NEP (Figure 8D). GPP
represents the total carbon taken up, and NPP denotes
the balance between the gain and loss by plant respiration
(autotrophic respiration AR). Changes in GPP in S1 range from
—0.2 in Pantanal (about —7%) to 0.07 in the Amazon (about
2.5%), which are the only biomes presenting increases. In S2, the
range is higher, from —0.4 in Caatinga (nearly —22%) to 0.65 in
Pampas (nearly 22%). Cerrado and Pantanal present decreases of
0.2, which represents about 7% for both of them. In the Amazon
and Atlantica, GPP is increasing, with higher values in Atlantica,
but the changes represent a percent difference of <10%.

NPP is increasing in Atlantica and Pampas, and decreasing
in Caatinga, Cerrado, and Pantanal for both scenarios,
with more change in S2, except for Atlantica (almost
the same increase in S1 and S2). The Amazon presents
inverse behavior when comparing S1 (increase) and S2
(decrease). In S2, while GPP is increasing in the Amazon,
NPP is decreasing, indicating that the carbon loss during
photosynthesis is increasing. HR presents the same behavior
as NPP, except for the Amazon, where it is increasing for
both scenarios, and Atlantica, which it is increasing more
in S2. In the balance over Brazil, NPP is slightly increasing
in SI and reducing in S2, while HR is increasing in both
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FIGURE 3
Difference (mm/year) between the mean of the last and first 15 years of the simulation for each biome for (A) precipitation, (B) total runoff, and
(C) evapotranspiration for S1 (blue bars) and S2 (orange bars).

A B
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FIGURE 4

Difference (mm/year) between the mean of the last and first 15 years of the simulation for each biome for (A) transpiration (S1 in blue and S2 in
orange) and (B) surface (S1 in blue and S2 in orange) and subsurface (S1 in green and S2 in pink) runoff.

scenarios. Except for Caatinga (higher) and Cerrado (almost Figure 9 shows spatially explicit trend coefficients for NPP
no change) in S1, NEP is decreasing for all biomes in the (Figures 9A,D), HR (Figures 9B,E), and NEP (Figures 9C,F) for
two scenarios. S1 and S2 scenarios. In both S1 and S2, NPP and HR have almost
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similar spatial distribution. In S1, the area in central-western
Amazon and in southern Brazil shows a reduction in NEP,
consistent with the area where HR is increasing, while in other
areas in the Amazon, in the border between Cerrado, Caatinga,
and Atlantica, it is increasing, indicating higher emission in
these areas. In S2, the NEP is decreasing in most of the country,
except for the arc of deforestation, eastern Amazon.

Figure 10 shows the trend coeflicient in WUE for each biome
for S1 (Figure 10A) and S2 (Figure 10B). In S1, except for the
northeastern Amazon and in the Cerrado-Atlantica-Caatinga
border, WUE decreases (Figure 10A) and, in S2 (Figure 10B), it
is increasing in all biomes, but in the Amazon.

Discussion

Using regionalized scenarios of land-use change in
the Brazilian territory, we expect to provide more robust
information about the diversity of processes linked to
the inter-regional socio-ecological differences of Brazilian
biomes. Combining them with climate drivers from a global
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climate model, we assess potential impacts related to both
climate change and regional land-use change on water and
carbon fluxes.

In the water balance, under the SSP1-RCP2.6 scenario, in
addition to the fact that most of the change occurs in runoff
(increases in Pampa and decreases in other biomes), all biomes,
but Caatinga, present a slight increase in evapotranspiration.
In fact, in Caatinga, both are reducing, with more changes
in the runoff. In Atlantica, this increase is compensated
by a decrease in runoff. Since precipitation presents almost
no changes, it is likely related to the more than three
degrees warming when comparing the first 15 to the last
15 years of simulation, and higher temperature can increase
evapotranspiration (Huntington, 2006), especially in the humid
tropical areas (Wang et al., 2022).

Under the pessimistic SSP3-RCP8.5 scenario, our results
show that in the biomes with larger upperstory biomass, the
change in precipitation (reduction in the Amazon and large
increases in Atlantica and Pampas) is reflected in runoff. The
Amazon presents a decrease of about —45% of surface and
—50% of subsurface runoff, related to the precipitation decrease.
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FIGURE 6
Difference (kgC/m?) between the mean of the last and first 15 years of the simulation for each biome for (A) understory, (B) upperstory, (C) soil
and litter, and (D) total carbon stock for S1 (blue bars) and S2 (orange bars).

The subsurface runoft presents a more pronounced decrease
probably because the percentage of natural vegetation is still
high, and considering the CO; fertilization added to the deep
roots of this type of vegetation, the transpiration increases
(Figure 4A), decreasing the amount of water that would be
directed to subsurface runoff.

