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Abstract: Since 2013, clearing rates have rapidly increased in the Amazon and Cerrado biomes.
This acceleration has raised questions about the efficacy of current regional public and private conservation
policies that seek to promote agricultural production while conserving remnants of natural vegetation.
In this study, we assessed conservation and agricultural outcomes of four potential policy scenarios
that represent perfect adherence to private sector, zero-deforestation commitments (i.e., the Amazon soy
moratorium—ASM and the Amazon cattle agreements—CA) and to varying levels of implementation
of the Brazilian Forest Code (FC). Under a zero-clearing scenario, we find that the extent of croplands
as of 2017 within the two biomes (31 MHa) could double without further clearing if agriculture were
to expand on all previously cleared land that is suitable for crops. Moreover, at least 47 MHa of land
that is already cleared but unsuitable for crops would remain available for pasture. Under scenarios in
which only legal clearing under the FC could occur, 51 MHa of additional natural vegetation could be
cleared. This includes as many as 1 MHa of nonforest vegetation that could be cleared in the Amazon
biome without triggering the ASM and CA monitoring systems. Two-thirds of the total vegetation
vulnerable to legal clearing is located within the Cerrado biome, and 19 MHa of this land is suitable
for cropland expansion. Legal clearing of all of these areas could reduce biodiversity persistence by 4%
within the two biomes, when compared with the zero-clearing scenario, and release up to 9 PgCO2e,
with the majority (75%) coming from the Cerrado biome. However, when we considered the potential
outcomes of full implementation of the FC, we found that 22% (11 MHa) of the 51 MHa of vegetation
subject to legal clearing could be protected through the environmental quotas market, while an additional
1 MHa should be replanted across the two biomes, predominantly in the Amazon biome (73% of the area
subject to replanting). Together, quotas and replanting could prevent the release of 2 PgCO2e that would
otherwise be emitted if all legal clearing occurred. Based on our results, we conclude that ongoing legal
clearing could create additional space for cropland and cattle production beyond the substantial existing
stocks of cleared areas but would significantly impair local carbon and biodiversity stocks.
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1. Introduction

The Amazon and Cerrado biomes are essential to agricultural production in Brazil, but they have
different environmental policies in place to control land clearing. These two biomes comprise 70% of
Brazil’s land area and include much of the remaining native vegetation, more than 53% of the country’s
cattle herds, and 60% of grain production [1,2]. Concerns about the rapid loss of native vegetation from
expansion of agribusiness (soy and cattle), led to the implementation of numerous public and private
sector policies in the mid-2000s, including the 2004 plan to control illegal deforestation in the Amazon,
the 2006 Amazon soy moratorium (ASM), and the 2009 zero-deforestation cattle agreements (CA) [3–7].
Together, these policies contributed to an 84% decline in annual deforestation between 2004–2012 in
the Amazon biome [6–8], though questions remain about the relative contribution of any one policy in
attaining this reduction [9–11]. Although a deforestation control plan has covered the Cerrado biome
since 2010, in general, the Cerrado is less protected overall than the Amazon. For example, the Brazilian
Forest Code (FC)—the federal legislation that regulates land use on rural farms [10,12]—allows up to
four times more clearing in the Cerrado than in the Amazon. Moreover, the Cerrado has less protected
areas than the Amazon [13] and no ASM or CA supply chain initiatives [14].

While some studies suggest that these public policies were the primary drivers of reduced clearing
in the Amazon [6–8,15–18], others have emphasized the role of zero-deforestation commitments
made by members of the private sector [5,19,20]. However, since 2013, clearing rates have again
been rising in the Amazon [9], and pressure to further clear land may be spilling over into
the Cerrado [21]. Concerns are also growing about the impacts of the ongoing agricultural conversion
of the Cerrado—much of which is legal under the FC—on the water, climate, and livelihood cycles
of the region [12,13,22–25]. As a result, high-profile negotiations with a particular focus on the soy
and meat supply chains are underway to develop new policies and commitments to limit further
clearing in the Cerrado [14].

Uncertainty over past policy outcomes for the Amazon region and ongoing efforts to improve
protections in the Cerrado together raise essential questions about how best to reduce clearing. In this
study, we contribute to that discussion by estimating the potential impact of zero-deforestation
commitments, including the ASM and the CA, and of the FC on forests, cropland, and pastureland
areas in these biomes. We consider the suitability of previously cleared land as well as of new areas that
could be legally converted under the FC. We also identify how much land would be needed to attain
full compliance with the FC. This would require that most farm owners do some degree of replanting
or obtain off-farm reserves. Finally, we compare the implications that these policies have on carbon
emissions and biodiversity. Answers to these questions may help us better understand the extent to
which cropland and pastureland could be affected by these different policy approaches.

To answer these questions, we assessed four scenarios that represent varying levels of restrictions
on new clearing. Our first scenario estimated the amount of land cleared as of 2017 that is suitable for
crop and for pasture expansion, assuming no further clearing of any type of natural vegetation. In our
second scenario, we estimated the maximum area that could be available for croplands and pasture,
including the cleared land from the first scenario and the nonforest vegetation (e.g., savannas) that could
be cleared legally under the FC, but without violating the ASM and the CA. Our third scenario estimated
the maximum area that could be available for croplands and pasture if all vegetation of any type
that could be legally cleared under the FC were to be cleared. Finally, our fourth scenario represents
the full legal compliance with the FC, where we estimated, in addition to the areas of the third scenario,
the vegetation “deficits”; that is, the cleared area that would either need to be replanted or compensated
to meet FC requirements and which ultimately protects the vegetation surplus against the legal clearing.
Within these scenarios, we first assumed no additional clearing of any type of vegetation, and then
perfect compliance with the FC, the ASM, and the CA, to show their maximum potential impact,
even though, in reality, landowners may not always fully comply with policies.
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2. Background on the Three Policies Assessed by Our Scenarios

