
����������
�������

Citation: Santos, C.O.d.; Mesquita,

V.V.; Parente, L.L.; Pinto, A.d.S.;

Ferreira, L.G., Jr. Assessing the

Wall-to-Wall Spatial and Qualitative

Dynamics of the Brazilian

Pasturelands 2010–2018, Based on the

Analysis of the Landsat Data Archive.

Remote Sens. 2022, 14, 1024.

https://doi.org/10.3390/

rs14041024

Academic Editor: Sandra Eckert

Received: 4 January 2022

Accepted: 14 February 2022

Published: 20 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Assessing the Wall-to-Wall Spatial and Qualitative Dynamics of
the Brazilian Pasturelands 2010–2018, Based on the Analysis of
the Landsat Data Archive
Claudinei Oliveira dos Santos 1,* , Vinícius Vieira Mesquita 1, Leandro Leal Parente 1 ,
Alexandre de Siqueira Pinto 2 and Laerte Guimaraes Ferreira, Jr. 1

1 Image Processing and GIS Laboratory (LAPIG), Federal University of Goiás (UFG),
Goiania 74001-970, GO, Brazil; vieiramesquita@gmail.com (V.V.M.);
leandro.parente@opengeohub.org (L.L.P.); laerte@ufg.br (L.G.F.J.)

2 Ecology Department, Federal University of Sergipe, São Cristóvão 49100-000, SE, Brazil;
xansiqueira@academico.ufs.br

* Correspondence: claudineisan@pastoepixel.com

Abstract: Brazilian livestock is predominantly extensive, with approximately 90% of the production
being sustained on pasture, which occupies around 20% of the territory. It is estimated that more than
half of Brazilian pastures have some level of degradation. In this study, we mapped and evaluated
the spatiotemporal dynamics of pasture quality in Brazil, between 2010 and 2018, considering three
classes of degradation: Absent (D0), Intermediate (D1), and Severe (D2). There was no variation in the
total area occupied by pastures in the evaluated period, in spite of the accentuated spatial dynamics.
The percentage of non-degraded pastures increased by ~12%, due to the recovery of degraded areas
and the emergence of new pasture areas. However, about 44 Mha of the pasture area is currently
severely degraded. The dynamics in pasture quality were not homogeneous in property size classes.
We observed that in the approximately 2.68 million properties with livestock activity, the proportion
with quality gains was twice as low in small properties compared with large ones, and the proportion
with losses was three times greater, showing an increase in inequality between properties with more
and fewer resources (large and small properties, respectively). The areas occupied by pastures in
Brazil present a unique opportunity to increase livestock production and make areas available for
agriculture, without the need for new deforestation in the coming decades.

Keywords: Landsat; pasture degradation; Brazilian pasturelands dynamics; low carbon agriculture

1. Introduction

Brazil has the second largest cattle herd in the world, being the second largest producer
and the largest exporter of meat [1–3]. However, its livestock is not very productive,
requiring a herd larger than the European Union and the United States combined, to
produce approximately half of the beef achieved by both [1,3]. One of the reasons for
its low productivity is that the Brazilian livestock is predominantly extensive, with more
than 90% of the herd being sustained on pasture [4]. For this reason, pastures occupy
a large territorial extension, approximately 20% of the country’s territory [5]. In recent
decades, there has been a marked growth in the livestock activity and, consequently, a
great expansion in areas occupied by pastures [5–8]. The expansion of the area occupied
by pastures and deforestation are strongly correlated, since forage cultivation is usually
the first use in areas of conversion of native vegetation [5,9–11]. Likewise, the process of
loss of productivity at levels that make the rancher abandon its land and look for places to
install new pastures needs to be understood so that more efficient management practices
can be introduced.

Pasture degradation is one of the main causes of productivity loss in the Brazilian
livestock system, and a challenge faced by the sector for decades [12,13]. The process
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of degradation of pastures can take place over several years and is characterized by a
decrease in the supply of food for the livestock and, consequently, reduction in the carrying
capacity [14]. There are several factors that can lead to pasture degradation, most of which
are linked to inadequate management practices, including the choice of forage, cattle
stocking and fertilization, among others [4,15]. On the other hand, proper management can
recover areas with low productivity and increase livestock production, thus contributing
to a reduction in deforestation and, consequently, in GHG emissions (greenhouse gases)
related to the sector [16–20].

