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ARTICLE INFO ABSTRACT

Keywords: Mangroves are ecosystems present in a large part of the Brazilian coastal zone that are home to a wide diversity
Mapping of organisms, providing direct and indirect resources, as well as nursery and foraging habitats. Using images in 5-
Geobia

year intervals (2010, 2015, and 2020), the present study carried out a decadal mapping of the remaining
mangroves of the Doce River delta along the tidal flats of the Mariricu River, in the coastal region of the city of
Sao Mateus-ES. In this context, object-oriented classification methodology (GEOBIA) was used, which allowed
the generation of high-resolution data. This methodology achieved excellent results, as evidenced by the global
accuracy numbers and Kappa index, which gave an average of 96.78% and 93.5% respectively; and by low values
of disagreement, with an average of 3.22%. The change detection analysis showed alterations in the landscape
over time, with 9% of the mangrove areas becoming extinct, 12% of the areas expanding, and 79% of the areas
remaining preserved. Therefore, our mapping data are consistent with the data published by the State Institute
for the Environment and Water Resources of the State of Espirito Santo (IEMA), as well as with scientific works
that recorded areas of reduction and expansion for mangroves, but mostly with large preserved areas. With that,
our results demonstrate the highly effective application of geotechnologies for coastal environmental analyses
with low cost and high speed.

Remote sensing
Mariricu river
Accuracy
Mangrove

1. Introduction

Mangroves are found in tropical and subtropical regions of coastal
zones, between latitudes 30° N and 30° S (Giri et al., 2011), distributed
in protected regions and along estuary margins (Tomlinson, 1986; Duke
et al., 1998). Brazil has the second largest mangrove area in the world
(Bezerra et al., 2022), occupying approximately 10,020 km? (Diniz
et al., 2019) between 4°20'N, Oiapoque-AP, and 28°30'S, Laguna-SC
(ICMBio, 2018).

Mangrove ecosystems are among the most productive and biologi-
cally important in the world (Woodroffe et al., 2014). In addition to
acting significantly in carbon sequestration (Alongi, 2012; Howard
et al., 2017). Especially Brazil’s mangrove soil currently stores about
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3-8% of global carbon (Hatje et al., 2021). They also provide essential
goods and services for society and for the maintenance of marine coastal
systems, including stabilization of coastlines, as well as protection
against tsunamis and hurricanes (Kathiresan and Rajendran, 2005;
Alongi, 2008, 2012; Kristensen et al., 2008; Giri et al., 2011).
Physical-chemical factors are determinant for the development and
permanence of mangroves, which, in general, develop better where the
adequate topography is subject to a large tidal range and large inflows of
water from rivers, rain, nutrients and sediments (Schaeffer-Novelli et al.,
1990). These ecosystems are particularly sensitive to climate and envi-
ronmental changes (Alongi, 2015), and are used as indicators to inves-
tigate coastal changes (Blasco et al., 1996).

The global distributions of mangroves have undergone variations
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Fig. 1. Study area.

during geological and human history, as a result of global climate
change, variations in relative sea level (RSL), and sediment dynamics
(Fromard et al., 2004; Cohen et al., 2012). According to Suguio et al.
(1985), a set of sedimentological and biological evidence can reveal
these variations.

Paleoenvironmental studies have been developed along the Brazilian
coast (Cohen et al., 2012; Franca et al., 2012; Rodrigues et al., 2022;
Nunes et al., 2023), including the Doce River delta (Franca et al., 2016;
Silva et al., 2022, 2023), located in the state of Espirito Santo, south-
eastern Brazil. These studies allow a better understanding of climate
change and variations of RSL reflected in mangrove systems (Castro
etal., 2013; Cohen et al., 2014; Rossetti et al., 2015; Franca et al., 2016).

The Doce River delta has undergone several geological events, and
within sediments can be found traces of this history. For example,
Rossetti et al. (2015) describe three progradation events in the deposi-
tion of beach ridges phases and two transgressive events in the deposi-
tion of transgressive sediments, the latter set of events being registered
in the sediments present in the mangrove forests.

Mapping mangrove areas, obtaining quantitative data from these
areas, and identifying the intensity of changes is extremely important, as
these ecosystems are areas that guarantee the reproduction of aquatic
species; the quality of life of local, regional and global communities;
food availability, improvement of air quality, and stabilization of the
coastline, in addition to the maintenance and promotion of tourist ac-
tivities (Friess et al., 2019; Van der Stocken et al., 2019; Hamylton et al.,
2023).

The geotechnologies available today are essential instruments for
monitoring transformations in geographic space (Felgueiras, 2001).
Environmental modeling, developed with remote sensing data and

geoprocessing techniques, allows us to study the past and the present, in
the quest to better understand the dynamics, what they entail, and what
we can do to maintain or accelerate them, according to human and/or
natural needs.

