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A B S T R A C T

Desertification is a global problem that impacts a significative part of the Earth's surface, which cause a large
environmental and social losses in several regions of the world. The Brazilian semiarid region, located mainly in
the northeast part of the country, includes areas of moderate to very high susceptibility to desertification. In
order to contribute to a comprehension of the dimensions of desertification in the Brazilian semiarid region, this
paper aimed to develop a potential indicator for the evaluation and monitoring of this area, considering an
appropriate temporal and spatial scales. For this objective, satellite data were used for the identification and
monitoring of sub-areas potentially undergoing degradation/desertification. Thus multitemporal series of
Enhanced Vegetation Index 2 (EVI2) covering the period between 2000 and 2016 was used, which were cal-
culated from data provided by the MODIS sensor carried aboard the Terra satellite. Besides, previous samples
were selected for the calibration and validation of the methodology. The results show an increase of areas
potentially undergoing degradation/desertification, covering an area equal to 167,814.24 km2 at the end of the
period analyzed (around 16.7% of the study area). Approximately 23.63% of the total degraded area comprises
both the Very High Degradation Trajectory and High Degradation Trajectory. The proposed methodology
contributed to the determination of the degree of the degradation through the determination of Degradation
Trajectories, which differentiates it from the ones proposed in other studies; however, it is emphasized that this
approach must be analyzed in association with additional information, such as trends and climatic scenarios of
land use and land cover, as well as retrospective analyses of the landscape, soil erosion, field recognition, so-
cioeconomic conditions, among others.

1. Introduction

Desertification, a process known as land degradation in arid, semi-
arid and dry sub-humid areas, resulting from various factors, including
climatic variations and human activities (UN, 1994, p. 4; United
Nations - UN, 1992, paragraph 12.2), is a global problem that impacts
20–25% of the earth's surface (Grainger, 2013; Lambin et al., 2002;
Ramankutty et al., 2006; Reynolds et al., 2007; Sietz et al., 2011). The
term “land degradation” includes the degradation of soil, water re-
sources, vegetation and biodiversity, which significantly reduces the
quality of life of populations affected by this process (Bakr et al., 2012).

Thus, studies related to environmental issues have focused on this
process, as it constitutes one of the major obstacles to the development
of dry regions of the planet (Adeel et al., 2007; Brasil, 2004; Cavalcanti
et al., 2006; Cornet, 2002; Rêgo, 2012). This is partly due to the impacts
generated by human activities to meet the basic needs of local popu-
lations in different regions susceptible to desertification, which ulti-
mately acts as facilitators of the degradation process due to direct ex-
ploitation or overuse of natural resources (Zhou et al., 2015).

Desertification is an environmental and social risk, being considered
by de Nascimento (2015) one of the biggest environmental problems of
contemporary times Annually, there is an estimated loss of 5,300
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million tons of fertile soil and 8 million tons of plant nutrients world-
wide due to different desertification processes (Dharumarajan et al.,
2018). According to data released by the United National Convention to
Combat Desertification - UNCCD, about 2.1 billion people (40% of the
world's population) live in dry regions. Of this total, 90% live in de-
veloping countries that are most vulnerable to climate variability, water
availability and climate change (D’Odorico et al., 2013; Krol et al.,
2006). Approximately 20% of Brazilian territory has degraded areas
(UNEP, 2010, p. 72), the Northeast is the region that presents the
greatest environmental problems of land degradation and desertifica-
tion, with a total of 1,143,491 km2 of susceptible areas desertification
(ASD). Approximately 26 million people live in the Northeast Brazilian
Semiarid Region (NBSR), which is equivalent to 46% of the population
of the Northeast and 13% of the national population (IBGE, 2018),
making it one of the most populous dry regions in the world (Ab’Saber,
1985; Marengo, 2008; Rêgo, 2012).

On the other hand, previous studies on desertification processes in
the Northeast Brazilian Semiarid Region focused mainly on areas
known as Desertification Nuclei (DN), identified in the studies by

Vasconcelos Sobrinho (1982) and classified as at high risk of deserti-
fication. These nuclei are Gilbués (PI), Irauçuba (CE), Seridó (RN) and
Cabrobó (PE) (BRASIL, 2004), as shown in Fig. 1. As already high-
lighted by Lin et al. (2009), it is necessary to reassess the spatial dis-
tribution of areas at risk of desertification. In addition, considering that
the processes that contribute to desertification are dynamic, it is es-
sential to use monitoring techniques to identify changes quickly,
practically and efficiently (Gül and Erşahin, 2019; Helldén and Tottrup,
2008).

Remote sensing data is an affordable and cost-effective alternative
source compared to traditional field survey techniques that demand
more time, are cost and labor-intensive, making systematic monitoring
on a larger scale more costly and difficult to implement (Chen et al.,
2013; Higginbottom and Symeonakis, 2014).