Launched in 1934 [26], and subsequently updated in 1965 [27] and 2012 [28], the FC asks farmers
to delineate the boundaries of their farms, as well as areas for “alternative land use” (areas that could be
cropped or grazed) and conservation. Conservation areas are intended for environmental preservation
and are further divided into areas of permanent protection (APP) and legal reserves (LR). In the case of
APPs, which are generally delimited by river width and topographic characteristics, the objective is
to protect the environmental functions of areas located along with water bodies and hilltops; thus,
APPs do not allow for any economic activities and must always be replanted if cleared. LRs consist
of the remaining vegetation that can be economically exploited by sustainable forest management
practices (e.g., sustainable logging). They are delineated based on the size of the farm and its location
relative to the Legal Amazon—a political entity that encompasses seven Brazilian States in their entirety
and two in part. For all farms outside the Legal Amazon, the LR occupies 20% of the farm area.
While the entire Amazon biome is located within the Legal Amazon, most of the Cerrado biome (63%)
is outside of it. For farms within the Legal Amazon, three situations apply, depending on the type of
vegetation that covers the farm: (i) if the farm has forests, the LR must be 80% of the farm area; (ii) for
farms with Cerrado vegetation (wooded grasslands), the LR is 35%; (iii) if a farm has open savannas
(“campos gerais” in Portuguese) the LR is 20%. If a farm has an LR deficit, farmers can replant to erase
the deficit or purchase environmental quotas (CRA in Portuguese) with farms that have an LR surplus
and are located in the same biome. All farmers must replant any LR that was cleared after 22 July 2008
without an official permit.

All information about land use on private farms must be declared in the Rural Environmental
Registry (CAR in Portuguese). CAR records are available through an online system called the National
Rural Environmental Registry System (SICAR in Portuguese), which, as of 2018, contained more than
five million declared farms [29]. The CAR data allow environmental agencies to assess compliance with
the FC, ASM, and CA. For example, some studies have combined the CAR data with land cover maps
and found that there is low compliance with the FC [30], especially when compared to compliance
with the ASM [19] and CA [5,31,32].

The ASM and the CA are the firsts zero-deforestation commitments implemented in the tropics.
It began in 2006 with the ASM [19], when international pressure led by Greenpeace influenced a coalition
of soy buyers to vow to not buy soy from cleared areas in the Amazon biome [3]. Since the ASM
was signed, the Amazon biome has been virtually free of new clearing due to soy [19,20]. Similarly,
in 2009 the Amazon’s largest meatpackers began signing CA with federal prosecutors (the “Beef TAC”)
and with Greenpeace (the “G4”). Both the G4 and the Beef TAC have similar objectives: To exclude
suppliers who have recently engaged in deforestation from the cattle supply chain [5]. The G4 seeks
zero deforestation, while the Beef TAC aims for zero illegal deforestation.

In contrast to the ASM, though, the effect of the CA in reducing deforestation has not yet been
significant due to inadequate monitoring approaches and to the leakage and laundering of cattle raised
on properties with recent deforestation [5,31–33]. While soybean fields are static and there are annual
maps available to monitor them [34], cattle move from farm to farm, and there is no precise information
available about this movement, making them a challenge to trace [35]. In the absence of cattle
traceability information, ranchers with deforestation can either move cattle to regions not yet monitored
by the CA (leakage) or send the cattle to farms free of deforestation prior to sale to a slaughterhouse
that has signed the CA (laundering). However, recent efforts have tried to connect animal movement
data with farm boundaries to better understand the characteristics of Brazil’s cattle supply chain and to
pinpoint solutions to reduce deforestation for beef production in the country [31,32,36,37].

3. Materials and Methods

Our study region includes the Amazon and Cerrado biomes, which occupy, in whole or in part,
17 Brazilian states (nine in the Amazon and 12 in the Cerrado) (Figure 1). These biomes also contain 57%
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of Brazil’s agriculture-driven clearing [38], more than 160,000 species of plants, fungi, and animals [22],
and serve as essential reservoirs for much of Brazil’s water and carbon stocks [25].

Figure 1. Synthetic land cover map depicting areas of forest, nonforest, and clearing through 2017
within the Amazon and Cerrado biomes and the Legal Amazon. This map was produced based on
PRODES, TERRACLASS, and MAPBIOMAS (collection 2.3) data. More details in Section 3.1.

3.1. Datasets and Data Preparation

Using ArcGIS 10.3, we organized a set of spatial data to generate our four scenarios (Table A1
and Figure A1 in Appendix A). These data portray the land coverage and land use in 2017 in both
biomes and are compatible with a scale of 1:100,000 with a pixel size of 60 by 60 m. Before computing
these scenarios, the data were prepared using these four steps:

• Step 1. Creation of a synthetic land cover map for 2017.

We built a synthetic land cover map for the Amazon and Cerrado as of 2017 and used it to
identify the areas cleared through that year, as well as the remaining forest and nonforest vegetation.
Our first step was to create a map of clearings showing (i) the regions cleared by 2008 and (ii) from
2009 to 2017. For the map of cleared areas in the Amazon, we utilized only the data from PRODES
Amazon and MAPBIOMAS within the Amazon biome boundary [39]. We used MAPBIOMAS data
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only within areas of nonforest vegetation mapped by PRODES. The clearings map for Cerrado was
based on the data from PRODES Cerrado. Next, we identified the remaining forest and nonforest
vegetation. For the Amazon, we used PRODES, TERRACLASS, and MAPBIOMAS and began by
selecting only the “forest” lands class from PRODES, and the “secondary forest” from TERRACLASS
up to 2014. From MAPBIOMAS, we selected only the forest and nonforest classes located within
the “nonforest” class mapped by PRODES. Similarly, we identified remaining Cerrado vegetation
from the TERRACLASS “natural vegetation” class and the MAPBIOMAS nonforest classes. Finally,
we overlaid the map of cleared areas upon that of remaining vegetation to produce a synthetic land
cover map for 2017. Secondary forest areas that were located within cleared areas were maintained
as “forest”. Areas of remaining nonforest vegetation that overlapped with cleared areas were classified
as cleared.

• Step 2. Creation of a mask for the ineligible areas for cropland and pasture.

Land located within protected areas, military areas, urban areas, along roads, mining areas, or
water bodies was considered ineligible for cropland and grazing [12]. These areas were removed from
the synthetic land cover map.

• Step 3. Identification of the areas suitable for cropland expansion.

We identified suitable and unsuitable areas for cropland expansion using a map of soy suitability.
Soy is the dominant crop in the Amazon and Cerrado biomes; it is planted on 90% of the cropland in
the two biomes and can serve as a reasonable proxy for estimating areas most suitable for all types of
crops in the region.