The GEOBIA method (object-oriented classification) combines the
contextual analysis of visual interpretation with the quantitative aspect
of pixel-based approaches, like a classical method for remoting sensing
analysis (Kamal et al., 2015; Hidayatullah et al., 2023; Kundal et al.,
2023). It is defined by analyzing the image and segmenting it into ob-
jects by grouping similar contiguous pixels, delimiting boundaries with
homogeneous regions (Desclée et al., 2006).

In analyzing the image, the GEOBIA takes into account the user’s
knowledge, integrating several data sources and making available
object-images from physical and abstract information. This information
includes natural and anthropogenic forms, such as those from the cul-
tures that may have originated them (Hay and Castilla, 2008; Blaschke
et al., 2014).

Studies like Nascimento et al. (2013), Carvalho de et al., (2015),
Eugenio et al. (2017), Freitas et al. (2017), Diniz et al. (2019), and Lopes
(2020) mapped the macro-, meso- and micro-tide mangroves along the
Brazilian coast, revealing the variations of the areas in different time
intervals.

Despite the Doce River delta being extensively studied, carrying out a
mapping study of areas that have not yet been cataloged is of essential
importance for a broader understanding of which areas are being most
and least impacted in terms of mangrove forest variations. Such a study
would serve as a scientific basis for understanding the dynamics of areas
of growth and decline/extinction of these ecosystems, thus offering an
interpretation of the data for detecting changes in the mangrove area
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Fig. 2. Flowchart for the methods.

over the course of the decade.

Therefore, considering the hypothesis of recent mangrove dynamics
on the southeastern Brazilian coastal region, the goal of this work is to
evaluate the classification and identify areas of expansion and contrac-
tion of mangroves on the Doce River delta over the course of a decade
(2010, 2015 and 2020), based on geographic object-based image anal-
ysis (GEOBIA), digital elevation model (DEM), and optical images, in
order to provide a pioneering work of great importance for the consol-
idation of an overview of the area, which can be used as a tool for coastal
management.

2. Study area
2.1. Location

The study area is located between the geographic coordinates
39°4521"W 19°4'18'S and 39°46'59'W 18°50'14"S that delimit the

Table 1

polygon with approximately 119.5 km?-80% on dry land and 30% on
oceanic and/or estuarine waters located in northeastern Espirito Santo
State (Fig. 1). The study area is located in a warm and humid tropical
climate, with annual precipitation 1190 mm, approximately, and tem-
perature ranges between 20° and 25 °C (Buso-Junior et al., 2013).
Precipitation occurs mainly during the summer (November-January),
while the winter is characterized by a dry season (May-September),
according to Carvalho et al. (2004). Most of the study area is occupied by
mangrove trees, ~5-10 m tall, represented by Rhizophora mangle,
Laguncularia racemosa, and Avicennia germinans. The sandy coastal plain
flora is characterized by restinga ecosystems and herbaceous vegetation
(Franca et al., 2016; Silva et al., 2022).

Tables with all the acquired data that were used in the mapping, highlighting their characteristics.

SATELLITE/SENSOR TYPE PLATFORM

WAVELENGTH OF BANDS

PIXEL SIZE DATE CAMERA RANGE IMAGING

CBERS 2B optical Satellite 0,51 - 0,73 pm (pan)
0,45 - 0,52 pm (blue)
0,52 - 0,59 pm (green)

0,63 - 0,69 pm (red)

20m 02/16/2010 CCD 113 km

0,77 - 0,89 pm (near infrared)

CBERS 4 optical Satellite 0,45-0,52 pm (B)
0,52-0,59 pm (G)
0,63-0,69 pm (R)
0,77-0,89 pm (NIR)
0,51-0,85 pm (Pan)
0,52-0,59 pm (G)
0,63-0,69 pm (R)
0,77-0,89 pm (NIR)
0,45-0,52 pm (B)
0,52-0,59 pm (G)
0,63-0,69 pm (R)
0,77-0,89 pm (NIR)
0,45-0,90 pm (PAN)

CBERS 4 optical Satellite

CBERS 4A optical Satellite

DEM Optical
Orthomosaic Optical

Aircraft
Aircraft

20m 10/13/2015 MUX 120 km

Sm 09/17/2015 PAN 60 km

2 m (PAN) 92 km

8 m (others)

July 08, 2020 WPM

2m 2012-2015
25 cm 2012-2015




D.C. Lima Miranda et al.

3. Materials and methods
3.1. Data acquisition

The classification of satellite images was performed according to the
object-oriented classification methodology (GEOBIA), with an interval
of 5 years for each year worked and a temporal space of one decade. The
steps followed to reach the final result are schematized in Fig. 2.