The use of multitemporal vegetation index (VI) series records from
remote sensing data has contributes and presentes itself as an important
tool for land surface monitoring and characterization (Javzandulam
et al., 2005; Jiang et al., 2008; Lambin and Linderman, 2006), in par-
ticular with different types of land cover and land use (Moreira, 2005;

Fig. 1. Study area – Northeast Brazilian Semiarid Region (NBSR) and Desertification Nuclei.
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Silva, 2013). Vegetation indices result from the mathematical combi-
nations of different spectral bands which are almost always from the
visible and near-infrared regions of the electromagnetic spectrum (Viña
et al., 2011). Several studies have been conducted to identify, evaluate
and monitor desertification in arid and semiarid lands, considering
vegetation index (Albalawi and Kumar, 2013; Barbosa et al., 2013;
Chen et al., 2013; Diouf and Lambin, 2001; Erasmi et al., 2006; García-
Gómez and Maestre, 2011; Lanfredi et al., 2003; Lin et al., 2009; Lin
and Chen, 2010; Olsson et al., 2005; Paruelo et al., 2005; Piao et al.,
2005; Sternberg et al., 2011; Symeonakis and Drake, 2004; Tomasella
et al., 2018; Zhang et al., 2008). Particularly for Latin America, vege-
tation index has been considered an important indicator for desertifi-
cation assessment and monitoring, mainly from the discussions estab-
lished during the project to develop a unified methodology for
desertification assessment and monitoring in Latin America in the
1990s (Matallo Junior, 2001; Santibañez and Pérez, 1998) and re-
affirmed during the 13th Conference of the Parties (COP13) of the
United Nations Convention to Combat Desertification (UNCCD) in
Ordos, China (UN, 2017, p. 9). Despite the relevance of using vegeta-
tion index for studies of regions characterized by desertification pro-
cesses, there are few studies considering the evaluation of the Northeast
Brazilian region.

In this context, the objective of this work was to develop a potential
indicator for the evaluation and monitoring of desertification in large
surface areas, in appropriate temporal and spatial scales, considering
satellite data, for the identification and monitoring of areas potentially
undergoing degradation/desertification (AUD).

2. Materials and methods

2.1. Study area

The study area corresponds to the Northeast Brazilian Semiarid
Region (Fig. 1), whose official delimitation was based on three criteria:
a) average annual rainfall of 800 mm or less; b) aridity index
(Thornthwaite, 1941) up to 0.5 and c) daily percentage of water deficit
equal to or greater than 60% (BRASIL, 2017a, 2017b). The Northeast
Brazilian Semiarid Region has an area of 1,007,120 km2 and is made up
of significant parts of the states of Bahia, Sergipe, Alagoas, Pernambuco,
Paraiba, Rio Grande do Norte, Ceará, Piaui, and Maranhão. Most of the
region is covered by the Caatinga biome, the only biome exclusively
Brazilian due to its endemic biodiversity. The region also includes
portions of the Cerrado and Atlantic Forest biomes, thus being the most
diverse in terms of biomes in all of Brazil.

The dry and warm climate of the region is characterized by the high
spatial and temporal variability of the precipitation regime, directly
related to the interannual sea surface temperature (TSM) variability of
the tropical oceans, especially the Tropical Atlantic and Equatorial
Pacific oceans. The region is also marked by the recurrence of droughts
(Marengo et al., 2011), leading to social problems such as economic
loss, famine, migration and family disintegration, etc. In addition, cli-
mate change studies project temperature increases, rainfall reductions
and a tendency for longer periods with consecutive dry days, which
would lead to more frequent/intense droughts and a tendency to ar-
idification in the region (Marengo, 2008; Marengo et al., 2017a,b).
Thus, the combined effects of biophysical and socioeconomic conditions
make the Brazilian semiarid region a hotspot of vulnerability to both

Fig. 2. Examples of samples which present a certain degree of degradation and the time series the EVI2 for a sample point: a) Xique-Xique (7°28′59.51″S,
36°35′24.94″O, Datum WGS84) – Bahia state and b) Serra Branca (10°51′35.76″S, 42°33′16.11″O, Datum WGS84) – Paraíba state; Examples of sample areas from:
Agriculture (c) Quixeré (5°10′26.43″S, 37°53′55.64″O, datum WGS84) – Ceará state and Native Vegetation (d) Serra Talhada (8° 15′35.02″S, 38°10′47.62″ O, Datum
WGS84) – Pernambuco state.
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Fig. 3. Location of the sample points (elements).

Fig. 4. Value of the EVI2 index for the 32 samples.

F.G.S. Bezerra, et al. Ecological Indicators 117 (2020) 106579

4



climate change and desertification.