In this context, initiatives have emerged that encourage the recovery of degraded
pastures and the adoption of management strategies that promote gains in productivity
and sustainability, reducing environmental impacts [21–23]. A highlight in this regard
is the ABC Plan (the Low-Carbon Agriculture Plan, implemented by the Ministry of
Agriculture, Livestock and Food Supply), a government initiative approved in 2011, which
was developed in order to achieve the international commitments assumed by Brazil
related to the reduction in GHG emissions [24]. As part of this plan, the Degraded Pasture
Recovery (RPD) program was created, with the goal of promoting the recovery of 15 Mha of
degraded pastures across the country by the year 2020, which represents more than 8% of
the Brazilian pastures [24,25]. Therefore, the mapping and analysis of pasture quality at a
national scale is essential both to assess the effectiveness of initiatives such as the ABC Plan,
as to support future actions that seek to promote a more efficient use of areas occupied by
pastures in Brazil.

Orbital remote sensing has been of fundamental importance in initiatives for mapping
pastures, since the increase in image availability, combined with the advancement of
analysis techniques and computational capacity, has enabled a better assessment of changes
in land use and coverage at an unprecedented spatiotemporal scale [26]. In addition
to monitoring the dynamics of the areas covered by pastures, it is also possible to use
remote sensing for qualitative assessments. In this context, studies aimed at mapping and
monitoring the quality of pastures through remote sensing have been conducted in various
regions of the world [27–29]. Most of these studies used moderate spatial resolution data
(MODIS) [30–32]. More recently, high spatial resolution data have been used in pasture
quality assessments and biomass estimates [33–35]. Among the products most used for
these qualitative analyzes is the NDVI (normalized difference vegetation index), considered
a “proxy” of vegetative vigor and forage productivity [36]. In Brazil, several initiatives
aiming to assess the quality of pastures using satellite data have been conducted at regional
scales [37] or covering biomes [32], and in some cases for the entire national territory [30,31].
However, there is still no mapping of the quality of the Brazilian pastures at high spatial
resolution (e.g., Landsat-based mapping), enabling the understanding of the dynamic
patterns of this land use at both the national and property scales.

The identification of degraded pastures in Brazil is essential to support public policies
related to their recovery, and given the dimensions of the Brazilian livestock, is of global
importance. In this context, the objectives in this study were: (a) to present an analytical
approach for mapping and monitoring the quality of pastures in Brazil; (b) characterize
the dynamics and spatial pattern of the state of degradation of the Brazilian pastures in
2010 and 2018 (the period comprising the first phase of the ABC Plan); (c) evaluate the
relationship between resources received by rural properties (private agricultural land of
any size) under the ABC Plan and the increase in the quality of pastures.

2. Materials and Methods
2.1. Pasture Quality Classification

The classification of land cover in pasture was obtained from a study that mapped and
analyzed the dynamics of pasture areas in Brazil from 1985 to 2017 [5]. In the classification,
the authors used the entire collection of satellite data corresponding to the mapped period,
and used the random forest classifier, a machine learning algorithm. The maps of this time
series were extended by the authors until the year 2019 and were made available via the
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Digital Atlas of the Brazilian Pastures platform [38]. For the analyses in this study, we used
the pasture classification maps related to the years 2010 and 2018, covering the first phase
of GHG mitigation strategies under the ABC Plan.

The quality of Brazilian pastures was estimated based on the classification initially
proposed to investigate degraded pastures in Tibet [27]. Subsequently, adjustments were
made to this method in three studies in Brazil that evaluated: (1) the state of degradation of
pastures in three watersheds in the state of São Paulo [37]; (2) the characterization of the
annual dynamics of pastures in a watershed in Minas Gerais [19]; and (3) the dynamics of
pasture quality in rural settlements in Goiás [39].

The classification of the quality of pastures throughout the Brazilian territory used
in this work consisted of three sequential steps: (1) pre-processing of data indicating the
state of degradation of pastures, so that they were comparable between the years analyzed.
At this stage the noisy data were removed, the availability of data equalized, the spectral
difference between the sensors corrected and the data normalized by homogeneous regions;
(2) stratification of the images of each year analyzed into pasture degradation classes. At
this stage, the pasture area in each degradation class was identified; later, the classified maps
were compared with analyze the dynamics of the classes between the years considered;
(3) calculation of the Pasture Degradation Index by property (PDI) from pasture area by
degradation class.