We assessed suitability using two soy suitability maps generated by Agrosatélite [40] and by
Soares-Filho et al. [12]. Both maps cover the Amazon and Cerrado biomes and were merged into a single
dataset for our analyses. The Agrosatélite map is based on the EMBRAPA methodology; it identified
biophysical restrictions for the occurrence of soy within 30 × 30-m grid cells [40]. We maintained
areas of this map where no restrictions on soy production had been reported. The second map,
from Soares-Filho et al. [12], is also based on environmental conditions and has a 60 × 60 m spatial
resolution. For this map, we retained grid cells, with a value for soy higher than 60 (range 0 to 100),
which indicates suitability. The two soy suitability maps were then superimposed, and grid cells were
classified as “suitable for cropland” if either of the input maps reported suitability. Next, we excluded
areas mapped as cropland as of 2017 by TERRACLASS and Agrosatélite. The remaining areas were
classified as “unsuitable for cropland”.

All land unsuitable for cropland was considered suitable for pasture. We assumed that when
land is suitable for crops, the farmer will choose to plant rather than use the land for pasture because
crops are more profitable than ranching [41]. We also excluded areas considered ineligible for cropland
and pasture from our analyses (identified in Step 2). Next, we overlaid our suitability map with
the synthetic land cover map for 2017 (from Step 1) to estimate the most suitable areas that could be
cleared for cropland or pasture use.

• Step 4. Estimation of Forest Code compliance

We used two datasets to estimate FC surpluses and deficits (Figure A1): (i) 12th order watersheds
(a proxy for farms) and (ii) CAR-delineated farms. The rationale for using watersheds as a proxy
for farms was to provide a contiguous border-to-border estimate since CAR data only cover
an area equivalent to 66% and 46% of the Cerrado and Amazon region that is eligible for cropland
and grazing, respectively. This proxy-based approach is comparable to that of Stickler et al. [10]
and Soares-Filho et al. [12]. For the CAR farm dataset, we downloaded farm boundaries declared
at the SICAR website in December of 2017 [29]. Due to the high level of self-intersection among
the CAR farms, we excluded farms whose area overlapped more than 5% of any neighboring farms
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using the tabulate intersection tool in ArcGIS [42]. For both datasets, we considered only farms within
the mask of eligible areas. Results from the watershed scale analysis are reported in the main text of
this paper and results for the CAR farm dataset can be found in the Appendix B.

3.2. Generating the Policy Scenarios

Below, we describe the central assumptions of each scenario and how they were estimated in our
spatial analysis (Table 1).

Table 1. Summary description of the assumptions considered within the policy scenarios we modeled.

Scenario Assumption What Was Modeled

Zero-clearing (ZC)
• No new clearing of any

type of vegetation

• Cropland
• Current clearing suitable or unsuitable

for cropland

Legal clearing of nonforest
vegetation (LC-NF)

• Legal clearing of
nonforest vegetation

• Areas from the ZC scenario
• Legal clearing of nonforest vegetation

suitable or unsuitable for cropland

Legal clearing of all types of
vegetation (forest and nonforest)

(LC-AllVeg)

• Legal clearing of all types
of vegetation

• Areas from the ZC scenario
• Legal clearing of all types of vegetation

suitable or unsuitable for cropland

Full legal compliance (FLC)

• Legal clearing of all types
of vegetation

• Potential for
environmental quotas
(CRA) or replanting

• Areas from the ZC scenario
• Legal clearing of all types of vegetation

suitable or unsuitable for cropland
• Potential for CRA or replanting suitable

or unsuitable for cropland

• Zero-clearing (ZC)

In this baseline scenario, we show the amount of cleared land that is suitable for cropland
and pasture expansion without further clearing of any type of vegetation, whether forest or nonforest.
Thus, this scenario divides the total cleared area of the study region into three classes. The first class
represents the area used for cropland by 2017. The second class comprises non-cropland areas that
have been previously cleared and are suitable for cropland. The third class consists of non-cropland
areas that have been previously cleared that are unsuitable for cropland but may be suitable for pasture.
For the second and third classes, we also calculated how much of these areas were devoted to pasture
as of 2017.

• Legal clearing of nonforest vegetation (LC-NF)

The intent of this scenario was to calculate the surplus of nonforest vegetation that could be legally
cleared under the FC and was suitable or unsuitable for cropland. This surplus of nonforest vegetation
could be cleared without triggering the ASM or CA monitoring systems that are currently active in
the Amazon. This scenario ultimately points to a reduction in the amount of total native vegetation that
could remain, and to an increase in the whole area that could be used for cropland or for pasture, when
the surplus areas are combined with the already cleared areas from the ZC scenario. This scenario,
when compared with the LC-AllVeg scenario (described below), also assesses the importance of
including all types of Cerrado vegetation, should similar agreements be implemented there.

To calculate the surplus of nonforest vegetation that could be legally cleared, we first superimposed
the farm or watershed boundaries layers (Figure A1K-L) on our synthetic land cover map for 2017
and calculated the amount of forest and nonforest vegetation within each farm. We then estimated
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the LR for each farm and the LR surplus and then limited this surplus to the area of nonforest vegetation
within the farm. We considered only the vegetation located outside the APPs (Figure A1G) to be LR
surplus that could be cleared. For example, in a farm with a 100-hectare LR surplus located outside
APPs, with 150 hectares (ha) of nonforest vegetation and 50 ha of forest vegetation, all surpluses would
be distributed to nonforest vegetation (100 ha). When there was not enough nonforest vegetation
to cover the entire LR surplus, only the nonforest vegetation was allocated for clearing, even if it
was less than the total LR surplus. We also assumed that nonforest vegetation in areas suitable for
cropland would be cleared before areas that were unsuitable for cropland. The suitability classification
of previously cleared areas was the same as in the ZC scenario.

• Legal clearing of all types of vegetation (forest and nonforest) (LC-AllVeg)

Under this scenario, we calculated the surplus of LR of any vegetation that could be legally
cleared under the FC. This approach to estimating the LR surplus is similar to that used in the LC-NF
scenario above but does not limit the type of vegetation only to nonforest. Again, we estimated how
much of this surplus was suitable for cropland. The previously cleared area remained the same as in
the ZC scenario.