2.2. Change Analysis.

The proposed method used compositions of multitemporal images of
vegetation index EVI2 (Enhanced Vegetation Index 2) calculated using
data from the MODIS instrument carried aboard the Terra spacecraft
and aimed to characterize the behavior of this index in areas potentially
undergoing degradation/desertification. In general, these areas showed
(i) heavily degraded or an absence of vegetation cover, (ii) low vege-
tation response to precipitation, (iii) signs of soil erosion and (iv) ab-
sence of productive activities (e.g. agriculture). Although the NDVI
(Normalized Difference Vegetation Index) is generally used more fre-
quently in works with this theme (Yengoh et al., 2015), we chose to use
EVI2. The EVI2 presents adjustment in the signal/noise that minimize
the influences of the soil and the sensitivity and linearity of the vege-
tation, thus avoiding the saturation found in the EVI and other

vegetation indices, in addition to minimizing atmospheric distortions,
since the band blue is not used. EVI2 can still reveal the dynamics of
different types of vegetation, especially when reflectance values in the
red band are low, and NDVI becomes saturated (Jiang et al., 2008).

2.2.1. EVI2 overview
The EVI2 (Enhanced Vegetation Index 2) index, developed by Jiang

et al. (2008), highlights the variation in land cover (Freitas, 2011) and
is based on the use of vegetation data from the sensor platforms of the
Moderate Resolution Imaging Spectroradiometers (MODIS) aboard
Terra and Aqua satellites. For the calculation of EVI2 only the surface
reflectance of the Red and NIR (near-infrared) spectral bands were used,
according to the following equation:

=
+ +

EVI2 2.5 NIR - Red
(NIR  2.4Red 1) (1)

In the current study the MOD13Q1 product from the MODIS/TERRA
sensor collection 5 was used, since its temporal and spatial resolutions

Fig. 5. Flow diagram for the identification of the classification threshold (baseline).
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were considered sufficient for our purpose. This product is composed of
globally registered imagery during a 16 day period, with a spatial re-
solution of 250 m.

2.2.2. EVI2 processing
Step 1 – Sampling process and extraction of classification thresholds

(baseline)
The objective of this step was to determine a classification threshold

to be used as a baseline in the identification of areas with degraded
vegetation cover, that is, with some disturbance in their natural beha-
vior and, thus, to enable the monitoring of these areas. Therefore, it was
decided to extract samples (250 m × 250 m) in areas that presented
evidence of degradation/desertification. Fig. 2 presents examples of
areas sampled with evidence of degradation/desertification (a and b),
compared to the areas of Agriculture (c) and Native Vegetation (d). The
initial sample consisted of seven sample points, for which a multi-
temporal series of EVI2 was obtained from 2000 to 2010. This period
was chosen due to the availability of the data, as well as for presenting
neutral conditions in relation to the possible impacts of the El Niño and
La Niña phenomena.

The time series for each sample consisted of 250 EVI2 values, ac-
quired for the months from January to December every 16 days for
11 years. These samples were obtained from an online time series vi-
sualization tool applied to the analysis of land use and changes in
coverage provided by the Remote Sensing Laboratory Applied to
Agriculture and Forest (LAF) of the National Institute for Space
Research (INPE), available at https://www.dsr.inpe.br/laf/series/

index.php (Freitas, 2011).
From this initial sampling, it was possible to estimate the size of the

definitive sample, calculated by the expression:

=n 
t . s

e
n 1, /2

2
0

(2)

where n is the size of the sample to be determined; t /2 corresponds to
the critical t value for the given significance level α (5%) and n0-1
degrees of freedom; e (0.094) is the error of the estimation of the po-
pulation mean, based on the sample of size n0 (7); and s is the standard
deviation of the pilot sample. After computing the final sample size, n0
was added to n, totaling 32 sample points, which are distributed as
shown in Fig. 3. The distribution of the sample points followed the same
criteria as the initial sample, that is, areas with evidence of degrada-
tion/desertification reported in the literature and empirical knowledge
were considered.

After analyzing the metrics to determine the threshold for the areas
potentially undergoing degradation/desertification classification (for
example the difference between the maximum and the minimum ob-
served annual EVI2 value; analysis of the dry season EVI2 values,
among others), we decided to use the historical average of EVI2 as
detailed in section Step 2. The historical average was adopted after
verifying that there was no significant difference (p-value< 0.50) be-
tween the analyzed averages, in addition to the EVI2 values, in the
analyzed areas, they remain near the average value found. The esti-
mated threshold was then calculated from the mean EVI2 values for the
32 sample points (Fig. 4). The threshold for detecting areas potentially

Fig. 6. Flow diagram for the identification of areas potentially undergoing degradation/desertification (AUD) and areas not potentially undergoing degradation/
desertification (NAUD).
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undergoing degradation/desertification in the Northeast Brazilian
Semiarid Region was estimated at EVI2 = 0.254. Areas with a value
below or equal to the threshold were classified as areas potentially
undergoing degradation/desertification. Fig. 5 summarizes the flow-
chart of the classification threshold determination process.