2.2. Pre-Processing

The classification of pasture status was based on the NDVI values—normalized differ-
ence vegetation index—from the Landsat satellites [40]. The NDVI, which varies between
−1 and 1, is positively correlated with the vegetation vigor (Equation (1)). Therefore, it has
been used to assess the state of degradation and for biomass estimates of pastures [32,41,42].
At the beginning and end of the period analyzed (i.e., the years 2010 and 2018), data from
the Landsat 5 and Landsat 8 satellites, respectively, were used. Landsat 5, equipped with
the thematic mapper (TM) sensor, was launched in 1984 and was in operation until early
2013, and Landsat 8, equipped with the operational land imager (OLI) sensor and launched
in 2013, is currently in operation. Launched into space with a difference of 29 years, these
2 satellite systems show significant differences, with Landsat 8 presenting greater image
availability and finer spectral resolution.

NDVI =
NIR − RED
NIR + RED

(1)

where NDVI is the normalized difference vegetation index; NIR is the reflectance of electro-
magnetic radiation in the near infrared spectrum; and RED is the reflectance of electromag-
netic radiation in the red portion of the spectrum.

To classify pasture areas at the beginning and end of the analyzed period, we used
median NDVI images. In the median calculation, all images available in a 24-month time
window were used—necessary to contemplate a complete climatic year—comprising the
2nd semester of the previous year, the year of interest and the 1st semester of the subsequent
year (i.e., from July 2009 to June 2011 and from July 2017 to June 2019). In order for the
median images to be equivalent and comparable in spatial and temporal dimensions,
the differences in image availability and spectral resolution between the 2 satellites were
spectrally corrected (i.e., Landsat 5 and Landsat 8), the areas covered by clouds, shadows
and noise were removed, and only scenes with less than 80% of cloud and shadow coverage
were used.
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2.3. Pasture Degradation Classes

The median NDVI images were normalized by biomes in order to reduce the expected
differences in the values of this parameter in response to edaphoclimatic conditions, making
the index equivalent between different biomes (Equation (2)), as follows:

NDVInorm =
NDVI − NDVImin

NNDVImax − NDVImin
(2)

where NDVInorm is the normalized NDVI for each biome, ranging from 0 to 1; NDVImin is
the average of 1% of the lowest values of all NDVI data in the unit of analysis (i.e., biome);
and the NDVImax is the average of 1% of the highest values in this same unit of analysis,
considering the combined periods (i.e., from July 2009 to June 2011 and from July 2017 to
June 2019).

The resulting NDVInorm images were stratified into pasture degradation state classes.
Andrade et al. [37] evaluated 4 classes of pasture degradation status—Absent [>0.6], Mild
[>0.5 and ≤0.6], Moderate [>0.4 and ≤0.5] and Severe [≤0.4]—and concluded that the
method is effective in identifying the Absent and Severe classes; however, it does not
perform as well in distinguishing the Mild and Moderate classes from each other. Therefore,
we grouped the Mild and Moderate classes in order to work with only the remaining three
degradation state classes (Absent [>0.6], Intermediate [>0.4 and ≤0.6] and Severe [≤0.4])
(Figure 1). Degradation classes, henceforth, are referred to by the abbreviations D0 (Absent),
D1 (Intermediate) and D3 (Severe), and areas not mapped in a given year are referred to as
NP (not pasture).

Figure 1. Flowchart depicting the stratification of the NDVInorm (normalized NDVI) into three
classes of degradation state (i.e., Absent, Intermediate and Severe).

2.4. Pasture Degradation Index by Property (PDI)

The Pasture Degradation Index by property (PDI) was used to assess the dynamics
of pasture quality in the Brazilian rural properties. More specifically, the gain, loss or
stability were assessed in terms of the state of degradation of small, medium and large
rural properties. Likewise, the PDI was also calculated in areas under contract of the ABC
Plan for the recovery of degraded pastures (RDP), in the years 2016 and 2017. It is expected
that in these polygons (i.e., areas of interest) the quality of pastures would have increased,
resulting in a reduced PDI value.

