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) o Abstract: The Amazon and the Atlantic Forest are Brazilian biomes that suffered an intense land
and Sustainable Intensification of

Agriculture and Livestock in the use and land cover change, marked by the loss of native forest and expansion of agriculture and

Amazon and the Atlantic Forest in livestock. This article aims to analyze land use and land cover change history and to propose a

Brazil. Sustainability 2022, 14, 2563, sustainable alternative for agriculture and livestock as an opportunity for rural development in
https:/ /doi.org/10.3390/ these biomes. The statistics of the platform from the Annual Mapping Project for Land Use and
su14052563 Land Cover in Brazil (MapBiomas) were used in an annual historical series from 1985 to 2020. The
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1. Introduction

This article is an open access article Approximately 70% of the earth’s surface has already undergone some type of an-
distributed under the terms and  thropogenic alteration, converting native forests for agricultural production, infrastructure,
conditions of the Creative Commons ~ and urban use [1]. These changes reduce the performance of agricultural and livestock
Attribution (CC BY) license (https://  activities [2], which can affect food availability [3] for a growing global population [4].

creativecommons.org/licenses /by / Land use time series show that Brazil lost 71 Mha of native forest over 34 years, due to
40/). the expansion of pasture areas (by 46%) and agricultural areas (by 172%) [5]. In this setting,
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we highlight the Amazon and Atlantic Forest biomes as they host intense activities in these
sectors, representing 81% of agricultural production [6] and 57% of the pasture herd of
Brazil [7].

These biomes have rich and diverse species, including endemic ones [8-11]. The
Amazon has the most extensive remaining tropical forests in the world (approximately
60%), making it a biodiversity hotspot [12], and essential in the mitigation of climate
change [13]. However, the expansion of livestock and agriculture, mainly in the southern
and eastern regions [14] has accelerated the loss of native forest [15].

The Atlantic Forest is represented by landscapes of small forest fragments marked by
deforestation [16], where only 12% of native forest cover remains [17]. Approximately 70%
of the Brazilian population lives in this biome [18], which has driven massive industrializa-
tion and agricultural expansion, replacing forest areas [19]. This biome is considered one of
the three hotspots most vulnerable to global warming [20].

The Amazon is at serious risk due to the proportion of native forest, creating direct and
indirect incentives for landowners and land grabbers to advance illegal deforestation [21],
driven mainly by the expansion of agricultural and pasture areas [22]. Meanwhile, with
small, isolated forest patches [23,24], the Atlantic Forest is on the verge of ecosystem collapse
and catastrophic loss of biodiversity due to the magnitude and extent of deforestation [25].

This critical setting of intense changes in land use and land cover is still poorly
investigated at present, especially in the Atlantic Forest [26]. Understanding how land
use changes over time and space and how this affects landscape structure are essential
factors in managing ecosystem services and species conservation, neutralizing threats to
biodiversity [27-30]. Then, we should prevent and minimize undesirable impacts, such
as reducing agricultural productivity [31]. Exploring this landscape change through a
land-use historical series can provide decision-making and support land-use planning to
strengthen social, economic, and environmental development [5].

A set of strategies is necessary to reconcile the need to provide livelihoods for the
residents of the regions, food for the population and conservation of the native forests
that still remain [27]. New land use practices, agricultural and livestock strategies and
technologies that support sustainable intensification can foster environmental conserva-
tion without compromising food production [32-34]. In this context, understanding the
temporal dynamics of land use and land cover changes and current land use becomes an
essential factor in overcoming sustainability challenges in the Amazon and Atlantic Forest.

Thus, this study aims to present an analysis of land use and land cover in the Amazon
and Atlantic Forest, in a historical series from 1985 to 2020 through available data from
MapBiomas, and with that to identify the main changes that occurred in these 35 years.
Subsequently, we identified the main drivers of these changes through the literature and
proposed a sustainable strategy, analyzing the main barriers to its adoption.

2. Materials and Methods
2.1. Study Area

The selected study areas were the Brazilian Amazon and Atlantic Forest biomes
(Figure 1). The Amazon extends to the states of Acre, Amapda, Amazonas, Para, Rondoénia,
Roraima, Tocantins, Mato Grosso and Maranhao, comprising 558 municipalities and occu-
pying an area of 5 million square kilometers. The Atlantic Forest extends from Rio Grande
do Norte to Rio Grande do Sul, comprising 3082 municipalities and an area greater than
1.1 million square kilometers [35].
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Figure 1. Map of Brazil, with the Amazon biome colored in dark green and the Atlantic Forest in
light green. Country and biome boundary data from IBGE [36].

2.2. Spatial and Temporal Trends in Land Use and Land Cover

We used data from the sixth collection of the MapBiomas platform, in an annual his-
torical series from 1985 to 2020 [37]. The data are generated from the automated processing
of Landsat 5 Thematic Mapper™, Landsat-7 Enhanced Thematic Mapper Plus (ETM+) and
Landsat-8 sensors e Operational Land Imager and Thermal Infrared Sensor (OLI-TIRS). The
Landsat imagery collections with 30 m pixel resolution were accessible via Google Earth
Engine and produced by NASA and USGS [37]. The general accuracy for the Amazon
biome was 96.6%, with 2.4% allocation disagreement and 1.0% area disagreement [38]. In
the Atlantic Forest biome 85.5% of general accuracy, 8.3% of allocation disagreement and
6.2% of area disagreement [38].

The land cover and land use classification scheme by MapBiomas is a hierarchical
system compatible with the classification systems of the Food and Agriculture Organization
(FAO) [39] and Brazilian Institute of Geography and Statistics (IBGE) [40], which have
different levels and classes. We considered six land use and land cover classes, according
to level 2 of the land cover and use classification system for MapBiomas in Brazil [41], as
follows: (1) Native forest (includes forest formation, savanna formation, mangrove and
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wooded restinga); (2) pasture; (3) agriculture (includes temporary crop and perennial crop);
(4) forest plantation; (5) mosaic of agriculture and pasture and; (6) other land uses (includes
non-forest natural formation, non-vegetated area, water and non-observed).