Step 2 – Classification
After calculating the threshold (baseline), the images from 2000 to

2016 were processed to identify areas potentially undergoing de-
gradation/desertification. In order to obtain information for the whole
area of interest, four tiles (h13v9, h13v10, h14v9 and h14v10) were
considered for each date. The data was extracted from the site http://
reverb.echo.nasa.gov/reverb. Initially, the image compositions were
converted from the original HDF (Hierarchical Data Format) format,
sinusoidal projection (Datum WGS84), to GeoTIFF format and geo-
graphic coordinate system, keeping the same datum, as recommended
by Freitas (2011).

Fig. 6 shows the flow of the areas potentially undergoing degrada-
tion/desertification identification procedure. First, to remove from the
analysis any information that brings noise and compromises the relia-
bility of the result, masks were created containing spatially distributed

information from: a) water, b) urban areas, c) dunes, d) rocky outcrops,
e) salt flats, f) beach and e) sandbanks. This information originates from
the land use and land cover classification provided by the Early
Warning System (SAP, 2015). Furthermore, the Reliability images of
the MOD13Q1 product (250 m) were considered to classify the good
pixels. After this process, the images were extracted with annual
average values for each year from 2000 to 2016. Following the calcu-
lation of the annual average values, the images were classified based on
the threshold (baseline), where the pixels had a value less than or equal
to the threshold were classified as areas with some disturbance in their
natural behavior. The next step was the multitemporal analysis of six
consecutive years of classified images (2000 to 2005, 2001 to 2006, …,
2011 to 2016), which resulted in 12 periods for analysis. The use of a
period of six consecutive years aimed to remove from the analysis the
effect of interannual variation of change and fallow land (since studies
indicated that from the fifth year of fallow land in this region, it favors
the restoration of soil quality under Caatinga. (Nunes et al., 2009).

The analysis by period verified the number of years that the value of
EVI2 remained below or equal to the threshold (0.254) and then the
areas potentially undergoing degradation/desertification were

Fig. 6. (continued)
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identified.

2.3. Identification of degradation trajectories

In addition to the identification of areas potentially undergoing
degradation/desertification, the degradation trajectories for the period
2000 to 2016 were analyzed with the specific objective of under-
standing the processes associated with degradation in the region. For
the definition of the degradation trajectories, the multitemporal ana-
lysis of the composite images (AUD + NAUD), referring to the 12
analyzed periods was performed. For this step, we considered: (i)
number of periods in which the pixel was classified as areas potentially
undergoing degradation/desertification, ie, when the disturbance was
observed in is natural condition, (ii) the order of occurrence of these
disturbances, whether randomly or sequentially and (iii) persistence of
the disturbances. Fig. 7 summarizes the flowchart of trajectory identi-
fication.

3. Results

This section presents the results on maps of the areas potentially
undergoing degradation/desertification, from 2000 to 2016. Section
3.1 presents the identification of areas potentially undergoing de-
gradation/desertification areas. Section 3.2 presents an analysis of
changes in the areas identified between 2000 and 2016, while section
3.3 discusses the results associated with the Degradation Trajectories.

3.1. Identification of areas potentially undergoing degradation/
desertification from 2000 to 2016

Fig. 8 illustrates the spatial distribution of areas potentially under-
going degradation/desertification (AUD) during the years 2000 to
2016. The results are presented in 12 clusters of six years. Most of the
areas are located in the central region of the study area, characterized
by tropical-arid or semiarid-tropical climates, where the Caatinga
biome predominates.

3.2. Changes in the degradation/desertification patterns considering the
period 2000 and 2016

In Period 1 (2000–2005), approximately 6.1% (60,976.29 km2) of
the study area was classified as an area potentially undergoing de-
gradation/desertification. From Period 7 (2006–2011), there was the
beginning of an increase in these areas. However, only during Period 10
(2009–2014), did the identified percentage have a significant increase.
Between 2000 and 2016 there was an increase of 175%
(106,846.80 km2) of areas potentially undergoing degradation/de-
sertification, totaling 167,814.24 km2 (an area corresponding to 16.7%
of the study area – Fig. 9).

Fig. 10 shows the areas potentially undergoing degradation/de-
sertification transitions between 2000 and 2016, from which three si-
tuations can be observed: a) areas that in Period 1 were classified as
areas not potentially undergoing degradation/desertification, being
later considered areas potentially undergoing degradation/desertifica-
tion (NAUD - AUD); b) areas that remained as areas potentially un-
dergoing degradation/desertification during the analyzed periods (AUD

Fig. 7. Flow diagram for the identification of degradation trajectories for the Northeast Brazililan Semiarid Region.
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- AUD); and c) areas that migrated from areas potentially undergoing
degradation/desertification to areas not potentially undergoing de-
gradation/desertification (AUD - NAUD).