The PDI was calculated for each rural property with a minimum pasture area of one
hectare and occupying more than 10% of the property. This criterion was used to analyze
only properties with effective livestock activity. The property boundaries were obtained
from the CAR (Rural Environmental Registry) database of the Brazilian forestry service,
which, in the period of analysis, consisted of 5.5 million rural properties. To calculate the
PDI, we considered the four classes of degradation state as proposed by Andrade et al. [37].
The PDI varies between 1.0 and 4.0 and was calculated according to Equation (3), as follows:

PDI =
(∑n

i=1 Pi ∗ Ai)
A

(3)

where PDI is the Pasture Degradation Index; Pi—the weight assigned to the degradation
state class i; Ai—the pasture area in the degradation state class i; and A—the total pasture
area in the unit of analysis.
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Following the provisions of the legislation governing the agrarian reform in Brazil
(Law No. 8629), we distributed the rural properties into three size groups according to
the number of fiscal modules: Small—up to four fiscal modules; Medium—between four
and fifteen fiscal modules; Large—over fifteen fiscal modules. The differences in the PDI
values of each property by group, between the years 2010 and 2018, were distributed
into 3 classes, in order to assess the dynamics of pasture quality over time in 3 categories:
Stable—PDI differences between 0.0 and 0.5; Increased—PDI differences greater than −0.5;
Reduced—PDI differences greater than +0.5.

2.5. Evaluation of Pasture Recovery Efficiency through ABC Plan Resources

To assess the efficiency of the RDP program in Brazil, 1693 polygons that had contracts
with the Central Bank under the ABC plan were analyzed. These contracts were established
during 2016 and 2017 and covered all Brazilian regions, with the highest percentage
of contracts in the mid-west (36.6%), followed by the north (26.1%), and the southeast,
northeast and south regions, with, respectively, 24.6%, 8.6% and 4.1 % of total contracts.
With the exception of the northeast, the percentage of contracts per region was proportional
to the area of pastures; that is, regions with a greater proportion of pastures had a greater
proportion of contracts.

The PDI values of each polygon were compared between the years 2010 and 2018, in
order to identify whether there was improvement, deterioration or stability in the condition
of the pastures. For this, we grouped the polygons according to the same criteria used to
evaluate rural properties and we considered that the use of resources was effective when
quality gains were detected.

2.6. Accuracy Analysis

An accuracy analysis of the pasture degradation classes was conducted to assess the
quality of the results. The analysis was restricted to the Cerrado biome, due to limitations
of collecting information in all the Brazilian biomes. The prioritization of this biome was
strategic, as it concentrates 1/3 of the Brazilian pastures (~32.8%) and 1/3 of the cattle
herd (~34.0%). In an experiment conducted in the biome between April 2019 and January
2020, we evaluated the condition of pastures at 53 points, in 4 moments, according to the
climatic seasonality (January—rain peak; April—rain–dry transition; July—drought peak;
October—dry–rain transition). At each point, based on the evaluation of seven parameters
indicating the condition of the pasture (height, density, soil cover, homogeneity, availability
of green leaf, leaf/stem ratio and age of tillers), we classified the pasture according to
the three degradation classes—Absent, Intermediate or Severe. From these points, we
generated a confusion matrix and calculated the overall accuracy of each pasture condition
class [43].

For a detailed description of the data and analysis strategies considered in this work,
refer to Supplementary Materials (Figure S1) [44].

3. Results
3.1. Spatiotemporal Dynamics of Pasture Quality in Brazil

The estimate of areas covered by pasture in 2010 and 2018 resulted in similar values,
totaling ~171.6 Mha and 170.7 Mha, respectively, i.e., there was a reduction of 0.9 Mha in
the area classified as pasture in the period considered in this study (Figure 2). On the other
hand, a surface equivalent to 31.7 Mha was no longer classified as pasture in 2018, that is, it
was converted to other uses or covers, while ~30.8 Mha of new incorporated pasture was
identified in that same year.
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Figure 2. Areas occupied by pastures in Brazil in 2010 and 2018 (http://atlasdaspastagens.ufg.br/
accessed on 17 December 2021) (31.7 Mha (million hectares) mapped only in 2010; 139.9 Mha mapped
in 2010 and 2018; 30.8 Mha mapped only in 2018).