The large increase in runoff in Atlantica and Pampas is
mostly associated with higher subsurface runoft (55 and 53%
increase) and probably related to the increases projected in
precipitation, ranging from 15 to 20%. Still, it is important to
consider that both precipitation and temperature are treated
only as input data and are not fed back by the regional LUC
in our simulation. So, climate change affects runoff but does
not include feedback from LUC to precipitation. Deforestation
might impact regional climate in the long term, reducing
precipitation recycling in the region, which will, in turn, reduce
runoff, as found by Lima et al. (2014) and Posada-Marin and
Salazar (2022).

In the biomes with more understory biomass, like grasses
and shrubs (mostly Caatinga and Pantanal and also some
areas and years in Cerrado), the reduction in precipitation is
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reflected in reduction in evapotranspiration. In these biomes,
even with high CO; fertilization in SSP2-RCP8.5, which could
increase the vegetation, there is a high loss of natural vegetation
(Figure 2C), losing more than 50% of upper biomass and also,
for Caatinga and Pantanal, about 10% of the understory biomass.
This reduction can explain the large decrease in transpiration
in Caatinga, Cerrado, and Pantanal in transpiration (Figure 4A),
leading to the reduction in ET.

Regarding the role of land surface as a carbon sink,
upperstory vegetation is able to store more carbon since it
includes wood biomass, while understory includes only carbon
with low residence time (Bloom et al., 2016). In INLAND,
understory vegetation can contain grasslands and shrubs, and
upperstory includes trees. Changes in this reservoir are more
effective to affect the role of the biosphere as a carbon sink
or source.

Results in the sustainable scenario show decreases in
understory and increase in upperstory biomass for all biomes,
reaching more than 200% increase in the C stocks when
compared to the first 15 years of simulation in the Atlantica
biome. Atlantica is the most deforested area in Brazil, with <18%
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of natural vegetation remaining, and in S1, it is projected to
regenerate more than 50% by the end of the simulation. Pampas
has the same behavior, with increases from about 50-75%,
and an increase of about 90% in upperstory biomass. Also, S1
presents almost no climatic constraints for both temperature and
precipitation. In the Amazon, Caatinga, Cerrado, and Pantanal,
although with less magnitude, upperstory is also growing about
17,23, 63, and 92%, respectively.

In the pessimistic scenario, except for Atlantica, upper
biomass carbon is reducing in all biomes, especially in Caatinga,
Cerrado, and Pantanal, reaching less than half of the first period.
Caatinga and Pantanal also showed reduction of around 15%
in the lower canopy biomass. Pampas and the Amazon showed
reduction of about 25 and 16% in upperstory and an increase
in the understory of about 90 and 45%, respectively. Understory
biomass is more susceptible to dry events since wood biomass
plants can absorb water from deep layers of the soil (Kulmatiski
et al., 2020; Miguez-Macho and Fan, 2021; Zhang et al., 2022),
Furthermore, understory biomass, together with the highest
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inflammability of grass vegetation, can strengthen the possible
impact of fire events (Hoffmann et al., 2012).

Looking closely at Caatinga and Pantanal, which also have
decreases in understory biomass, they have naturally larger areas
with understory carbon biomass as considered in the model and
also high deforestation as projected in the pessimistic scenario
(—50% in both of them), and for the deforested area, INLAND
considers the fluxes as grasses. In S2, in addition to the climatic
constraints and deforestation, there is a potentially strong CO,
fertilization effect, which can lead to changes on the other
direction. Nevertheless, this effect is more effective in forest and
not so visible in grassland, especially when it is located in warmer
and drier areas (Zhan et al., 2022). CO, fertilization, together
with the increase in precipitation (15% in Atlantica and 19%
in Pampas), can also explain the increasing carbon stocks for
upperstory and C pools in Atlantica and Pampas in S2.

Atlantica and Pampas are the only biomes with a positive
change in NPP in S2. Nevertheless, HR is also increasing, even
more than NPP, leading to a decrease in the NEP. The GPP
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FIGURE 8
Difference (kgC/m?/year) between the mean of the last and first 15 years of the simulation for each biome for (A) net primary productivity, (B)
gross primary productivity, (C) heterotrophic respiration, and (D) net ecosystem productivity for S1 (blue bars) and S2 (orange bars).

change is also positive in the Amazon, but the negative NPP
change indicates an increase in the AR, which, together with
the increase in HR, reduces NEP in this biome. In fact, NEP
is reduced for all biomes in S2. In Caatinga and Cerrado, GPP,
NPP, and HR are also decreasing, which can be related to the less
effective CO; fertilization in grassland since the three of them
have a reduction of more than 50% in natural areas.

Another aspect that can be affected by the CO; fertilization
is the WUE, which represents the ratio between gross carbon
uptake (GPP) and water loss (transpiration) by vegetation
(Equation 3). When there is more CO; in the atmosphere, the
plants can open the stomata for a shorter time, reducing the
water loss during photosynthesis. In S2, it is clearly increasing
for all biomes, except for the Amazon, in the same area where
there is a large increase in both GPP and TRANSP (Figure 10B).
The areas where WUE is increasing coincide with areas where
deforestation is higher and is decreasing in the only areas with
less deforested areas. Since WUE represents GPP/TRANSP, we
can suppose that for this scenario, in Caatinga, Cerrado, and
Pantanal, in spite of the reduction in GPP, a stronger reduction
in TRANSP is leading to an increase in WUE. In the Amazon,
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Atlantica, and Pampas, both GPP and TRANSP increase, but the
increase in GPP drives an increase in WUE.