As shown in Fig. 10, approximately 5.1%, on average, of the
northeastern semiarid areas, considered as areas potentially undergoing
degradation/desertification, maintained this condition throughout the
analyzed period (2000–2016). This result indicates that these areas
have been under degradation processes for a long period. However, for
the last analyzed period, it was observed n increase in the areas that
remained and/or were considered as potentially degraded /desertifying
areas. The increase in AUD-AUD was mainly associated with the in-
crease in NAUD-AUD observed in the previous period (P10-P11). In
these areas, there is the predominance of non-arboreal natural vegeta-
tion, especially transformed to grazing (natural pastures). On the other
hand, to a lesser extent, approximately 0.5% on average of areas pre-
viously considered as areas potentially undergoing degradation/de-
sertification did not maintain the same condition.

Table 1 shows the distribution of the percentage change in transi-
tions, in relation to the semiarid area of each state. The results show an
increase in areas potentially undergoing degradation/desertification in
the NBSR during the period from 2000 to 2016, with marked intra-

regional variations. The state of Bahia presented a greater extension of
areas that remained as AUD in the analyzed period (32,014.77 km2),
followed by Pernambuco (8,596.39 km2) and Rio Grande do Norte
(50,98.78 km2). In terms of the semiarid area of each state, Rio Grande
do Norte, is the most affected, since approximately 10.39% of its area
(5,098.78 km2) has remained under intense degradation process
(Table 1).

The increase of the areas potentially characterized by degradation/
desertification was observed mainly in the states of Pernambuco
(23,942.45 km2), Rio Grande do Norte (11,521.91 km2) and Paraíba
(10,045.15 km2). In the last period analyzed, all of these states pre-
sented approximately 34.05, 32.17 and 24.59% of the total area of the
state as areas potentially undergoing degradation/desertification, if we
consider the semiarid area of the states, 38.68, 34.62 and 27.07%, re-
spectively.

The results also show the increase of areas potentially undergoing
degradation/desertification in the desertification nuclei of Cabrobó
(Pernambuco), Irauçuba (Ceará) and Seridó (Paraíba and Rio Grande do
Norte) (Fig. 11). In addition to these three nuclei officially recognized
by the Ministry of the Environment, as previously presented, the Na-
tional Institute of Semiarid - INSA considers that two other areas can

Fig. 8. Areas potentially undergoing degradation/desertification in the Northeast Brazilian Semiarid Region between 2000 and 2016, according to the analyzed
period.
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also be called desertification nuclei, Inhamuns and Jaguaribe, both in
the state of Ceará (Fig. 11). In these two areas, a significant increase in
areas potentially undergoing degradation/desertification was observed,
mainly in the area surrounding the core of the Inhamuns.

3.3. Degradation trajectories for the Northeast Brazilian semiarid region
(NBSR)

Fig. 12 presents the (a) spatial distribution of the degradation tra-
jectories in the Northeast Brazilian Semiarid Region. Low Degradation
Trajectory, characterized by areas with no or low degradation, corre-
sponds to approximately 81.17% of the region. By contrast, the Very
High Degradation Trajectory (heavily degraded areas potentially in the
process of desertification) and the High Degradation Trajectory (de-
graded areas potentially in the process of desertification), when taken
together, are distributed in 4.22% of the region and correspond to
23.63% of the areas potentially undergoing degradation/desertification
identified in the last period analyzed. These trajectories are mostly
distributed in the central portion (backcountry) of the region.The state
of Bahia is the largest with 30,278,958 km2 of its territory covered by
the Very High Degradation Trajectory and High Degradation Trajectory
Trajectories, followed by the states of Pernambuco (4,514,695 km2) and
Rio Grande do Norte (2,754,841 km2). By analyzing the semiarid area
of each state, it can be observed that Bahia has the highest percentage,

approximately 6.79%, followed by Rio Grande do Norte (5.61%) and
Pernambuco (5.23%). The analysis of the Very High Degradation Tra-
jectory and High Degradation Trajectory identified the municipalities of
Juazeiro (BA), Curaçá, Campo Formoso (BA), Sento Sé (BA), Cocos
(BA), Floresta (PE), Chorrochó (BA), Itaguaçu da Bahia (BA), Abaré
(BA) and Xique-Xique (BA) as those with the highest percentages of
semiarid areas of the municipality as areas potentially undergoing de-
gradation/desertification, indicating that these should be pilot areas for
insertion of public policies for the region to combat degradation/de-
sertification.