The images used were acquired on the free platform of the INPE
image catalog that provides images from the CBERS satellite. The images
are organized thus: CBERS 2B images are from 2010, CBERS 4 from
2015, and CBERS 4A from 2020. After processing, the images have a
resolution of 20, 5, and 2 m, respectively, with properties and charac-
teristics described in Table 1.

Other data used in the work were: (1) an orthomosaic with a reso-
lution of 25 cm/pixel in RGB (true color) articulated in blocks of 10 x
10 km, elaborated through the differential rectification of aerial pho-
tographs based on a digital elevation model (DEM); and (2) a digital
elevation model (DEM), i.e., a three-dimensional representation of the
Earth’s physical surface with a 2 m pixel size, automatically generated
by digital photogrammetry (IEMA, 2015). Both were prepared between
2012 and 2015 under the Mapping ES 2012-2015 project, by the com-
pany Hiparc Geotecnologia contracted by the Institute of Environment
and Water Resources (IEMA, ES, Brazil), acquired on the platform of the
Integrated System of Geospatial Bases of the State of Espirito Santo
(GEOBASE).

Vector data were also used, such as shapes of town, state and federal
boundaries, as well as roads, hydrography and cities obtained from the
IBGE and IEMA databases.

Table 2
Dispositions of the classes and characteristics.
CLASS IMAGE (COLORED TEXTURE, COLOR, LOCATION/
COMPOSITION SHAPE, SIZE CONTEXT
R3NIR4B1)

Fluvial/ Smooth texture, dark It occupies the
Estuarine color, with elongated  central part of the
water meandering shapes image, always

and sizes considered connected to the

large. mangrove class and
connected to the
ocean by an
estuarine channel.

Restinga 3 Rough texture, Most of them appear

{ bright red color, with next to the beach
{ rectilinear shapes, of  class, and irregular
] varying sizes. in shape throughout
the image.

Mangrove Smooth texture, Inserted in the
darker red color, center of the image,
meandering shapes always linked to the
with large rounded fluvial water class.
edges.

Beach Smooth texture, To the right of the
whitish coloring, image, linked to the
large rectilinear class vegetation and
shapes. oceanic waters.

Sea | Rough texture, navy The extreme right of

‘ \ '1 blue color, irregular the image, and

4§ shape and large size.  occurs always
connected with the
beach class.

Farms Irregular texture, Arranged over the

grayish red color
varying to light red
with white dots,
irregular shape and
size.

entire image area,
linked to various
classes.
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3.2. Pre-processing

The acquired images went through pre-processing processes to be
used later in the classification, going through the following treatments.

e Mosaic: The DEM images were mosaicized with a total of six scenes
that covered the entire study area, where they were later cut out on
the perimeter of the polygon of interest; this was carried out in the
Arcmap 10.7 software using the Mosaic to New Raster tool;
Reprojection: All data acquired except the orthomosaic and the DEM
present original projection DATUM WGS1984 and UTM Zone 24S
coordinate system. It was necessary to reproject the data for the
current Brazilian system with DATUM SIRGAS2000 and UTM Zone
24S coordinate system. This reprojection was performed on the QGIS
3.10.14 software platform;

e Atmospheric correction: In the CBERS 2B, CBERS 4 and CBERS 4A
images, atmospheric correction was performed using the Dark Object
Subtraction method from the Envi5.3 software, which aimed to
improve the quality of the images by eliminating radiometric dis-
tortions caused by the atmosphere.

The main evidence of atmospheric effects on the image are the
decrease in surface brightness in specific spectral regions and the pres-
ence of haze, with loss of sharpness in regions of shorter wavelengths.
When passing through the atmosphere, radiation from the sun interacts
with it, causing changes in its propagation, called scattering and ab-
sorption (Latorre et al., 2002).

According to (Meneses and Almeidaorg, 2012) the atmosphere af-
fects the radiance measured at any point in the image in two apparently
contradictory ways: first, it acts as a reflector, adding an extra radiance
to the signal that is detected by the sensor; second, it acts as a spotter,
attenuating the intensity of energy illuminating the surface target.
Another important factor is the so-called additive effect (haze) of the
scattering of rays caused by aerosols, gases and water molecules in the
atmosphere, which reduces the contrast of the image.

The Dark Object Subtraction (DOS) method chosen to be applied to
the CBERS images brought good results. According to Moses et al.
(2017), the technique assumes that the images contain at least a few
dark pixels, where the radiance on the sensor can be completely
attributed to the atmospheric contribution and specular reflection from
the water surface, so the DOS method looks for the lowest radiance in
each spectral band over the entire image which is taken as the dark pixel
radiance. The dark pixel radiance is then subtracted from the radiance
on the sensor for all pixels.