• Full legal compliance (FLC)

For the final scenario, we estimated the LR deficits that would need to be replanted or compensated using
CRA for farms to be fully compliant with the FC, which, in essence, are removed from the total amount
of cleared area and LR surplus estimated in the LC-AllVeg scenario. For these estimates, we began
by calculating the LR requirements for replanting on each farm. We first estimated the remaining
vegetation in 2008 by adding the clearing that occurred from 2009 to 2017 to the vegetation remaining
in 2017. We then calculated the LR surplus as of 2008 using the same approach as in the LC-AllVeg
scenario. The extent of clearing that occurred after 2009 and exceeded the LR surplus in 2008 was
assigned to replanting. For CRA, we combined the farm size (Figure A1J) and the percentage of LR
that should be replanted based on the proportion of the municipality where the farm is located that is
covered by protected areas (Figure A1I). Finally, we estimated how much of the CRA was suitable or
unsuitable for cropland.

3.3. Potential Carbon Emissions and Biodiversity Impacts of Each Scenario

• Carbon emissions

We calculated carbon dioxide (CO2) emissions using average emission factors for both forest
and nonforest vegetation that were either suitable or unsuitable for cropland (Table A2). These emission
factors represent the carbon stock in above- and below-ground biomass, as well as the vulnerable
fraction of soil organic carbon (SOC) to a depth of 30 cm. To calculate these factors, we overlaid
the synthetic land cover map with carbon maps specific to each carbon pool, as described below.
We did not calculate CO2 emissions for the ZC scenario because we assumed that there was no forest
or nonforest vegetation cleared in this scenario.

Mean above-ground biomass carbon stocks (AGBC) were calculated from an AGBC map [43].
Below-ground biomass carbon stocks (BGBC) were derived from a matching map of below-ground
BGBC that we created using a regression model [44] that predicts BGBC based on covariance with
mean annual temperature (MAT), tree phylogeny (angiosperms or gymnosperms), and the history of
forest management, as used and described in Spawn et al. [45]. Spatial estimates of MAT (1970–2000)
were taken from the WorldClimV2 data set [46], and management history was inferred from our
synthetic land cover map. In the absence of compatible spatial information on locally dominant forest
phylogenies, we assumed that all forests in our study region were dominated by angiosperms.

Committed emissions from SOC stocks to a depth of 30 cm were mapped by spatially applying
expected SOC stock change estimates to SOC maps from the SoilGrids250v2 dataset [47] following
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the general approach of Spawn et al. [45]. Mean stock change estimates represent the fraction of
the initial SOC stock that is lost upon conversion to cropland and were taken from Don et al. [48].
Three distinct estimates representing conversion of (i) primary forest, (ii) secondary forest, and (iii)
grasslands to cropland were used and spatially stratified according to the pre-conversion landcover
type reported by our synthetic landcover map.

Emissions factors in initial units of carbon we converted to CO2 equivalents using the molar
mass ratio (44 g CO2:12 g C). We then multiplied these average factors by the areas that can be legally
cleared as estimated in each of the scenarios. In the case of the FLC scenario, we assumed that the areas
of legal clearing potentially protected by CRA would avoid some of the emissions associated with
the LC-AllVeg scenario.

• Biodiversity

We analyzed the impact of each policy on biodiversity as the change in the probability that
a species will persist due to proportional loss of its extent of suitable habitat (ESH), an approach that
allows us to integrate spatially-explicit information on specific anthropogenic land use and the ecology
of individual species. ESH describes the intersection of a species’ historical geographic range with its
environmental preferences [49], measured based on vegetation cover and elevation [50].

For each scenario, we assessed potential global extinctions of endemic and near-endemic species
of amphibians, birds, and mammals within the Amazon, Cerrado, and the region encompassed by both
biomes (hereafter both biomes). The ZC scenario served as the baseline to calculate the biodiversity score.
A species was defined as being present in a grid-cell if all of the following conditions were met: (i) the cell
was within the range of the species [51], (ii) its local elevation was within the species’ elevational
range limits, and (iii) its land cover was included on the species list of suitable habitats (Table A3).
For migratory species, ESH was mapped considering seasonal differences in their habitat preferences.

Species with ≥70% of their global range inside the Amazon and Cerrado study regions combined
were considered endemic. For migratory species, this criterion was applied to their seasonal ranges
(resident, breeding, non-breeding, and migratory separately), as the persistence of the species depends
on each cyclical scale independently [52]. For each region, this resulted in the following numbers of ESH
models for each vertebrate group: (i) Amazon (N = 284): amphibians (81), birds (124), and mammals
(79); (ii) Cerrado (N = 109): amphibians (60), birds (27), and mammals (22); and (iii) both-biomes
(N = 458): amphibians (156), birds (191), and mammals (111).

Next, we estimated the effects of the scenarios on the probability of persistence of each species.
Following the procedure and analysis from Thomas et al. [53] we calculated the change in persistence of
the ESH. For each scenario, we calculated the marginal value of the loss of remaining suitable habitat as:

∆Pi,k =
(
E2017,k

)z
−

(
Escenario i,k

)z
(1)

where ∆P is the remaining suitable habitat, i is each scenario, k is the species, E2017 is the remaining
proportion of ESH in 2017 (including eligible and ineligible land for cropland and pasture, as defined
in Section 3.1), Escenario is the remaining proportion of ESH after removing the eligible vegetation
vulnerable to a legal clearing (vulnerable vegetation) from E2017 according to each scenario, and z is
a coefficient relating to the probability of persistence to population size.

We assessed the remaining proportion of ESH in 2017 (E2017) against the original ESH of the species.
To do this, we used a vegetation map of Brazil, representing pre-industrial times [54]. For migratory
species, we calculated an overall marginal value from the ∆Pi,k that was derived separately for
the ESH of breeding and non-breeding species and the two values were then combined multiplicatively,
as previously suggested by empirical [55] and theoretical studies [56]:

∆Pi,k, mig = Pb,2017 × Pnb,2017 − Pb,scenario i × Pnb,scenario i (2)

where Pb and Pnb are the persistence scores within the breeding and non-breeding ranges, respectively.
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For each species, we calculated the Escenario as the sum of vulnerable vegetation ESH across all
12th order watersheds contained within corresponding biomes. The following rules were applied
to calculate vulnerable vegetation ESH at watershed or farm level: (i) if ESH is 0 or vulnerable
vegetation is 0, then vulnerable vegetation ESH is 0; (ii) if ESH is larger than the vulnerable vegetation,
then the vulnerable vegetation ESH was calculated as the ratio of vulnerable vegetation to ESH; and (iii) if
ESH less than equal the vulnerable vegetation, then the entire area of ESH was considered vulnerable.