Moderate Degradation Trajectory, areas with moderate degradation,
are mainly distributed in the states of Bahia (49,666,480 km2),
Pernambuco (29,101,495 km2) and Ceará (15,342,230 km2), con-
sidering the extension, and in Pernambuco (33.71%), Paraíba (31.15%)
and Rio Grande do Norte (25.70%), when considering the proportion of
the state's semiarid area. Mixed Degradation Trajectory is characterized
by areas with a constant oscillation of occurrences and the persistence
of disturbances. These are areas with productive exploitation char-
acteristics, with a predominance of well-defined disturbance cycles (eg
every two years). Proportionally, the state of Bahia has most of the
areas identified with this trajectory, approximately 62.37%
(3,762,068 km2), followed by the states of Pernambuco 16.60%
(1,001,264 km2) and Piauí 5.49% (331,244 km2).

Fig. 9. Estimation of areas potentially undergoing degradation/desertification (AUD) (thousand km2) between the periods evaluated; differences between periods
and percentage of the study area affected (%).

Fig. 10. Transitions of areas identified as areas potentially undergoing degradation/desertification (AUD) between 2000 and 2016, in consecutive six-year periods.

F.G.S. Bezerra, et al. Ecological Indicators 117 (2020) 106579

10



4. Discussion

The present study focused on the proposition of a methodology on
the determination of a potential degradation/desertification indicator,
based on the limit value of EVI2, with the purpose to use it for spatial
and temporal analysis. A premise was to develop a methodology to
estimate areas under degradation in order to contribute for the debate
on two issues related to the planning of strategies to combat desertifi-
cation on a regional scale: (i) mapping areas under desertification
process and generating reliable information to support the definition of
subregion-specific priorities and needs (Gül and Erşahin, 2019; Sepehr
and Zucca, 2012); and ii) identifying trends and monitoring changes in
the process of desertification (Bakr et al., 2012). We believe that this
approach is relevant in the context of the efforts to meet sustainable
objectives (SDGs), particularly in the scope of the SDG 15, as well as
indicators of soil degradation neutrality (LDN). The presented approach
differs from the other ones previously presented, for example by Erasmi
et al. (2006) and Tomasella et al. (2018), among others, since it in-
cludes the degradation trajectories; thus, establishes the level of de-
gradation of the identified areas and the dynamics of this degradation
in each identified trajectory. Thus, the proposed approach intends to go
beyond the analysis of trends in indices and the identification of de-
graded areas. Although robust, it is highlighted that the detection of
disturbances in degraded areas is from the spectral signal of vegetation,
that is, a phenological signal of vegetation. Therefore, abrupt changes
caused by large deforestation, recurrent fire and/or severe drought, can
harm the entire technique. On the other hand, it is highlighted the
adoption of the validation techniques by the use of high-resolution
images, as proposed in the literature, mainly due to the size of the study

area.
For the specific spatial analysis of the Northeast Brazilian Semiarid

Region, the presence of areas with differentiated degradation/deserti-
fication processes was observed with heterogeneous distribution of
productive areas, with or without disturbances. Similar behavior was
found by Colantoni et al. (2015) and by Salvati and Bajocco (2011),
whose studies focused on analyses in areas of degradation in Italy. In
addition, it was possible to visualize degradation trajectories, thus es-
tablishing the degradation level of the identified areas. The multi-
temporal analysis of EVI2 (identified mean value 0.254) was presented
as a baseline to assist in monitoring the degradation dynamics in al-
ready identified areas. However, we must highlight that this average
value may vary according to the region in which the methodology will
be applied. This may be because each semiarid region on the planet has
its specificities in terms of climate, soils, vegetation, land uses, agri-
cultural practices; therefore, the methodology can be replicated to ob-
tain specific threshold values, according to the region studied. The in-
crease of desertification in the analyzed period, besides demonstrating
the permanence of this phenomenon in the region, can be seen as a
warning for the need to implement urgent measures capable of guar-
anteeing the sustainability of the region's ecosystem.

The results show that the advancement of the areas potentially
undergoing degradation/desertification occurred mainly in the areas
considered as highly susceptible to desertification (Bezerra, 2016;
Vieira et al., 2015). These areas mostly present: i) aridity index, clas-
sified as semiarid, ii) geology and pedology classified as highly sus-
ceptible (Bezerra, 2016) and iii) low levels of socioeconomic develop-
ment, which are associated with two main causes of desertification
(Bakr et al., 2012; Ge et al., 2016; Xu et al., 2019; Zhou et al., 2015). In
addition, there are other factors that determine desertification, such as
rugged terrain conditions, diversity of vegetation cover and poor water
availability.

The observed increase of the areas potentially under degradation/
desertification in and around desertification centers indicates the need
for effective, efficient and permanent strategies of monitoring. Despite
studies and measures developed over the years focusing on these areas,
as well as institutional efforts to mitigate desertification in the
Northeast Brazilian Semiarid Region, such as the State Desertification
Combat Plans (PAE), no transformations have been observed in the
interaction between productive actions and the natural resources of
these areas, as highlighted by Perez-Marin et al. (2012).