Below is a brief description of each land use and land cover classes, according to
MapBiomas [41] and Souza et al. [5].

1.  Native forest: land cover with predominance of tree species with continuous high-
density canopy; and/or with a tree layer varying in density, distributed over a contin-
uous shrub-herb layer; and/or dense and always green, often flooded by the tide;

2. Pasture: referring to pasture areas, natural or planted, linked to livestock activity;

3. Agriculture: agricultural cultivation areas, occupied with temporary crops (soybean,
sugarcane, rice, and other temporary crops) and perennial crops (coffee, citrus, other
perennial crops);

4.  Planted forest: area with tree species cultivated for commercial purposes;

5. Mosaic of agriculture and pasture: areas of agricultural use where we could distin-
guish between pasture and agriculture, found only in the Atlantic Forest;

6.  Other land use: several uses outside the interest of this research were grouped. This
use was used only to identify the territorial proportion for the years 1985 to 2020 and
in the constructed map. It was not considered in the annual historical series.

According to Martinez et al. [42], land use is related to the human interactions with the
land surface, while land cover is related to the natural earth’s surface characteristics. The
description of each class can be checked in detail in MapBiomas General “Handbook” [41].

The land use and land use and cover change during the years 1985 and 2020 were
performed obtaining:

- Quantification of the area in Mha of each land use and land cover classes for 1985 and
2020. These values were obtained from MapBiomas database.

- Percentage of territorial occupation (%) of each land use and land cover classes for
1985 and 2020 (Equation (1)):

M

area of the verified class ) 100

Territorial occupation (%) = ( fotal area of the biome

- Difference class area (hectares) between the years (1985 and 2020) to verify the increase
or decrease in a specific class in territorial occupation through Equation (2) [43]:

Land use and land cover change (Mha) = final year area — initial year area (2)

We also analyzed land use and the rate of land use change annually, from 1985 to
2020, through:

- Quantification of the area (Mha) of each land use and land cover classes (except
“other uses”) for all selected years (1985 to 2020). These values were obtained from
MapBiomas database.

- Annual land use and land cover change rate (%) for all selected years (1985 to 2020) in
each land use and cover classes (except “other uses”), through Equation (3) [43]:

A t —A 1
Annual land use and land cover change rate (%) = <( rea of current year rea of previous year) )100 3)

Area of previous year

When the results were negative, it meant a decrease in the area and the territory
percentage. The results were positive when there was no negative sign, and there was an
increase in the land use class.

A simple linear model (Equation (4)) was fitted for each land use and land cover class,
with the relation of the area as a function of time. These adjustments were analyzed through
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the significance of the 1 parameter (x = 0.05) to verify the trend of each land use and land
cover over the observed interval (1985 to 2020) [44—47]:

y=p0+pBlx+¢ 4)

where: y = area (Mha); 0 and 1 = regression parameters; x = year; &£ = random error.

The discussion and the comprehension of land use and land cover changes over the
analyzed period were based on the literature, and historical social and political events that
triggered the land use and land cover change.

To help with the discussion, we created a map representing the land use and land
cover changes in the study areas in 1985 and 2020, presented as a result. Thus, an analysis
was performed using ArcGIS software tools, combining the layers of information over the
different years.

This paper also explored possible actions for the future in biomes through a literature-
based discussion, which allows better identification of necessary tools for land use aiming
for sustainable development in the Amazon and Atlantic Forest biomes

2.3. Animal Stocking Rate over 35-Year Period

Data from the livestock herd time series were employed through the Municipal Live-
stock Survey (PPM), obtained by the Brazilian Institute of Geography and Statistics (IBGE)
from 1985 to 2018, for all municipalities belonging to the Atlantic Forest and the Amazon [7].
These data provide the basis for analyzing the livestock head number and animal stock-
ing rate. For this analysis, all animals managed in pastures were selected: cattle, horses,
buffaloes, goats, and sheep. The information was extracted at the municipality level and
grouped at the biome level annually. The PPM data were obtained through consultations
with qualified informants in the production chain, governments, and other market agents,
which resulted in estimates based on technical knowledge and administrative records.
Concerning cattle information, IBGE also considers the vaccination campaign against Foot-
and-Mouth Disease in the municipality. The livestock herd is counted regardless of type,
sex, age, breed, or purpose [48].

The temporal analysis of the livestock herd was based on the total head in millions (M
heads) obtained from PPM. The stocking rate (head ha~!) was calculated annually (1985 to
2020), based on Equation (5):

Q)

Animal stocking rate (head ha™') = (Total animal head>

total pasture area

3. Results
3.1. Spatial and Temporal Trends in Land Use and Land Cover
3.1.1. Amazon Biome

The Brazilian Amazon was represented originally by an area of 420.77 Mha. Of
this total, in 1985, native forest represented the primary land use, covering 89.02%, with
374.57 Mha. The class “other land use”, including non-forest natural formation, non-
vegetated area, water, and those not observed, covered 6.55% (27.58 Mha) of the biome.
Pasture reached about 4% of the territory in that same year, occupying 18.54 Mha. The
minority classes of land use in terms of extension were agriculture (0.08 Mha), followed by
planted forest (0.003 Mha), which together represented 0.02% of the territory (Table 1).
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Table 1. Total area (Mha) and territorial proportion (%) of different land use and land cover classes for
the years 1985 and 2020. The land use and land cover changes (Mha) consider the period of 35 years
(between 1985 and 2020) for each land use and cover in the Amazon biome.