4. Results

4.1. Land Available for Cropland and Pasture

Under the ZC scenario, we found 152 million hectares (MHa) of cleared area as of 2017 across
the Amazon and Cerrado biomes (Figure 2). One-fifth of the total cleared area (31 MHa) was used
as cropland, and most of this cropland was in the Cerrado biome (26 MHa) (Figure 3C). Of the remaining
cleared area, 74 MHa was suitable for cropland (40 MHa in the Cerrado and 34 MHa in the Amazon).
Cropland could expand by 238% across both biomes combined (from 31 MHa to 105 MHa), mainly at
the expense of pasturelands. A large portion (64 MHa) of the cleared area suitable for cropland was
already pasture in 2017.

Figure 2. Areas cleared by 2017, calculated under the zero-clearing scenario (ZC).
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Figure 3. Land areas for the Amazon (A), Cerrado (B), and both biomes combined (C) under four policy
scenarios: zero-clearing (ZC), legal clearing of nonforest vegetation (LC-NF), legal clearing of all types
of vegetation (forest and nonforest) (LC-AllVeg), and full legal compliance (FLC). The legal clearing
presented in this figure was calculated from the border-to-border extent of 12th order watersheds
within the areas eligible for crops and pasture.

Opportunities for agricultural expansion without additional clearing were most prevalent in
the Cerrado, though there remained a sizeable amount of suitable area in the Amazon as well.
In the Cerrado, the current extent of cropland (26 MHa) could expand to as much as 66 MHa,
an increase of 40 MHa or 154%. Most of these cleared and suitable areas are in the southern part of
the Cerrado biome and in proximity to the “arc of deforestation” along the southern edge of the Amazon
biome. In the Amazon, cropland can potentially expand by as much as 680% (from 5 MHa to 39 MHa)
on existing cleared areas that are suitable for cropland.

Two-thirds of this cleared area was concentrated in the Amazon biome (27 MHa), primarily in
the northern part of the state of Pará (Figure 2). One-third of the total cleared area in the two biomes
(47 MHa) was unsuitable for cropland, and, as expected, 36 MHa of this area was already managed
as pasture (Figure 3). In the Cerrado biome, up to 20 MHa of these cleared areas were unsuitable for
cropland, and most of them were distributed in the north and central portions of the biome.

In the LC-NF scenario, under which the smallest amount of vegetation could be cleared beside
the ZC scenario, only 5 MHa could be cleared across both biomes, with the majority of this area
(84%; 4.2 MHa) located in the Cerrado. About half of this vegetated land is suitable for crops. In all,
the Amazon has 1 MHa of surplus nonforest vegetation under the FC, and neither the ASM nor
the CA currently monitors this area, increasing the likelihood that it will be cleared.

The LC-AllVeg scenario allowed for the most additional clearing across both biomes. We found that
51 MHa could be cleared legally under the FC, on top of the areas that were already cleared as of 2017.
Nearly 30 MHa of this land with surplus natural vegetation would be suitable for cropland. Due to its
lower LR requirements, the Cerrado biome comprises most of the vegetation (76%) that can be legally
cleared, and just over half of these surplus areas in the Cerrado are suitable for cropland expansion.
In the Amazon biome, 11 MHa of the legally clearable land would be suitable for crops, and only 1 MHa
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would not. If all farms in the two biomes were to deforest the maximum area of land allowed under the FC,
the total potential cleared area could increase from 152 MHa to 203 MHa or 34% over the ZC scenario.

Under the FLC scenario, we found that just over 1 MHa of cleared areas would need to be
replanted, and 11 MHa could be compensated under environmental quota schemes in both biomes.
Thus, for all farms to achieve FC compliance, there are only 40 MHa (51 MHa–11 MHa) of LR surplus
that can be legally cleared. Of these 40 MHa, 21 MHa are suitable for crops and 19 MHa are unsuitable
for crops. Thus, the total cleared area under this scenario could be as much as 192 MHa, an increase of
26% compared to the ZC scenario. Results from CAR farm boundary analyses for all scenarios were
similar to those reported here at watershed boundaries but were slightly lower because the CAR farms
cover a smaller area than the watersheds (details on Appendix B).

4.2. Impact of the Four Policy Scenarios on Carbon Emissions

The impacts of even legal clearing on carbon emissions, from the conversion of natural vegetation
and subsequent effects on the underlying soil, will increase Brazil’s future emissions (Figure 4).
Our results show that clearing of all remaining native vegetation that can be legally cleared could
result in as much as 9 petagrams of carbon dioxide equivalents (PgCO2e) of emissions, with 25%
(2 PgCO2e) coming from the Amazon and the remainder (7 PgCO2e) from the Cerrado. These emissions
would be equivalent to 21% of Brazil’s cumulative emissions between 1986 and 2017 for the land-use
change sector (46 PgCO2e) [57]. Limiting clearing of just nonforest vegetation (LC-NF) would reduce
emissions by 1 PgCO2e, where 52% (0.52 PgCO2e) could come from the Cerrado where most nonforest
vegetation is concentrated, and by 0.48 PgCO2e from the Amazon biome. Regarding the Amazon
biome, the emissions from the nonforest vegetation were equivalent to 85% of the emission from
Cerrado due to higher average emission factors (details on Table A2).

Figure 4. Estimated emissions, removals, and net CO2e emissions for the Amazon (A), Cerrado (B),
and both biomes combined (C) under four policy scenarios: zero-clearing (ZC), legal clearing of
nonforest vegetation (LC-NF), legal clearing of all types of vegetation (forest and nonforest) (LC-AllVeg),
and full legal compliance (FLC).