According to Bezerra (2016), which corroborates the studies con-
ducted by Sales (2004) and by Lima et al. (2009), the relations of
production and exploitation of natural resources established in the
Brazilian semiarid region, in addition to contributing to the current
state of degradation of this region, continue to act as a catalyst for
desertification processes. As quoted by de Nascimento (2013), these
relationships develop due to the non-observance of environmental and
development policies, especially regarding the occupation of productive
activities, putting at risk the pedobioclimatic capacity, the maintenance
of the vegetation, the health of the water resources and, therefore, the
environmental quality.

Concerning the last period of the analysis, there was a considerable
increase in areas potentially undergoing degradation/desertification.
Although the focus of the study was not intended to evaluate the effect
of climate extremes on degradation/desertification processes, the re-
sults suggest that intense drought (considered the most severe ever
recorded in this region (Brito et al., 2018)) contributed considerably for
the intensification of degradation, reducing the response capacity of
naturally fragile areas. Marengo et al. (2017a,b) point out that the
conditions of this drought began to intensify in 2012 and that the
conditions of the La Niña event in 2013 were not sufficient to com-
pensate for the established drought conditions, and this situation wor-
sened with the occurrence of the El Niño event in 2015. It should be
noted that drought, although not the cause of desertification itself,
exacerbates the human impact on soil degradation and leads to the

Table 1
Percentage of transitions by semiarid area of each state between 2000 and
2016.

State P1 P12 Percentage change
between P1 and P12%

Area of the state with AUD

km2 % km2 %

Alagoas - AL 215.24 1.71 715.28 5.69 ↗ 4.55
→ 1.13
↘ 0.58

Bahia - BA 37,448.25 8.40 71,905.07 16.12 ↗ 8.94
→ 7.18
↘ 1.22

Ceará - CE 1,938.19 1.32 15,463.63 10.53 ↗ 9.41
→ 1.12
↘ 0.20

Maranhão - MA 41.931 1.19 61.08 1.73 ↗ 1.01
→ 0.72
↘ 0.47

Paraíba - PB 3,842.42 7.49 13,887.57 27.07 ↗ 20.28
→ 6.79
↘ 0.70

Pernambuco - PE 9,451.34 10.95 33,393.79 38.68 ↗ 28.72
→ 9.96
↘ 0.99

Piauí - PI 2,498.80 1.25 15,092.90 7.52 ↗ 6.57
→ 0.95
↘ 0.29

Rio Grande do
Norte - RN

5,469.01 11.15 16,990.92 34.62 ↗ 24.23

→ 10.39
↘ 0.75

Sergipe - SE 6.27 0.56 304.00 2.74 ↗ 2.38
→ 0.36
↘ 0.20

NBSR 60,967.44 6.05 167,814.24 16.66 ↗ 11.40
→ 5.26
↘ 0.80

* ↗ = NAUD to AUD; → = AUD to AUD; e ↘ = AUD to NAUD.
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advance of desertification (Cornet, 2002; Zhou et al., 2015).
The definition of the Degradation Trajectories presented in this re-

search, and, consequently, the degree of degradation of the areas po-
tentially undergoing degradation/desertification, can contribute, in this
context, to the direction of mitigating measures and strategies to cope
with the degradation/desertification process, as well as the respon-
siveness of the population in establishing priority areas. Regions where
a disturbance in the natural condition of the ecosystem has persisted,
such as the areas mainly comprised of Very High Degradation
Trajectory and High Degradation Trajectory, tend to have increased
vulnerability and decreased response capacity, especially in cases of
extreme events, as has been observed in recent decades in this region. In
addition, the analysis of the degradation trajectories allowed us to
understand the degradation behavior of the Northeast Brazilian
Semiarid Region and suggests that decision making is not based solely
on the current situation of a region/area. The analysis of the trajectories
also made it possible to verify that in the areas where the degradation is
consolidated (Very High Degradation Trajectory), the dynamics of land
use change and land cover have remained practically constant, with
slight alterations. In other words, no significant changes have been
observed in these areas. The changes have been concentrated mainly in
the Trajectories of Moderate Degradation Trajectory, High Degradation
Trajectory and Mixed Degradation Trajectory, which can be partly ex-
plained by the fact that these areas still have higher responsiveness,
especially in relation to crop production (e.g. agriculture, pasture, etc).