1985 2020
Land Use and Land Cover Territorial Territorial Land Use Change (Mha)
Area (Mha) Proportion (%) Area (Mha) Proportion (%)

1. Native forest 374.57 89.02% 330.03 78.44% —44.53
2. Pasture 18.54 4.41% 56.65 13.46% 38.10
3. Agriculture 0.08 0.02% 6.13 1.46% 6.06
4. Forest plantation 0.003 0.001% 0.27 0.063% 0.26
6. Other land use 27.58 6.55% 27.69 6.58% 0.11

Total 420.77 100.00% 420.77 100.00%

Native forest

¥=3200 -1.4 x
p<2.2x1018

(A) Land use and cover (Mha)

/
i

1985 1995 2005 2015

(B) Annual land use and cover
change rate (%)

370

N 330

A total of 44.53 Mha of native forest were converted into 38.10 Mha of pasture. The
other 6.43 Mha of forest lost were converted into agriculture (6.06 Mha) and planted forest
(0.26 Mha) areas. Thus, in 2020, the native forest represented 78.44% (330.03 Mha) of the
territory, while the pasture covered 13.46% (56.65 Mha) of the total area, the second-largest
land use in the Amazon. In 1985, agriculture represented only 0.02% of the territory, and
1.46% (6.13 Mha) of the territory in 2020. The planted forest covered 0.06% (0.27 Mha) of
the territory in 2020, while “other land use” represented 6.58% (27.69 Mha), and was the
class that achieved the lowest gains in the period (Table 1).

Observing the annual historical series from 1985 to 2020 (Figure 2A), all land uses
evidence the significance of the parameter 31 (o« < 0.05), which shows a declining trend
(dashed line in Figure 2A) of the native forest over these years, while the other uses (pasture,
agriculture, planted forest) increased.

Pasture Agriculture Forest plantation 03
y=-2400+12x d y=-360+0.18 x 6 y=-15+0.0076 x 4 ’
P <2.2x108 S 60 p<2.2x10% /. p<2.2x107 7

360 50 4 0.2
350 40 5
340 0.1
30
0
20 P
- 0.0
9 40 40
0.0
6
30 30
0.2
3 20
0.4 20
06 0 10 10
| 3
1985 1995 2005 2015 1985 1995 2005 2015 1985 1995 2005 2015

Year

Figure 2. Land use and land cover (A) for the primary classes for Amazon, where the dashed line
refers to the simple linear regression. Annual land use and land cover change rate (B), where the
values above zero represent an area increase, and values below zero represent loss of area when
compared to the previous year. Land use and land cover data refer to MapBiomas [37].

The annual losses of native forest ranged from —0.08% to —0.75%. The conversion
occurred mainly between 1991 and 2005, with mean annual losses of —0.56% (—2.00 Mha
per year), equivalent to a total reduction of —28.02 Mha of land (Figure 2A). In this same
period of significant loss of native forests, pasture increased by 26.62 Mha, with mean
annual gains of 5.58% (Figure 2A,B).
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After this period, the rate of loss of native forest area decreased between 2005 and
2011, with a mean of —0.23% per year, until reaching the lowest rate recorded in 2012.
However, the levels of forest loss returned to increase and surpassed —1.60 Mha in the
2019-2020 period (—0.48% of the territory with native forest) (Figure 2A,B). The loss of
native forest was mainly for pasture, which increased by 1.43 Mha in that period (Figure 2A).

Overall, the land use class pasture’s area increase ranged from 0.22% to 9.14%. This
class had few territorial losses over the 35 years, but it decreased (—2.73%, —0.51 Mha) in
the 1985-1986 period, when mainly replaced by agriculture. The increases were mainly
recorded from 1991 to 1999 (mean annual of 6.69% per year) (Figure 2B). In that same
period, the average area gain was 1.98 Mha per year.

Agriculture showed an increase in area over the 35 years (Figure 2A,B). The period
2002 to 2005 represented the biggest increase, with an average gain of 38.59% per year
(total increase of 1.29 Mha). The sum of area gained in these periods represented 22% of
the entire increase. The slowest pace of agriculture area gain was observed between 2005
and 2011, and 2015 and 2020, with an annual average of 5.88% (Figure 2B).

The same pattern of the land use class of agriculture was observed in the planted forest,
with an increase throughout 1985 to 2020 (Figure 2A,B). However, in terms of extension, as
shown in Table 1, the planted forest area is still a minority. During the period of 1989-1990
that land use had the highest rate of increase, with 42.18% (Figure 2B), representing an
increase of 0.01 Mha (Figure 2A). From 1993 to 1995, the territorial increase was an average
of 28.75% per year (total increase of 0.04 Mha). Overall, after 1996, the annual rate of
increase was lower (average of 3.24% per year) compared to previous years. In the period
of 2019-2020 it was observed to have the lowest annual increase rate (0.21%).

In the last evaluated period (2019-2020), native forest had a total area loss of —0.84%,
while pasture, agriculture and planted forest grew together by 7.35%, representing an
increase of 1.70 Mha converted from the other uses.

3.1.2. Atlantic Forest

The Brazilian Atlantic Forest is represented by a total area of 110.66 Mha. In 1985, this
territory was covered mainly by pasture areas, which constituted 36.14% (39.99 Mha) of
the area, followed by native forest, which occupied 29.74% (32.91 Mha). The agriculture
and pasture mosaic is the third largest land use class, representing 17.40% (19.26 Mha),
followed by agriculture (9.68%, 10.71 Mha) and “other land uses” (6.28%, 6.95 Mha). The
minority class of land use regarding extension was planted forest, which represented only
0.77% (0.85 Mha) of the territory in that same year (Table 2).

Table 2. Total area (Mha) and territorial proportion (%) of different land use and land cover classes for
the years 1985 and 2020. The land use and land cover change (Mha) consider the period of 35 years
(between 1985 and 2020) for each land use and cover in the Atlantic Forest biome.