The breakdown of pasture areas into classes allowed us to realize that, despite the small
variation in total pasture coverage between 2010 and 2018, there was a substantial change
between the degradation state classes. In 2010, the area classified as Absent degradation
(D0) corresponded to 29.1% of pastures, while 38.8% was classified as Intermediate (D1)
and 32.1% as Severe (D2) (Figure 3). However, the proportions of D0, D1 and D2 at the end
of the period evaluated were, respectively, 41.1%, 32.2% and 26.7%. That is, we observed
an increase in the area occupied by pastures with better quality, as there was an increase in
2018 in D0 (from 48.8 to 68.3 Mha), and a reduction in D1 (from 65.0 to 53.4 Mha) and in D2
(from 53.9 to 44.3 Mha).

The smallest error of omission was observed for the severe degradation class (78%
of producer accuracy), followed by the absent class (65% of producer accuracy), with an
overall accuracy of 58% (Table 1). A clear distinction between these two classes (D0 and
D2) is essential, as they include the areas that need to be kept productive and the areas
that need to be restored. The intermediate class had a lower accuracy (69% user accuracy
and 46% producer accuracy), as it is a more dynamic class, and, apparently, a temporary
condition of the pasture. Pastures in this class will advance to severe degradation (e.g., in
areas of speculation or land grabbing) or return to the non-degraded class (e.g., in areas
with traditional management, where pasture is used until the loss of productivity, being
then reformed, in a recurring process).

http://atlasdaspastagens.ufg.br/
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Figure 3. Pasture area in Brazil, according to 3 classes of degradation state (D0—Absent; D1—
Intermediate; D2—Severe), for the years 2010 and 2018.

Table 1. Accuracy analysis of pasture quality mapping in 2018, based on 53 points evaluated in the
field, in the Cerrado biome.

Absent Intermediate Severe UA 2

Absent 13 8 1 59%
Intermediate 4 11 1 69%

Severe 3 5 7 47%
PA 1 65% 46% 78%

1 producer accuracy; 2 user accuracy.

The temporal dynamics of each degradation class contributed to verifying precisely
the changes between pasture quality states over time (Figure 4). Almost half of the area
classified as D0 in 2010 (42.9%) changed its degradation class in 2018. We observed that
15.8% went to D1 and 4.9% went to D2, indicating a loss of quality in both cases. Another
22.3% were classified as NP. On the other hand, the increase in area and percentage observed
in the D0 class in 2018 was due to the improvement in quality in areas coming from D1
(31.9%) and D2 (7.3%), but also due to the change in land use, as 19.9% came from NP.

A marked dynamic was observed in D1, as 58.1% of the area of this class in 2018 came
from changes in other classes, mainly with the gain in quality in class D2 pastures (28.5%),
followed by newly converted areas (15.2%). The areas that had a loss of quality (from
D0) contributed 14.4%. Approximately 54.5% of the area classified as D2 in 2018 already
belonged to this class in 2010; that is, there was the maintenance of a considerable area
of pasture in a state of severe degradation (24.1 Mha) over time. About 9.6 Mha in this
class were areas that lost quality, and 8.2 Mha were areas not mapped in 2018. The areas
that were no longer mapped as pastures in the evaluated period were predominantly areas
classified as low productivity in 2010, mainly class D1 (35.3%), followed by class D2 (30.3%).
Non-degraded areas that were no longer mapped as pastures totaled 34.4% (D0).
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Figure 4. Dynamics of pasture degradation in Brazil between 2010 and 2018. Degradation classes:
D0—Absent; D1—Intermediate; D2—Severe. NP—area not mapped as pasture.

3.2. Factors Related to Variation in Pasture Quality by Rural Property

Pasture represents an important land use in Brazil, since almost half (49.1%) of the
approximately 5.5 million properties available in the CAR base have livestock among their
economic activities, considering the inclusion criteria for analysis of the PDI. The vast majority
of the rural properties in Brazil are comprised of small units (91.4%), followed by medium
(6.4%) and large units (2.2%) (Figure 5). When evaluating the evolution of the quality of
pastures by rural property between 2010 and 2018, regardless of the size of the property, it
was possible to observe that about 60% were classified as Stable (Table 2). In this same period,
there was an increase in quality in a quarter of the properties (25.3%) and a reduction in 15.8%
(Table 2). We noticed that the quality dynamics of pastures was affected by the size of the
property, as small units presented a reduction in quality 2 times as high as compared with
medium-sized ones, and almost 3 times greater than in large ones (16.6%, 8.9 % and 6.2%,
respectively) (Table 2). Considering the gain in quality over time, the large properties showed
a 2-fold increase compared with the small ones (41.2% and 24.3%, respectively).