The loss of vegetation cover observed in the analyzed areas in-
creases the risk of soil erosion and, consequently, land degradation,
especially in areas where degradation processes are advanced, as in
areas comprised by Very High Degradation Trajectory. However, it
should be noted that attention to other areas is essential, as most
changes in land use and land cover have occurred mainly in these areas,
including the suppression of plant cover. In this context, the results of
the analyses of degraded areas and their trajectories, presented in this

paper, corroborate with other studies that identified that soil de-
gradation in semiarid regions is the result of the combination of semi-
arid climate with the most severe drought events in certain years and
human activities, such as inappropriate land use, as highlighted by
Bertrand (2004), Bezerra (2016), Ge et al. (2016), Lima et al. (2009), de
Nascimento (2013), Sá et al. (2010), Sales (2004), Vieira et al. (2015),
Xue et al. (2019), among others.

5. Conclusions

In the present study, a new methodology to provide a potential
degradation/desertification indicator, considering the use of the EVI2
MODIS time series, was proposed. The research demonstrated the fea-
sibility of using the records of multitemporal series of vegetation in-
dexes to identify areas potentially undergoing degradation/desertifi-
cation in semiarid regions and the degree of degradation by
determining the Degradation Trajectories, which differentiates it from
other studies that aimed only to identify degraded areas.

According to the results presented, it is emphasized that the dy-
namics of land degradation processes in the study region are not
homogeneous, especially concerning the spatialization and location of
areas undergoing desertification. The multitemporal analysis also in-
dicated that the degradation/desertification processes are still present,
despite the efforts made in recent decades, leading to a considerable
increase in areas undergoing desertification, as well as the permanence
of already degraded areas.

The proposed methodology proved to be useful, timely and efficient
in the scope of development of a potential indicator capable to identify
and monitoring areas under the influence of degradation and deserti-
fication processes; thus, relevant to assist in actions to combat and re-
cover areas undergoing desertification and maintaining biodiversity,
thus aligned with international agreements.

It should also be noted that the method of analyzing multitemporal

Fig. 11. Areas potentially undergoing degradation/desertification in P1(a) and P12(b) versus Desertification Nuclei in the Northeast Brazilian Semiarid Region.
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series of vegetation indices is useful; however, it must be complemented
with additional information, such as trends and climatic scenarios of
land use and land cover with retrospective analysis of the landscape,
soil erosion, field recognition, and socioeconomic information, among
others.
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3.3. Degradation Trajectories for the Northeast Brazilian Semiarid
Region (NBSR)

Fig. 12 presents the (a) spatial distribution of the degradation tra-
jectories in the Northeast Brazilian Semiarid Region. Low Degradation
Trajectory, characterized by areas with no or low degradation, corre-
sponds to approximately 81.17% of the region. By contrast, the Very
High Degradation Trajectory (heavily degraded areas potentially in the
process of desertification) and the High Degradation Trajectory (de-
graded areas potentially in the process of desertification), when taken
together, are distributed in 4.22% of the region and correspond to
23.63% of the areas potentially undergoing degradation/desertification
identified in the last period analyzed. These trajectories are mostly

distributed in the central portion (backcountry) of the region. The state
of Bahia is the largest with 30,278.958 km2 of its territory covered by
the Very High Degradation Trajectory and High Degradation Trajectory
Trajectories, followed by the states of Pernambuco (4514.695 km2) and
Rio Grande do Norte (2754.841 km2). By analyzing the semiarid area of
each state, it can be observed that Bahia has the highest percentage,
approximately 6.79%, followed by Rio Grande do Norte (5.61%) and
Pernambuco (5.23%). The analysis of the Very High Degradation Tra-
jectory and High Degradation Trajectory identified the municipalities of
Juazeiro (BA), Curaçá, Campo Formoso (BA), Sento Sé (BA), Cocos
(BA), Floresta (PE), Chorrochó (BA), Itaguaçu da Bahia (BA), Abaré
(BA) and Xique-Xique (BA) as those with the highest percentages of
semiarid areas of the municipality as areas potentially undergoing de-
gradation/desertification, indicating that these should be pilot areas for
insertion of public policies for the region to combat degradation/de-
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sertification.
Moderate Degradation Trajectory, areas with moderate degradation,

are mainly distributed in the states of Bahia (49,666.480 km2),
Pernambuco (29,101.495 km2) and Ceará (15,342.230 km2), con-
sidering the extension, and in Pernambuco (33.71%), Paraíba (31.15%)
and Rio Grande do Norte (25.70%), when considering the proportion of
the state's semiarid area. Mixed Degradation Trajectory is characterized

by areas with a constant oscillation of occurrences and the persistence
of disturbances. These are areas with productive exploitation char-
acteristics, with a predominance of well-defined disturbance cycles (eg
every two years). Proportionally, the state of Bahia has most of the
areas identified with this trajectory, approximately 62.37%
(3762.068 km2), followed by the states of Pernambuco 16.60%
(1001.264 km2) and Piauí 5.49% (331.244 km2).

Fig. 12. Degradation Trajectories in Northeast Brazilian Semiarid Region.
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