Table 3 shows the results of carbon stock changes simulated
in the two scenarios. In S1, Brazilian ecosystems absorb about
18,000 GtC (about 66,000 GtCO>), with a mean increase in the
restored area of 11%, while in S2, it emits 16,000 GtC (about
60,000 GtCO,), with an increase in the deforested area of 18%.
This indicates that leaving areas for vegetation regrowth can
help mitigate carbon emission in Brazil and also improve the
vegetation role as a carbon sink. In fact, recent studies have
shown that secondary forest regrowth can capture even more
atmospheric carbon than old-growth forests (Heinrich et al,
2021).

We already have an increase in fire events, which can get
worse if we do not change the policies about deforestation and
fire management in Brazil. In the Amazon, instead of improving
the supervision, Brazil is increasing deforestation (PRODES?;

2 http://terrabrasilis.dpi.inpe.br/app/dashboard/deforestation/biomes/

amazon/increments
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Silva Junior et al., 2021) and weakening laws to protect natural
forest. So, unfortunately, it is not likely that we will follow the
optimistic scenario S1 but continue on the pessimistic S2.

Since we are evaluating model outputs, it is important
to consider possible uncertainties in input data and in the
model representations. One limitation of our simulations is that
INLAND treats deforested or other anthropogenic land uses as
grassland. Therefore, crops or urban areas are misrepresented
in our simulations. Nevertheless, we suppose the simulations
presented here provide good insights on the possible impacts
of land conversion from natural vegetation to an anthropogenic
land-use type, for illustrative purposes.

Another important point is that INLAND does not
consider nutrient limitations, which may be an important
constraint in the CO; fertilization effect on photosynthesis
(Peniuelas et al., 2017). The only constraints are the

climatic limitations, due to the meteorological inputs
and location. Therefore, CO, fertilization effects in these
simulations may be overestimated and must be treated

with caution.
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Conclusion

This study evaluated the biosphere response to contrasting
scenarios, one with reduction and mitigation of CO, emissions
and another with continued deforestation, increasing carbon
emission and its associated climate change using regional LUC
projections and bias-corrected climate data. To achieve this,
we used a dynamic global vegetation model, INLAND, with
improvements in the carbon allocation and its residence time in
vegetation parameters.

Climate change appears to affect most of the water balance
compared to LUC, especially over the Amazon, since the
changes in water and carbon fluxes strongly coincide with
the precipitation changes in the input data. Runoff shows
highest changes in the SSP3-RCP8.5 scenario, but this can be
overestimated due to the uncoupled land-atmosphere model
used in this study. Also, the Amazon shows a strong reduction
of about 50% in surface and subsurface runoff. Reduction in
subsurface runoff can lead to reduction in the low flow, which,
in turn, leads to a more severe dry season, increasing the
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FIGURE 10
Trend coefficient in the WUE (gC/kgH20O/year) for (A) SSP1-RCP2.6 (S1) and (B) SSP3-RCP8.5 (S2).

TABLE 3 Difference in total carbon stocks from the first 15 to the last 15 years of the simulation, percent of the biomass area restored (+) or
deforested (-), and correspondent carbon storage in the land surface for each simulation.

S1 S2
Biome and area C difference LUC diff. (% Increase in C C difference LUC diff. (% Increase in C
(kg/m2) of biome) stocked (kg/m2) of biome) stocked

(GtC) (GtC)
Amazon (4,196,943 km?) 2.3 2 9,633 —32 —-17 —13,267
Atlantica (1,110,182 km?) 5.2 28 5,738 0.9 —6 1,031
Caatinga (844,453) 0.3 22 234 —0.5 —29 —438
Cerrado (2,036,448 km?) 0.5 14 1,041 —1.6 —24 —3311
Pampas (176,496 km?) 8.5 22 1,497 2.1 —24 367
Pantanal (150,355 km?) —0.001 15 -1 -1.6 —27 —242
Brazil (8,524,877 km?) 2.1 11 18,142 —-1.9 —18 —15,859
The number next the bime name is the area of the biome.
susceptibility to degradation. In evapotranspiration, the highest shown here alters the carbon storage in the biosphere since
changes are in Caatinga, which also presents a decrease in upperstory has higher density biomass, as wood and deep roots,
the runoff. while understory includes grasslands and shrubs.

Regarding carbon fluxes, again, SSP3-RCP8.5 presents a
higher difference between the beginning and the end of Data ava|[ab|[|ty statement

simulation. In general, the results show that in drier weather, the

vegetation tends to change from an upperstory, stable biomass The original contributions presented in the study are

to understory vegetation, which can be more sensitive to dry publicly available. This data can be found here: https://doi.org/

events, and becomes an easy access fuel for fire. Also, the change 10.5281/zenodo.7057596.
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