Figure 5. Spatial distribution of Brazilian rural properties by size class (Small, Medium and Large),
according to the limits available in the CAR—the Rural Environmental Registry.
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Table 2. Distribution of the number of Brazilian rural properties regarding the dynamics of pasture
quality in the period between 2010 and 2018.

Quality Number of Rural Properties
Small Medium Large Total

Stable 1,451,311 (59.2%) 97,200 (57.3%) 31,589 (52.7%) 1,580,100 (58.9%)
Increase 595,445 (24.3%) 57,452 (33.9%) 24,696 (41.2%) 677,593 (25.3%)

Reduction 406,192 (16.6%) 15,027 (8.9%) 3711 (6.2%) 424,930 (15.8%)
Total 2,452,948 (100%) 169,679 (100%) 59,996 (100%) 2,682,623 (100%)

Changes in the quality of pastures on properties are not evenly distributed in the country,
with a predominance of increase in quality in the south and central west regions (Figure 6). The
class of medium properties showed the least evidence of heterogeneity in spatial distribution
(Figure 6B), with the three levels of pasture condition being observed in the different regions.
On the other hand, the class of small properties presented a predominance of loss in pasture
quality in the states of Maranhão, Minas Gerais and Bahia, and in the limits between the states
of Tocantins and Pará (Figure 6A). Additionally, in large properties, which are predominant in
regions with agricultural frontiers and regions with a more recent history of land use, there
was an increase in the quality of pastures, especially in the states of the central west region
(Goiás, Mato Grosso and Mato Grosso do Sul) (Figure 6C).

Figure 6. Spatial distribution of the dynamics in pasture quality in Brazilian rural properties between
2010 and 2018 ((A)—Small properties; (B)—Medium properties; (C)—Large properties).

An important question about the management of public resources applied to land use
is related to its effectiveness, that is, whether properties that receive financial resources are
able to increase their production. We observed that approximately 56% of the polygons
with pastures that received funds from the ABC Plan showed no change in the quality of
pastures, while in another 12% there was a reduction in quality (Figure 7). Therefore, in
approximately 1/3 of the polygons (32%), pastures were recovered in the period evaluated.
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Figure 7. Distribution of polygons with ABC Plan financing contracts for the recovery of degraded
pastures, in the period from 2016 to 2017, classified as loss (Degradation), gain (Recovery) or Stability
in the quality of pastures.

4. Discussion
4.1. Spatial and Quality Dynamics of Pastures in Brazil

The ~0.9 Mha reduction in the total area occupied by pasture between 2010 and 2018
is within the confidence interval of the mapping (±2.5%), as reported by Parente et al. [5];
therefore, there was no significant variation in the area occupied by pastures in Brazil in
this period of time. However, the temporal analysis of variations in the absolute values
of area hides an intense spatial dynamic, as regions classified as pasture only in 2018 had
a similar territorial extension to those that were no longer classified as such in that same
year—i.e., there were gains and losses of pasture areas in equivalent amounts (around
31 Mha). As this is a considerable change in territorial terms, equivalent to the extension
of countries such as Germany or Italy, understanding the spatial dynamics of pastures in
the country requires an assessment of the factors that are contributing to the retraction and
expansion of this land use class. As they are two antagonistic processes, and due to the
magnitude of variation in area, they can only coexist if they occur in different regions.

The retraction in pasture areas occurred mainly in the central west and southeast
regions of the country, while the expansion was detected predominantly in the north region.
Such spatial dynamics is intrinsically linked to the processes of land use and occupation
prevalent in the country [9,45,46]. The pasture retraction areas were occupied by agriculture
(i.e., soy, corn, cotton and sugarcane), predominantly in the Cerrado and Atlantic Forest
biomes. On the other hand, the expansion took place in areas of conversion of native
vegetation, mainly in the Amazon biome [26].