However, if CRA schemes were implemented according to the FC (FLC scenario), leading to greater
protection for surplus vegetation, potential emissions would fall to 7 PgCO2e (77% of the emissions
from the LC-AllVeg scenario). In the Amazon, the reduction in emissions could be as much as 80%
under the FLC scenario compared to the LC-AllVeg scenario. Yet, in the Cerrado, this reduction
would be only 3% due to the fact that there is so little illegal clearing in the Cerrado associated with
the lower restrictions on clearing of the LR. Thus, even if the FC were fully implemented in the Cerrado,
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legal clearing alone could result in the emission of 6.79 PgCO2e, almost 400% of the emissions from
the Amazon biome without implementing the FC in full.

4.3. Impact of the Four Policy Scenarios on Biodiversity Loss

Clearing of all LR surplus under the LC-AllVeg scenario would lead to a marked decline in
biodiversity (Figure 5). Under the LC-AllVeg scenario, the biodiversity persistence score dropped from
0.94 to 0.92, 0.82 to 0.72, and 0.89 to 0.85 in the Amazon, Cerrado, and across both biomes combined,
respectively. Likewise, in the LC-NF scenario, clearing of land unsuitable for crops had a higher mean
impact on biodiversity than the clearing of similar land within the Amazon by a factor of ten (−0.013
unsuitable vs. −0.0013 suitable), while in the Cerrado the clearing of both types of land had a similar
effect on biodiversity persistence (−0.05 unsuitable vs. −0.05 suitable).

Of interest, the observed decline in biodiversity persistence under scenarios LC-NF and LC-AllVeg
was reduced under scenario FLC. This happened because under the FLC scenario 4% and 20% of
the most vulnerable ESH areas could fall in areas likely to be allocated to CRA in the Amazon
and Cerrado, respectively. The recovery of the biodiversity persistence score was more pronounced in
the Amazon.

We note that even under the ZC scenario, the accumulated clearing had already affected species’
probability of persistence in both biomes (Figure 5, scenario ZC). Scores for the other scenarios show
how additional clearing would thus further reduce biodiversity persistence. Without new clearing,
the remaining ESH for endemic species was 89% of the pre-industrial times, on average for the Amazon
and Cerrado biomes combined. Overall, of the total remaining ESH, 38% across both biomes was
suitable for agricultural expansion. Furthermore, 4% of the suitable ESH in the Amazon and up to 25%
suitable ESH in the Cerrado was vulnerable to the legal clearing.

Figure 5. Changes in biodiversity persistence score for endemic vertebrate species under four clearing
scenarios for (A) Amazon, (B) Cerrado, and (C) both biomes combined (based on z = 0.25; see Table A3).
The biodiversity scores show persistence due to the proportional loss of suitable habitat. The red
dashed line is the average probability of persistence without new clearing (ZC Scenario).

5. Discussion

5.1. Challenges to Containing Legal Clearing in the Amazon and Cerrado Regions

As with other studies, we found a considerable amount of land area that could be legally cleared
in the Amazon and the Cerrado regions [12,58,59]. However, our study goes beyond previous studies
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to quantify the proportion of legally clearable land that is suitable for crops, which sheds light upon
the relative risks of cropland expansion in the region. For example, according to the LC-AllVeg scenario,
51 MHa may be legally cleared, with 30 MHa being suitable for cropland. The remaining 21 MHa could
be used for pasture; 24% (12 MHa) of the potential area vulnerable to legal clearing is concentrated
in the Amazon; the largest share (11 MHa) is suitable for crops, though this area should be afforded
at least some protection by the ASM since soy is the most valuable crop produced there. The CA,
even with its limitations [5,31–33], could help to protect the additional 1 MHa that is more suitable for
pasture, in addition to the areas suitable for crops. In the case of the Cerrado, 39 MHa may be legally
cleared, including areas that are suitable for crops and those which are not, which emphasizes the need
to expand both the ASM and CA protections for this biome.

Although substantial amounts of vegetation can be legally cleared, the FC includes additional
provisions that could help reduce these totals [60]. We estimate that as much as 22% (11 MHa)
of legal clearing could be avoided under full implementation of the FC where landowners offset
vegetation deficits through participation in CRA. However, most of these reductions would take place
in the Amazon, where CRA could prevent around 75% (9 MHa) of the legal clearing. The effect on
the Cerrado would be small, with 2 MHa of area suitable for CRA (5% of the surplus LR). CRA policy
is still being developed but may become a complementary income source for landowners with an LR
surplus. Instead of legally deforesting the LR surplus, the landowner would potentially protect
the standing vegetation by selling CRA quotas to ranchers that have LR deficits in the same biome
(mostly in the Amazon).

However, to halt legal clearing in the Amazon and Cerrado regions, there are still some key
challenges. First, current monitoring systems in the Amazon do not cover nonforest vegetation,
which limits our ability to measure the clearing of these areas [61,62]. Our results also highlight
the significant area of nonforest vegetation left out of the CA and ASM, which both rely on clearing
data from INPE’s PRODES to determine compliance. For example, 0.77 MHa of nonforest vegetation is
vulnerable to the legal clearing in the Amazon biome (LC-NF scenario) which, consequently, could
be legally cleared without violating these agreements. The recently launched PRODES Cerrado,
however, does not differentiate between forest and nonforest vegetation, which means that any future
agreements in this biome could potentially avoid this concern if they rely on official clearing data like
the agreements in the Amazon. Our results show that just under 4 MHa of the total of 39 MHa of
vulnerable vegetation in the Cerrado are areas of nonforest vegetation.

Second, the fact that the ASM and CA, which some studies indicate have had a positive effect in
the Amazon [19,20,33,37,63–66], are not applied within the Cerrado biome further confounds efforts to
regulate clearing. To that end, numerous scientists and key stakeholders have called for new agreements
for the Cerrado to stave off clearing in the region, much of which may be permissible under the FC [14,67].
By allowing up to four times the deforestation within a given farm in the Cerrado compared to in
the Amazon, the FC alone is unlikely to control deforestation in this region. Some studies already
indicate that zero-deforestation soy production in the Cerrado would be feasible [67,68], which could
prevent the direct conversion of 19 MHa. Likewise, a zero-deforestation approach to cattle production
in the Cerrado could potentially prevent at least another 20 MHa from being deforested for pasture.