1985 2020
Land Use and Land Cover itori Hori Land Use Change (Mha)
Area (Mha) Terrlt.orlal0 Area (Mha) Ternt.corlal0 g
Proportion (%) Proportion (%)
1. Native forest 3291 29.74% 31.92 28.84% —0.99
2. Pasture 39.99 36.14% 28.46 25.72% —11.53
3. Agriculture 10.71 9.68% 18.78 16.97% 8.06
4. Forest plantation 0.85 0.77% 3.84 3.47% 2.99
5. Mosaic of Agriculture and 19.26 17.40% 20.14 18.20% 0.89
Pasture
6. Other land uses 6.95 6.28% 7.53 6.80% 0.58
Total 110.66 100.00% 110.66 100.00%

The land use and land cover changes were mainly driven by a loss of pasture and
native forest area and a gain of area in agriculture and planted forest area (Figure 3A) over
the 35 years, resulting in a reduction of —11.53 Mha of pasture and —0.99 Mha of native
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Native forest
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forest, which were converted into 8.06 Mha of agriculture, 2.99 Mha of planted forest, and
1.47 Mha from the sum of agriculture, pasture, and other land uses (Table 2).
Pasture Agriculture Forest plantation Mosaic of agriculture and pasture
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Figure 3. Land use and land cover (A) for the primary classes for Atlantic Forest, where the dashed
line refers to the simple linear regression. Annual land use and land cover change rate (B), where the
values above zero represent an area increase, and values below zero represent a loss of area when
compared to the previous year. Land use and land cover data refer to MapBiomas [37].

In 2020, the native forest still represented the primary land use in this biome (28.84%,
31.92 Mha), followed by pasture (25.72%, 28.46 Mha), agriculture and pasture mosaic
(18.20%, 20.14 Mha), agriculture (16.97%, 18.78 Mha), other land uses (6.80%, 7.53 Mha)
and planted forest (3.47%, 3.84 Mha). Even though the native forest represents the primary
land use, it is essential to highlight that there were losses, but in a smaller proportion than
the pasture and therefore it became the most representative class (Table 2).

Observing the annual historical series from 1985 to 2020 (Figure 3A), except for native
forest, all classes show the significance of the 1 parameter (« < 0.05), which indicates
that the native forest area fluctuated over the 35 years, with mean values of 31 Mha. The
pasture showed a trend (dashed line in Figure 3A) of territorial loss, meanwhile agriculture,
planted forest and agriculture and pasture mosaic showed a gain trend.

In the analyzed time interval, the native forest class was converted mainly from 1986 to
1991, with total area losses of —4.39%. During that period, 1.39 Mha were converted mainly
into agriculture, planted forest, and other land uses. On the other hand, from 2000 to 2017,
the native forest had a mean annual area growth of 0.23% (1.23 Mha total). However, native
forest areas were again converted into other uses from 2017 to 2020, with accumulated
losses of —0.74% (Figure 3A,B).

In the pasture class, there were few signs of annual expansion of the area. This increase
was observed only from 1985 to 1989, with a total gain of 2.32% (0.93 Mha), and from 1997
to 2000, with an increase of 0.35% (0.93 Mha). In these periods, the pasture occupied mainly
areas of native forest and agriculture and pasture mosaic (Figure 3A,B).

From 2000 onwards, pasture areas shrunk on average —1.66% per year and resulted in
the conversion of —11.36 Mha (Figure 3A,B). Overall, from 2000 to 2003, pasture was mostly
converted to planted forest and agriculture and pasture mosaic. From 2000 to 2003, pasture
was mainly converted into planted forest and agriculture and pasture mosaic. From 2003
to 2015, pasture areas were mainly replaced by agriculture and planted forest, and, later,
the mosaic of agriculture and pasture also increased.

The agriculture class recorded loss periods, which resulted in —9.55% of lost area
(—1.34 Mha in total), mainly identified in 2002-2003 (—3.51%). The lost areas were mainly
converted into agriculture and pasture mosaic and planted forests. These periods were
offset by the territorial gain from agriculture, which occurred in most of the years analyzed
and totaled 9.40 Mha (mean annual of 2.39%).
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Area gains from agriculture were more intense from 1986 to 1991 (average of 3.77%
per year) and from 2005 to 2009 (average of 4.95% per year). The gains in these periods
resulted in a total increase of 5.04 Mha, relative to 62% of the total area gain in the 35-year
interval (Figure 3A,B).

Although the territorial representation of forest plantations is the lowest among the
land uses, this was the only class with recurrent increases throughout the entire evaluated
period. The 1987-1988 and 1990-1991 periods were the primary peaks of planted forest
area increase, with 16.64% and 13.83%, respectively (Figure 3B). This increase resulted in
0.31 Mha of new planting areas. The 2006-2011 period recorded a mean annual increase of
8.46% (mean annual of 0.20 Mha). The lowest rate of planted forest increase was recorded
in the 2014-2015 period, with 0.28% (Figure 3A,B).

The mosaic class of agriculture and pasture area decreased, on average, —1.20% per
year, identified mainly from 1987 to 1991 (mean annual of —2.69%). The area increase
ranged from 5.81% (2002-2003) to 0.17% (2012-2013) (Figure 3B).

In the 20192020 period, native forest and pasture had total area losses of —2.42%
(—0.61 Mha), while agriculture, planted forest, and agriculture and pasture mosaic grew
together (3.62%) (Figure 3A,B).

3.1.3. Land Use and Land Cover Overview

When considering the spatial distribution of classes in 1985 and 2020, we can see
the main expansion regions for each use, as shown in Figure 4 (1985 and 2020). In the
Amazon, the most evident changes at this map scale are the expansion of pastures covering
formerly native forest areas (Figure 4). We noticed that pasture expanded throughout the
entire biome, even with the highest concentrations to the east and southwest. In contrast,
agriculture areas were concentrated in the southern region of the Amazon bordering with
the Cerrado biome.
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Figure 4. Land use and land cover observed in 1985 and 2020 in the Amazon and Atlantic Forest

biomes. Land use and land cover are provided from MapBiomas [37], country and biome boundary
data from IBGE [36].
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The Atlantic Forest has an older occupation history. In 1985, we already observed the
territorial extension of pastures, which were gradually replaced by agricultural areas (2020),
mainly in the southwest region of the biome (Figure 4).