The current dynamics of land use and occupation have contributed to the maintenance
of livestock production, as the increase in non-degraded pastures in 2018 has part of its
composition coming from areas that were not previously classified as pastures. This process
is due to the fact that pasture retraction occurs in predominantly degraded areas (D1 + D2),
and newly converted areas are predominantly non-degraded (D0), since newly formed
pastures tend to have high productivity in the first years of use, due to the high availability
of nutrients, resulting from the process of conversion of native vegetation [12]. However,
this dynamic is not environmentally sustainable, since expansion comes at the cost of
deforestation [47]. The good news is that changes in the livestock production system seem
to be underway, since the aforementioned dynamic would explain the maintenance of
production, but would not be enough to explain the support for the growth of the cattle
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herd, indicating an efficiency gain. In this context, the reduction in the proportion of
pastures with some level of degradation (D1 + D2) between 2010 and 2018 (from 71% to
58%), and the consequent increase in the non-degraded pasture area (D0), observed in
the present study, shows an improvement in the quality of pastures and corroborates the
increase in the efficiency of the livestock activity.

During this period, there was an addition of ~5.5 million animals to the Brazilian cattle
herd, equivalent to an annual increase rate of 0.7 million animals [2]. This increase was
observed in a period in which there was no change in the total area occupied by pastures,
indicating an improvement and increase in the support capacity in the livestock sector.
Analyzing data from the bovine herd and pasture areas (see LAPIG 2021 [38]), we identified
that between 1985 and 2018, the bovine stocking increased from 0.8 to 0.92 AU/ha (animal
unit per hectare). Without this average increase of 0.12 AU/ha, an additional 15 Mha
would be necessary to the livestock system to support the cattle herd accounted for in
2018. Although cattle stocking remains low, on average, and pastures are still not very
productive [31], our results suggest that changes in pasture management and rehabilitation
of degraded areas are possibly underway.

Spatially, the reduction in degraded areas was observed in the mid-west, southeast
and south regions, where areas of consolidated use, with a higher opportunity cost, pre-
dominate [4]. This process is possibly driven by land appreciation, which can lead to
investments to increase livestock productivity in areas that remain in this land use class.
Increased profitability can lead to greater availability of resources for investments, resulting
in a positive cycle of pasture improvement [11]. Better management and, consequently,
a higher proportion of non-degraded pastures, does not always indicate a change in the
owner’s behavior or perception in relation to livestock, but rather a social dynamic in which
owners who choose extensive livestock activities tend to migrate to frontier regions, where,
with a lower land price, larger areas can be acquired, and continue to practice extensive
cattle raising. The areas they occupied tend to be acquired by actors with greater capital and
therefore with the necessary means to maintain intensive livestock farming, often bringing
experiences and concepts from other sectors, resulting in professional administration for
the livestock activity [48]. Thus, it is expected that the proportion of areas with better
quality pastures will increase in regions of consolidated use, as observed in this study.

Despite the aforementioned gain in efficiency, we observed an extensive area of pas-
tures (44.3 Mha) classified as having severe degradation (D2) in 2018. Just over half of this
area had already been classified as D2 in 2010, showing that low productivity is persisting
over time. The cost of recovering the area increases in advanced stages of degradation,
and this factor certainly contributed to the permanence of areas in this class, and a lower
proportion of recovery compared with the recovery of pastures with intermediate degrada-
tion [4]. The greatest dynamic in the intermediate degradation class is probably related to
the traditional management of extensive livestock in Brazil, in which the pasture degra-
dation process is common, due to the poorly technified management, with absence of soil
correction and fertilization process for maintenance of forage productivity [13,49]. In a
first phase, there is an intermediate degradation (D1), which, in the absence of a manage-
ment intervention to recover productivity, advances to severe degradation (D2) [4]. Thus,
intermediate degradation appears to be a transitory condition in the Brazilian livestock
with lower accuracy of the method, which generally follows one of three paths: (a) the
largest proportion is recovered, as observed in this study, and if there are no changes in
management, it will possibly return to this class in a few years and it will be reformed
again, in a vicious cycle; (b) a smaller proportion may progress to severe degradation due
to the absence of intervention; (c) part of the area leaves the livestock system, possibly
through conversion to other uses or coverage.
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4.2. Relationship between the Size of the Rural Property and the Contribution of Resources from the
ABC Plan with the Quality of Pastures

As pointed out by [46], most rural properties in Brazil are small. Additionally, pasture
quality is strongly related to productivity, which in turn enables an increase in the economic
return, due to improved management (technification and intensification). For this, the
owner needs both technical assistance and financial resources [50]. However, the small
producer usually has less equity, low access to credit lines from financial institutions, and
they also lack technical assistance to intensify their productivity [51,52]. Therefore, the
greater proportion of quality loss observed in the present work in small farms illustrates
this reality. At the other extreme, the higher proportion of gain in quality observed in large
properties possibly reflects greater access to the financial resources needed to improve
livestock activity, while at the same time evidencing an increase in socioeconomic inequality
in the livestock sector.