Third, regardless of the policy approach followed, it will likely remain the case that large extents
of Brazil’s forestlands are privately owned. Deforestation in the Amazon and Cerrado biomes is
mostly driven by commodity production of grains and beef [69–71], which is influenced by price
variations and demand for these commodities, as well as conservation policies [15]. While some authors
suggest that private property may be an effective strategy for combating deforestation because insecure
property leads to higher deforestation rates [72]. Others argue that Brazil still needs to improve its
land governance to reduce deforestation, given to insecure property rights, especially on public lands
that often suffer from land speculation and deforestation to attend market demands [73].

Finally, recent pressure to weaken environmental legislation has been a common practice over
the last decade and has undermined the efficacy of existing regulations [74–79]. The Brazilian Congress
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is majority led by congressmen who are large landowners, known as the “ruralist” bloc [76,79], and they
have worked to weaken environmental legislation through bills and amendments in exchange for
political support [80]. One recent effort happened in early 2019, which attempted to revoke the concept
of legal reserve determined by the FC [78,81]. The primary justification for this bill was the fact
that the legal reserve collides with property rights, thus affecting agricultural production in Brazil,
especially in the Legal Amazon. However, this bill was not approved and was definitively withdrawn
from the Brazilian Federal Senate Plenary. If it had been approved, as much as 135 MHa of vegetation
could have potentially been cleared in the Amazon and Cerrado biomes [82].

5.2. Cropland Could Expand without Clearing, but Cattle Production Must Intensify

There are large areas in both the Amazon and the Cerrado that are suitable for expanding cropland
without additional clearing. The Brazilian Ministry of Agriculture (MAPA in Portuguese) projects
that 9 to 24 MHa of additional land will be necessary by 2028 to meet the domestic and international
demands for grains produced in Brazil, a maximum increase of 39% over the total cultivated area of
the country in 2017–2018 [83]. That increase could easily be accommodated inside the current 74 MHa
of cleared areas that are suitable for crops in the Amazon and the Cerrado regions, without the need
for additional clearing and spare the 31 MHa of surplus vegetation suitable for crops and vulnerable to
legal clearing, as shown in the LC-AllVeg scenario. However, needs for cropland beyond 2028 could
eventually require the full 74 MHa.

In the case of ranching, however, the current cleared area may not be enough for cattle production
unless there is substantial intensification. The current cattle herd in the Amazon and Cerrado biomes
stands at 111 million head [84]. Based on MAPA projections, the cattle herd in these two biomes
could grow by 13% to 125 million head by 2028 [83]. If we apply historic stocking density averages
for the region of 1.64 animal unit per hectare (AU ha−1) [85], a total area of 76 MHa (125 million
head/1.64 AU ha−1) would be necessary to accommodate the future herd. If all cleared area suitable
for cropland were converted to cropland, the remaining 47 MHa of cleared area unsuitable for
cropland that will be available for pasture would not be enough to secure the area required under
the MAPA projections without intensification of cattle production. This is because, with the historical
stocking ratio, there would be a shortfall of 29 MHa (47 MHa–76 MHa) of area needed for pasture.
Given the reduced pasture area that would be available, stocking rates would have to increase from
an average of 1.64 AU ha−1 to 2.66 AU ha−1 (125 million heads/47 MHa), which is well within
the potential stocking rates estimated by Arantes et al. [85] under realistic intensification strategies.
Without intensification of pastures, clearing for ranching would be likely to encroach on the native
vegetation or spill over into other biomes such as the Atlantic Forest or Pantanal. If cropland did
not expand beyond the maximum MAPA projections of 55 MHa (31 MHa + 24 MHa), there would
be enough pasture area (97 MHa) to accommodate the cattle population requirements in MAPA’s
projections without additional intensification.

Increasing the intensification of pastures from 1.64 AU ha−1 to 2.66 AU ha−1 is possible, but it
requires investments in technology and technical assistance. Some authors [86] recommend that three
conditions could support the intensification of pastures. First, large-scale transfer of knowledge is
needed that could enable small and large landowners to learn about new technologies and adopt
agricultural practices more focused on intensification. For example, pasture rehabilitation and rotational
grazing have the potential to significantly increase the production of beef far beyond 1.7 AU ha−1

on average. One challenge, however, is that most projects for intensifying pasture systems require
costly technical support [87]. Second, financial support for ranching based on sustainability criteria
is needed, which would help farmers not only increase production but also improve compliance
with environmental policies. Finally, increased transparency in livestock supply chains is essential;
slaughterhouses must more rigorously monitor direct and indirect suppliers to eliminate further
clearing in their supply chains, which could lead to an intensification of pasture.
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5.3. The Forest Code Has a Limited Effect on Reducing Carbon Emissions and Protecting Biodiversity

The FC, ASM, and the CA can complement each other to help avoid new carbon emissions and to
protect the biodiversity of the Amazon and Cerrado. To this end, the zero-deforestation premises of
the ASM and CA (e.g., blocking of sales from farms with recent clearing) need to be strengthened
in the Amazon and expanded to the Cerrado. If the ASM and CA are expanded to the Cerrado,
about 7 PgCO2e of emissions could be avoided by zero-deforestation. In the Amazon, the role of
the ASM and CA is less pronounced because the FC is already very restrictive. While C biomass
densities are lower in the Cerrado compared to the Amazon, these stocks are, however, extensive,
and therefore significant. By allowing four times more clearing within a given farm in the Cerrado
than in the Amazon, the FC, on its own, does little to protect them. Expanding the scope of the ASM
and CA to include the Cerrado biome could thus complement the FC and help conserve these C stocks
that are poorly protected by existing public policies.

The impact of legal clearing on biodiversity and carbon under the FC could also be mitigated
through land protection using the CRA. In the Amazon and Cerrado biomes, a decline in biodiversity
could be reduced altogether; the guidelines for the recovery of degraded areas through replanting
provided for in the FC can help capture carbon and biodiversity. We estimate that replanting vegetation
that has been deforested above the limits allowed by the FC can potentially recover about 0.40 PgCO2e
in both biomes. Furthermore, the full implementation of CRA could be prioritized in areas with high
carbon and biodiversity densities [13,60,88,89].