3.2. Animal Stocking Rate over 35 Years

The increase in the number of livestock in million (M) heads in 35 years (1985-2020)
outpaced the growth of the pasture area, both in the Amazon and the Atlantic Forest

(Figure 5).
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Figure 5. Livestock herd, pasture area and animal stocking rate (relation between the livestock herd
and pasture area) for the Amazon (A) and Atlantic Forest (B) biomes.

In the Amazon biome, the livestock went from 13.25 M heads (1985) to 79.57 M heads
(2020), a six-fold increase, while the pasture area increased three-fold in the same period.
Thus, in the last 35 years, the Brazilian Amazon has increased the stocking rate of its
pastures, from 0.71 head ha~! (1985) to 1.40 head ha~! (2020), contributing to the increase
in this parameter by 97% (Figure 5A).

In the Atlantic Forest, while the pasture area shrunk (—29% of area), the livestock
increased, from 66.22 M heads (1985) to 67.88 M heads (2020), with an increase of 1.66 M
heads in the pasture areas. As a result, the mean stocking rate hiked from 1.66 to 2.39 M
heads per hectare of pasture (Figure 5B).

4. Discussion
4.1. Land Use and Land Cover
4.1.1. Amazon Biome

The 1991 to 2005 period recorded the highest native forest loss rates, caused mainly by
country’s economy transitions, with constant incentives for the migratory flow, tax incen-
tives, expropriation of vacant land for agricultural projects, rural credit, tax exemptions
and land concessions for investments in the region, highest rates of loss of native forest,
caused mainly by transitions in the country’s economy with constant incentive for the
migratory flow, tax incentives, expropriation of vacant land for agricultural projects, rural
credit, tax exemptions and land concessions for investments in the region [11,49,50]. An
increase in the agriculture and livestock area was recorded in the same period and was
driven by direct government incentives to meet the growing international demands for soy
and beef [51].

After a period of high loss of native forest areas in the Amazon, we observed a slow-
down in the deforestation pace from 2005 to 2014, with several actions explaining this
event, which include the command-and-control inspection actions by state and federal
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agencies [52-55], the creation of plans such as the “Action Plan for the Prevention and
Control of Deforestation in the Legal Amazon” (PPCDAm) [56] and restrictions on credit
available to illegal deforesters [57-59], the creation of public lists of properties and munici-
palities with illegal deforestation [60], the establishment of new protected areas [61] and
the moratoriums to eliminate illegal deforestation from production chains for soybeans
(e.g., Soybeans Moratorium) and beef (e.g., Meat Conduct Adjustment Agreement) [62—-64].

Recently, the deforestation pace has picked up again, particularly in 2019-2020, to
convert native forests into agriculture and pasture areas. As predicted by Rodrigues
et al. 2019, the reason for this may be directly associated with the exhaustion of some
environmental policies [62,65]. For example, the anti-environmental discourse of the
current Brazilian government [66], which focuses on dismantling environmental structures
and legislation [67]. Among several negative actions, the government took an adverse
approach to the Amazon Fund, resulting in a loss of US$1 billion in funds to preserve
the Amazon [68,69], besides inciting illegal activities, such as land grabbing, mining, and
logging [70].

The Amazon’s forest area has been predicted to stabilize at 328 Mha from 2030, con-
sidering the regrowth and legal cuts of primary forest [28]. However, measures to prevent
illegal deforestation in the Amazon and incentives for more efficient production shall be
escalated to achieve this. This same study shows that Brazil could double agricultural
areas by 2050, compared to 2010 areas, while pastures could significantly decrease, per the
adoption of best practices to increase animal productivity [28].

Livestock is the most important land use in the Amazon, appearing in all regions. At the
same time, agriculture is concentrated in the southern region of the biome (Figure 5—Amazon),
where a set of infrastructure, accessibility, market, and climatic conditions contribute to its
development [65,71-73]. Azevedo Junior et al. [65] observed that the supply chain, logistics,
technology, labor, knowledge, and capital are uneven between regions of the Amazon biome,
leading to the concentration of agriculture in strategic locations. Although the agricultural
area is growing, production has outpaced the other areas, showing more efficient land use.
However, the values are still well below their potential. This land use class still contributes ap-
proximately one-third of deforestation in the Amazon region, mainly linked to the expansion
and appreciation of the agricultural sector in other parts of the country [74].

In a general context, pastures in Brazil, especially in the Amazon, are still extensive,
with low inputs and a high degree of degradation and, consequently, low yields [75],
because production is based on low input demand, neglecting technologies and property
management strategies that could increase productivity [76,77]. Those showing higher pro-
ductivity are usually accompanied by a drastic increase in the use of inputs and capital [78],
which is justified by the fact that 76.3% of the Amazonian municipalities have hardly any
access to production and market factors, and the ones that do generally choose crops [65].

Although the livestock sector has also shown a higher efficiency in the last 35 years,
identified here through the animal stocking rate (Figure 5), this occurred slowly. Regardless
of the biome, the animal stocking rate in Brazil is 32 to 34% of its capacity [29].

The production of agricultural commodities is in economies of scale and still subject to
an increase in agricultural land in Brazil. Further, extensive production and low efficiency
of pastures in the Amazon increasingly pressure the opening of new lands [68,79]. The
trend of loss of native forests found in our study calls for new solutions, together with
environmental policies, to preserve the biome [62]. Our results support recent calls to
prioritize forest protection in promoting sustainable land use in the Amazon [80].