The properties with gains in pasture quality are located mainly in the mid-west region
of Brazil, where there were initiatives to recover degraded pastures such as the Novo
Campo program, started in 2012, in the north of Mato Grosso [23]. In 2009, after a period of
high deforestation rates, more than 20 municipalities in Mato Grosso, which did not meet
the deforestation reduction targets, were included in the Ministry of the Environment’s
(MMA) blacklist, which implied a reduction in revenues and restricted access to credits [53].
In this context, initiatives such as the Novo Campo program have contributed to improving
the quality of pastures in this region [54]. Between 2016 and 2017, this was the region with
the highest proportion of contracts for the recovery of degraded pastures under the RDP
program, which may also have contributed to the results observed in this study.

The proportion of cases in which there was a gain in pasture quality in areas under
contracts of the RDP program was higher than the quality gain observed for properties in
general (32% and 25%, respectively), showing a positive effect of the program on the quality
of pastures. On the other hand, more than half (56%) of the polygons under contracts did
not show quality gains, indicating that this positive effect is still low, since 100% of the
contract areas are expected to have their pastures improved. It is noteworthy that the short
period between signing the contract and the year evaluated in this study may not have
been enough for changes in the quality class to be detected by the tool used, indicating that
pastures are still in the initial stage of recovery in many of the polygons.

The results obtained in this work reinforce the assertions of several studies focused on
the dynamics of land use and occupation in Brazil, which analyzed the role played by the
country in food production and global food security and indicate that the current model
of livestock production is unsustainable [12,17,26,55]. In the northern region of Brazil, the
main agricultural frontier in the country and also in the world, there is still an intense
process of converting vegetation into cultivated areas (agriculture or livestock). These
anthropic actions affect the climate, biodiversity and ecosystem services in the country.
Therefore, a new production model that prioritizes the intensification of livestock in already
open areas can promote increased production and the release of land for grain production,
sufficient to meet the demands of the coming decades, without the need to convert new
areas of remnants of native vegetation [55,56]. The improvement in the quality of pastures
observed in this study may indicate a step in this direction, but all the results indicate that
there is still a long way to go towards more sustainable and more productive cattle raising.

5. Conclusions

In this study, we analyzed the dynamics of degradation of the Brazilian pastures
between the years 2010 and 2018. During this period there was an increase in the quality
and support capacity of pastures in the country. We observed that there were no changes
in the total area occupied by pastures, while the percentage of non-degraded areas and
the cattle herd increased, indicating that there were gains in productivity. The improve-
ment in the quality of pastures, together with the increase observed in the cattle herd,
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indicate that the gain in productivity was due to intensification, i.e., a vertical increase in
livestock production.

The increase in the area of non-degraded pastures occurred due to two factors: (a) re-
traction of pastures with intermediate or severe degradation in the central south of the
country, and conversion of areas of native vegetation to pastures in the northern region;
(b) recovery of degraded pastures, which was 2.7 times larger than the area that lost qual-
ity in this period. Between 2010 and 2018, about 26.8 Mha were no longer classified as
degraded, and in the same period, about 10.1 Mha were classified as degraded.

About 60% of rural properties with livestock activity showed no changes in the Pasture
Degradation Index (PDI). On the other hand, the proportion of properties with gains in
quality was higher than that of properties with a loss of quality, indicating that, on average,
the degradation of pastures on rural properties is decreasing. However, this change is not
homogeneous across size classes. The proportion of small properties that gained quality is
about twice as small as that of large properties, while the proportion with loss of quality
was about three times greater. The increase in inequality between these classes may be
associated with greater availability of financial and technological resources used in the
livestock activity in large properties. One third of the areas with ABC Plan contracts showed
quality gains. However, the results were not sufficient to draw conclusions about the plan’s
effectiveness, indicating that further long-term studies are required.
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