6. Conclusions

Our scenarios show that there is a maximum of 51 MHa of vegetation in both the Amazon
and Cerrado biomes that could be legally cleared under the FC. The legal clearing would create
additional room for crops and cattle but could have a significant detrimental impact on local carbon
stocks and biodiversity. Thus, expanded efforts to reduce clearing in soy and cattle supply chains
are needed. Our findings affirm that without the need for additional clearing, the cropland area
in 2017 (31 MHa) could be doubled, which would leave at least 47 MHa of cleared areas that would be
likely targets of expansion of pasture intensification projects. Indeed, without cattle intensification,
there would likely be leakage or displacement of cattle ranching to other biomes. Thus, policies that
restrict land use in private lands while supporting alternative production modes will be needed to
balance production and conservation over the long term in Brazil.
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Appendix A

Table A1. Sources of the data used to calculate the scenarios.

Main Layer Main Classes Amazon Biome [References] Cerrado Biome [References]

Land cover map for 2017

Forest and Nonforest Vegetation,
Clearing through 2008
and 2009–2017, Water

TERRACLASS [90] TERRACLASS [91]
PRODES [92] PRODES [93]

MAPBIOMAS Collection 2.3 [38] MAPBIOMAS Collection 2.3 [38]

Cropland in 2017 Agrosatélite [40]
TERRACLASS [90]

Agrosatélite [40]
TERRACLASS [91]

Pasture in 2017 MAPBIOMAS Collection 2.3 [38]
TERRACLASS [90]

MAPBIOMAS Collection 2.3 [38]
TERRACLASS [91]

Areas eligible and ineligible
for cropland and pasture

Conservation Units in 2017 ICMBio [94] ICMBio [94]
Indigenous Lands in 2017 FUNAI [95] FUNAI [95]

Military Areas in 2017

Riparian forests [12] [12]
Hilltops

Areas suitable and unsuitable
for cropland

Suitability for Soy Agrosatélite [40] Agrosatélite [40]
[12] [12]

Farms Watershed 12th level
Sicar

[12]
[29]

[12]
[29]

Table A2. Average emission factors for forested and nonforest vegetation that were suitable or
unsuitable for crops in the Amazon and Cerrado biomes.

Region

Emission Factors in Mega Grams of Carbon
Dioxide Equivalent per Hectare (MgCO2eHa−1)

AGBC BGBC SOC30

Amazon biome
Forest vegetation unsuitable for cropland 433 102 75

Forest vegetation suitable for cropland 466 108 76
Nonforest vegetation unsuitable for cropland 127 31 70

Nonforest vegetation suitable for cropland 82 20 60

Cerrado biome
Forest vegetation unsuitable for cropland 106 26 55

Forest vegetation suitable for cropland 96 24 58
Nonforest vegetation unsuitable for cropland 79 20 59

Nonforest vegetation suitable for cropland 72 19 58

AGBC: Above-ground biomass carbon (data from Englund et al. [43]). BGBC: Below-ground biomass carbon from
Reich et al. [44]. SOC30: Soil carbon loss from soils to a depth of 30 cm (based on soc stocks from Hengl et al. [47]
and estimated losses from Don et al. [48]).

Table A3. Mean decline in the probability of persistence for different scenarios with different biodiversity
z coefficients. (Mean ± Standard error). Data estimated based on hierarchical habitat classification
scheme from the International Union for Conservation of Nature (IUCN) [96] and the land cover
classification from the Brazilian Institute of Geography and Statistics (IBGE) [97].

Z = 0.25 Z = 0.50 Z = 1

Amazon biome
LC-NF 0.96 ± 0.004 0.92 ± 0.006 0.86 ± 0.01

LC-AllVeg 0.94 ± 0.003 0.90 ± 0.006 0.82 ± 0.009
FLC 0.96 ± 0.004 0.91 ± 0.006 0.86 ± 0.01

Cerrado biome
LC-NF 0.86 ± 0.010 0.75 ± 0.016 0.60 ± 0.024

LC-AllVeg 0.78 ± 0.014 0. 63 ± 0.018 0.43 ± 0.023
FLC 0.84 ± 0.011 0.72 ± 0.017 0.55 ± 0.024

Both biomes
LC-NF 0.88 ± 0.007 0.79 ± 0.013 0.65 ± 0.018

LC-AllVeg 0.82 ± 0.01 0.70 ± 0.015 0.52 ± 0.019
FLC 0.87 ± 0.008 0.76± 0.013 0.60 ± 0.019
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Figure A1. A simplified representation of the main datasets used in this study. Source of the data:
(A) PRODES [92,93]; (B) TERRACLASS [90,91]; (C) MAPBIOMAS [38]; (D) Eligible areas for Cropland
and Pasture [12,94,95]; (E) Suitability for Cropland [12,40]; (F) Cropland and Pasture 2017 [38,40,90,91];
(G) Areas of permanent protection (APP) [12]; (H) Legal reserve to protect (% of the farm area) [12];
(I) Legal reserve to replant (% of the farm area) [12]; (J) Fiscal module size (Ha) [12]; (K) Watersheds
12th order [12]; (L) Overlap-free CAR farms [29].
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Appendix B

We found some differences between the LR surplus and deficit calculated for the watersheds
versus the CAR property boundaries. We found a surplus of 4 MHa that can be cleared under
the FC in the Amazon (3.7 MHa suitable for cropland), compared to 12 MHa using the watersheds.
One potential source of this difference is the fact that watersheds are a border-to-border proxy for
property boundaries. Thus, the watersheds show potential LR surplus and deficits in regions with
low CAR coverage, such as the extreme western region of the Amazon Biome and where the CAR
did not take effect until December 2017. In the Cerrado, the difference was lower, with 26 MHa of LR
surplus calculated with the property boundaries compared to 39 MHa estimated with the watersheds.
The differences in the Cerrado region were most notable in the southern portion of the biome. In this
region, the watersheds had a smaller average size than the rural farms, which may have increased
the LR surplus. Regarding the LR deficit, the difference was 2 MHa in the Amazon biome (9 MHa
calculated with the watersheds compared to 11 MHa for the properties). In the Cerrado, the difference
in the LR deficit was almost 2 MHa, with nearly 5 MHa calculated with the properties and 3 MHa with
the watersheds.
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