4.1.2. Atlantic Forest Biome

The intensive loss of native forests in the Atlantic Forest began before the historical
series analyzed in this study. The economic exploitation of different commodities accom-
panied the loss of native forest (e.g., Pau-Brasil, sugarcane, coffee, and cocoa) [81,82], in
parallel with the expansion of the population, urban-industrial spaces and agricultural
borders of the country [83].
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Although the area of native forest evidence periods of territorial gains and losses, in
the periods with tendencies towards more significant area reductions (1986 to 1991), 75% of
the charcoal originated from native forest, leading to more significant deforestation [84].

During the second half of the 20th century and the beginning of the 21st century,
the native forest area gain occurred mainly in areas with slopes above 20%, unsuitable
for agricultural mechanization, irrigated systems, and livestock [85]. In some Atlantic
Forest regions, the old pastures used for milk and beef production contributed about
75% to the new forest areas between 1980 and 2010 [86], which is related to the setting of
industrialization, economic development, rural socio-economic crisis, especially in dairy
farming due to lower milk price and land degradation by overgrazing, which led to the
rural depopulation of the Atlantic Forest, with ensuing abandonment of pastures, followed
by forest regeneration [85].

This trend is also associated with reformulated decrees (e.g., Federal Decree No. 0.750
of 1993) [87], which prohibited the cutting and exploitation of disturbed forest remnants
and secondary successional areas in early and advanced stages of the Atlantic Forest. In
2006, this decree was updated by Federal Law No. 0.11.428 (Atlantic Forest Law), which
introduced new instruments for biome conservation, such as monetary incentives for
Atlantic Forest restoration projects [88]. Along with the law, the Pact for the Restoration of
the Atlantic Forest, which provides for the restoration of 15 Mha by 2050, also contributed
to stabilizing the native forest area [89].

Currently, we can observe a trend of increasing losses of native forest areas due
to a weakened national environmental system (SISNAMA) and changes in laws and
regulations [90]. A projection made for the Atlantic Forest indicates that, if the loss of
young native forests follows the current rates, we will have only 2.3 Mha of new areas by
2030 and, considering the current rate of losses of older and younger native forests, only
0.49 Mha of areas with additional native forests would be expected by 2030 [25].

Despite pasture area losses, this is still one of the main land uses of the Atlantic Forest,
in which most of them are under some degradation condition [91]. Generally, there is a
lack of pasture management, use of inputs, liming and fertilization [92]. Soil management
through burning is still used [93]. The lack of pasture management adopted in this biome
triggers high losses of soil, organic carbon, and nutrients, and these practices must be
rethought to increase livestock production in these highly weathered and naturally poor
soils [93].

The planted forest is a minority percentage of the territory but has gained prominence
over these 35 years, with an almost five-fold growth compared to the baseline (1985). The
increase in the area of planted forests occurred mainly in pasture areas due to several
factors: low milk productivity and milk prices; strict distribution of state credit, mainly
agricultural credit, causing producers to look for a new land use alternative; promotion of
pulp and paper companies; cost-effective opportunities considering land price and distance
from plantations to processing plants; conservationist ideas, such as the introduction of
certification in the eucalypts production system for future fiber exports; and shortage of
rural workers influenced by the demand for labor in urban centers [85,94,95].

The growth of this class is still recurrent, mainly with the increase in plantations close
to the pulp and paper industries [85]. Planting of eucalypts and pine stands out mainly
in the south and southeast regions, while eucalypt is used for wood and bioenergy in the
northeast [96].

Besides planted forests, the agriculture area almost doubled compared to 1985, which
can be explained by the increase in technology and consumer market and improved rural
extension program and rural credit to producers [97]. Linked to this, the domestic demand
for biofuels led to the expansion of agricultural areas with sugarcane production in the
Atlantic Forest [98], expanding mainly in areas of degraded pastures [30,99,100].

When we compare the map (Figure 4—Atlantic Forest) with land use in 2020 and
information provided by the IBGE [101] (p. 30), we notice that the areas of most significant
expansion with agricultural land (southwest and northwest) coincide with the regions
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where sugarcane plantations are concentrated. However, we should remember that the
Atlantic Forest also stands out in several other cultures, such as planting wheat, rice, corn,
soybeans, and coffee (south region); soybeans, citrus, cotton, corn, rice, castor beans and
peanuts (southeast region); and fruit growing (northeast region) [96].

In a general context, the Atlantic Forest has suffered variations in the area with native
forest for centuries. Historically, these areas are replaced mainly by agriculture and pasture
areas [98]. There is a need to increase native forest areas while adopting more efficient
agricultural and livestock practices so that the most populous biome in Brazil can follow a
path aimed at the environmental, economic, and social fields [27,102].

4.2. Sustainable Land Use

Our analysis showed that areas of native forests are still being lost to other land uses.
We also noticed low values of animal stocking rates, indicating inefficient systems [103].
This situation is linked with a lack of property management and often results in the
abandonment of large areas [104], with the loss of native forests as a consequence [105].

This fact can be explained by the economic theory of land use proposed by Von
Thiinen, who mentions that the land is intended for use that gives the best economic
income [106]. Thus, if the land use change and practices developed in a given area provide
greater profitability, they are expected to expand at the expense of less profitable uses [107].
In this sense, the efficient use (or the intensification) generally only occurs where land is a
scarce factor [108], in which the farmer will not have other opportunities.

As an example, producers seek immediate profit by associating the availability of na-
tive forest as an opportunity to expand the area with greater financial profitability. However,
Brazil has enough open land to increase future agricultural production, preserving native
forest lands [29], as long as it considers high productivity through intensification and sus-
tainable land use, from the recovery of abandoned or poorly degraded pastures [109,110].

Sustainable intensification aims to increase agricultural and livestock production and
economic returns, per unit of time and area, minimizing negative impacts on soil and
resources and the integrity of the associated non-agricultural ecosystems [34,111,112]. Until
2050, beef production could increase by 20%, crop yields by 88% and wood production by
220% in the Amazon, with the recovery and intensification of degraded and unproductive
areas [113].

The diversification of plant species must occur in the intensified strategies to jointly pro-
mote environmental, social, and economic benefits [33,110]. Therefore, the low-carbon tech-
nology called Integrated Crop-Livestock-Forest (ICLF) reflects this scenario, as it presents
livestock, agricultural, or forestry activities in the same area, in rotation, consortium, or
succession, seeking synergistic effects between components, considering environmental
suitability and economic feasibility [114].

It can be classified in different modalities, resulting in a several possible models, as
the ones with the forest component, also called agroforestry systems: Integration Crop-
Livestock-Forest (ICLF), or agrosilvopastoral; Integration Livestock-Forest (ILF), or sil-
vopastoral; Integration Crop-Forest (ICF), or silvoagricultural integration; and the one
without the forest component: Integration Crop-Livestock (ICL), or agropastoral [114].

The several advantages of the ICLF modalities are already well defined, such as their
positive synergistic effects on the soil’s physical, chemical, and biological properties that
mitigate degradation compared to the exclusive land use strategies [115]. They protect the
soil against erosion, mainly on slopes of the Atlantic Forest, which are subject to intense
rainfall in the rainy season [116]. They also improve nutrient cycling, with uptake at greater
soil depths [117] and agricultural income [118].

Pasture benefits could be even more significant, such as increasing animal support ca-
pacity [119,120] by up to 52% of its potential [29]. Increased animal production is associated
with thermal comfort provided by the moderate shading of the tree component [121-123],
improved annual animal weight gain, and increased forage longevity [116]. It increases
land use potential and becomes an alternative to increase property revenue in the dry sea-
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son [110,121-123]. We observed a 28% increase in animal weight gain and a 23% increase
in forage production [124].

This technology also can mitigate environmental impacts by increasing soil carbon
stocks and reducing greenhouse gas emissions [34,125]. The conversion of 20% of unpro-
ductive areas in the world with ICLF strategies could potentially mitigate 3.4 £ 1.7 x 109 t
COyeq year ! [126].

In the Amazon, greater market competitiveness, increased productivity, improved
pasture, increased income, greater adaptability, and reduced risk were identified by a small
portion of farmers that adopted ICLF [77]. Generally, the ICL strategy in the Amazon region
is implemented from October to February in soybean cultivation in a part of the farm, while
the remaining area is used for cattle maintenance. After the soybean harvest, the whole farm
area is used for livestock production from March to September [127]. Adopting integrated
strategies with trees is still scarce in that region, and it can occur with the afforestation of
pastures with native tree species (originating from natural regeneration). However, exotic
species, such as teak (Tectona grandis L.f), African-mahogany (Khaya ivorensis A. Chev.), and
eucalypt (Eucalyptus sp.), are used in most cases [128].

In the Atlantic Forest, the intensification to increase income generation, diversify pro-
duction, and increase the quality and productivity of the land are recognized by producers
that adopt the ICLF [129]. In this biome, the ICL strategy is adopted to recover pastures
and an alternative for animal feed in the restrictive period of rainfall of the year, with beans,
corn, rice, sorghum, soybean, millet, and sunflower as the main crops [130]. The main
species used for ICLF in that biome is also eucalypt, mainly because of its rapid growth and
easy management [130,131]. ICLF-derived eucalypt wood is used for construction activities
in the farm or sold to sawmill companies. It has a potential sequestration C rate of 17 Mg
COzeq ha™! y’1 in its biomass [132].

A study developed by Maia et al. [133] shows that sustainable strategies have a
positive impact on the Atlantic Forest when related to animal stocking rate and agricultural
production per hectare, observing an increase of up to 0.5% in the mean number of animal
heads per hectare in each area percentage increased with these systems. These authors
did not observe significant impacts for the Amazon, justified by the predominance of
extensive livestock.

Sustainable land use was encouraged by various programs and public policies over
time. In the Amazon, we could mention the Action Plan for the Prevention and Control
of Deforestation in the Legal Amazon (PPCDAm) [56]; Sustainable Amazon Plan [134];
Sustainable Regional Development Plan for the Area of Influence of BR 163 [135]; Public
Forest Management Law [136]; Amazon Protected Areas Program (ARPA) [137]; and,
more recently, Amazon Plan 2021/2022 [138]. In the Atlantic Forest, examples include
Atlantic Forest Law n® 11.428/2006, including the Municipal Plan for the Conservation and
Recovery of the Atlantic Forest (PMMA, 2022) [88], and Biodiversity and Climate Change
Project in the Atlantic Forest [139].

At the national level, the ICLF is encouraged by public policies, such as the Low
Carbon Emission Plan in Agriculture (Law n° 12.187/2009), which is a guideline for the
use of technologies to increase agricultural productivity and promote the reduction of
GHG emissions through changes in the production process [140]. Moreover, the National
Crop-Livestock-Forest Integration Policy (Law n° 12.805/2013), which aims to improve
productivity, product quality and income from agricultural activities, by implementing
ICLF strategies in already deforested areas [141].

Although the ICLF is a large-scale alternative to promote the adoption of low-carbon
agriculture, with all its recognized benefits of reducing the environmental impacts of
food production and creating greater resilience in the food system [142], its adoption is a
significant change in production techniques [21], mainly in the Amazon and Atlantic Forest,
with already culturally determined land use. Thus, there are many barriers to overcome in
these biomes for ICLF adoption to reach its full potential.
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4.3. Barriers for the Adoption of ICLF Strategies in the Amazon and Atlantic Forest

While the ICLF benefits are reported in the scientific literature, this strategy has not
been widely adopted. It is projected that the four modalities of ICLF strategies in Brazil
will represent 17.42 million hectares in 2020 (in all the five biomes) [143].

Looking regionally, in the Amazon and Atlantic Forest, we also notice this slow pace
of adoption when we compare data from the 2006 Agricultural Census [144] and 2017 [145]
of the total number of ICLF implemented.

In the Amazon biome, over these 11 years, there was a total increase of 6% in areas
with ICLE, from 1.51 Mha (2006) to 1.61 Mha (2017) [144,145]. This represented 2.65% of
the total area of pasture and agriculture (60.35 Mha—Figure 2A) in 2017. When we look at
the Atlantic Forest, in the same period, the increase in new areas with ICLF implemented
was 25%. The ICLF, which previously occupied 1.26 Mha (2006) in this biome, now covers
1.57 Mha (2017) of the territory [144,145], representing then 3.27% of the total area of pasture
and agriculture (47.97 Mha—Figure 3A) in 2017.

Greater acceptance of sustainable systems in the Atlantic Forest may be linked to more
accessible access to credit in this biome [146] and more intensive use of capital, technology,
and skilled labor [133]. However, this growth is still considered low, and some studies have
been carried out in order to understand the barriers behind this slow adoption process.

In the Atlantic Forest, limitations focus on uncertainty about the system, reduction
in the yield of the leading agricultural crop, and lack of models and knowledge in the
region [129]. Furthermore, there are bureaucratic barriers and legal uncertainties regarding
the use and sale of native trees in the biome, favoring the adoption of exotic species [10,147].

As much as there is a trend towards sustainable scale-up, some producers still guide
their decisions only by the transient profitability of the system, preferring conventional
systems. What hampers the implementation of other systems is the lack of information and
technical assistance to create a culture of sustainable production in the Atlantic Forest [8]. It
is necessary to improve technical assistance, rural extension, capacity building, and training,
mainly to encourage those who use conventional agriculture and successful examples to
facilitate the opportunity of these producers [129].

The main barriers identified in the Amazon are related to access to credit, land tenure,
infrastructure, rural education, skilled labor, and existing cultural traditions [77,133]. The
way to use agricultural land more sustainably in the Amazon must start with improving
the distribution of rural credits with competitive and sustainable credit lines; knowledge
transfer, which raises awareness of high-performance technologies; direct and long-term
support to producers through rural assistance and extension; and incentive through market
signals [77,148,149]. We should highlight the importance of governmental, cultural, and
ecological structures to influence the environmental perception of these producers [77].

Technologies must be available and accessible so that the ICLF is widely adopted,
and this will occur through a set of strategies that will involve an integrated manage-
ment process, the sustainability of the use of natural resources, finances, human resources,
and the competitive market [150-152]. New Technological Reference Units (URT) must
be included in strategic locations, by research centers (e.g., Embrapa), universities, and
regional programs, with targeted models, to achieve these strategies. The area of influ-
ence and the profile of the target producers must be evaluated [153]. The ABC Program
credits, the main line of credit for sustainable development, which includes implementing
ICLF strategies, should be less bureaucratic, with adjusted interest rates, favoring their
demand [154]. Besides, there is a need for greater dissemination of this credit plan between
producers [148,155] and training of bank managers.

It is mainly necessary to formulate policies with government actions and research insti-
tutions that incorporate environmental sustainability and organizational and technological
innovations accessible with locally based initiatives [102,156,157].
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5. Conclusions

In the Amazon, the expansion of pastures is still the leading cause of losing native
forest areas. Agriculture has also expanded at the expense of these forests. Over the
35 years analysis (1985 to 2020), 44.53 Mha of native forests were lost so that new areas
of pasture (38.10 Mha) and agriculture (6.06 Mha) emerged. Areas with planted forests
are still minorities in this biome. In the Atlantic Forest, areas of 0.99 Mha of native forests
and 11.53 Mha of pastures were reduced, being replaced by 8.06 Mha of agriculture, and
2.99 Mha of planted forest.

The animal stocking rate in the pastures has increased over these years, albeit at a slow
pace, which is because pastures are still extensive, without proper management, favoring
soil degradation, reducing productivity, and expanding the opening of new frontiers in
areas of native forest, especially in the Amazon, where this production model predominates.

These land uses are essential for economic development and food production in the
country. However, they should be managed in a planned fashion, emphasizing sustainable
practices. In this context, the ICLF emerges as a promising strategy, with several benefits
reported in the scientific literature (e.g., increased productivity, economic viability, and
environmental gains). Nevertheless, we observe that the adoption of this strategy in the
Amazon and Atlantic Forest is still incipient.

Public and private policy actions should consider local and regional aspects, aiming
at incentives and programs focused on adopting ICLFE. In this sense, technical assistance
and rural extension must be strategic in the Amazon, combined with actions to promote
rural credit and regional infrastructure. In the Atlantic Forest biome, actions should be
concentrated on technology transfers, aiming to reduce producers’ uncertainties and the bu-
reaucracy of laws for the sustainable use of resources/native forest species in these systems.

The approaches presented in this article reiterate the promising opportunity of the
ICLF to replace exclusive uses of pastures and agriculture in conventional models. This
strategy is also aligned with the ABC Plan Policies, which aim for sustainable land use to
increase agricultural productivity and reduce GHG emissions.

The adoption of ICLF strategies can boost the preservation of these biomes, which have
abundant natural resources. The Atlantic Forest biome has been impacted by significant
losses of native forest areas over many years and currently has significant areas with low
productivity, with potential for recovery and production through the implementation of
these systems. The Amazon still has an immense area of native forest and can reconcile
preservation with the recovery of degraded and abandoned areas, thus avoiding the setting
of deforestation in the Atlantic Forest. The ICLF can strengthen the country’s agriculture
and economy, contributing to global food security, promoting the recovery of environments
in the Atlantic Forest biome, and avoiding the devastation of the Amazon.
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