The ideal method to perform the atmospheric correction would be
one that uses in situ or real information, however most users employ
previously collected remote sensing data, and although the DOS tech-
nique is considered simple it only requires information contained in the
digital image data, where it involves the subtraction of a constant DN
value (digital number) in the image (Chavez, 1988).

The fusion method was used in the images developed to improve the
spatial resolution, using the pansharpening tool available on the Arcmap
10.7 software platform. It was possible to achieve an improvement in
resolution from 20 m to 5 m in the CBERS 4 image and from 8 m to 2 m in
the CBERS 4A image. The technique makes it possible to integrate the
best spatial resolution of the panchromatic band with the best spectral
resolution of the other bands, producing color images that combine both
characteristics (Leonardi and Oliveira, 2009).

3.3. Thematic classification

To obtain the classified images of the proposed years, we employed
the object-oriented classification (GEOBIA). GEOBIA is described by Hay
and Castilla (2008) as a subdiscipline of Geographic Information Science
(GIScience) dedicated to the development of automated methods to
partition remote sensing images into significant object-images and
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Table 3
Classification processing tree.
LEVEL PROCESS SON PROCESS ALGORITHM FUNCTION THRESHOLDS
2010 2015 2020
1 Segmentation Image Segmentation Multiresolution _ _ o _
Segmentation
Classification Classify not Continent Classification 10* In ([Mean DEM]) >-58<- >-58<- >-58<-
20 20 20
Classify Continent 10* In ([Mean DEM]) >-3 >-3 >-3
2 Copy Copy Level 1 Classification  copy image object level .
Classification
Classification Classify Vegetation Classification (([Mean B4-NIR]-[Mean B3])/([Mean B4-NIR]+ >-32 >-32 >-32

[Mean B3]))*100 (NDVI)
Classify No Vegetation (([Mean B4-NIR]-[Mean B3])/([Mean B4-NIR]+ <-32 <-32 <-32
[Mean B3]))*100 (NDVI)

3 Copy Copy Level 2 Classification ~ copy image object level _ _ _ _
Classification
Classification Classify Restinga Classification 10*In(Mean DEM) >20.2 < >20.2 < >20.2 <
30 30 30
Classify Farms 10*In(Mean DEM) >4<18 >4<18 >4<18
Classify Mangrove [(10* 1g ([Mean B4-NIR])+(10* In ([Mean > 26.5> >26.5> >26.5 >
DEM])] (Nascimento et al., 2013) 20 20 20
Classify Sea 10* In ([Mean DEM]) >-58<- >-58<- >-58<-
20 20 20
Classify Fluvial Water Assign Class By Thematic ~ __ o _ .
Classify Beach Layer . . . o
Reclassification Distinguish Mangrove Classification Rel. bord to Fluvial Water > 0.4 > 0.4 > 0.4

from Restinga
Agroup classes . Merge Region

evaluate their characteristics through spatial, spectral and temporal
scales, in order to generate new geographic information in a GIS-ready
format.

The GEOBIA classification does not build tools, but it generates
geographic information, which allows users to interpret and respond
effectively to some specific problem, such as global climate change,
natural resource management, land use/land cover mapping, among
others (Hay and Castilla, 2008).

For Hay and Castilla (2008), Antunes (2015), and Trimble, (2014),
the GEOBIA method presents many benefits and advantages, such as the
ability to iteratively create an image, recognizing groups of pixels as
objects. It also provides an analogy to the human mind, using the color,
shape, texture, and size of objects, in addition to the context and re-
lationships of the landscape.

The software used was Definions e-Cognition, which extracts the
meaning of connotations and mutual relationships of objects, not only

from neighbors but from various input data. The software has algorithms
for analyzing the following different aspects: multiresolution segmen-
tation, where weight is assigned to the bands according to the spectral
response ranging from O to 1; segmentation scale and shape; and
compactness. Other aspects analyzed by the algorithm were the classi-
fication, stage of defining, and hierarchical ordering of classes, which
were modeled by fuzzy relevance rules, in addition to merging regions,
the final process of grouping objects belonging to the same classes.

3.3.1. Segmentation

At this stage, the CBERS images were analyzed and carefully
observed to define all the classes to be mapped, taking into account
properties such as: texture, color, shape, size, location and context. In
addition to the visual analysis, the mapping and orthomosaic of the
region, prepared by IEMA in 2012 at a scale of 1:25,000 (the same used
in this work), was evaluated and considered, which allowed a good

CBERS Imagens

\

¥

Level 1 Continent Not Continent
DEM >= - 20 DEM >= - 58 <= - 20
¥ L
Vegetation Not Vegetation Sea
NDVI >= - 32 NDVI =<- 32 10*In(Mean DEM)
>= -58 <= -20
p
o Restinga Beach
10*In(Mean DEM)>= 20.2 <= 30 Thematic Layer

: i Farms
Level 3 | < 10%In(Mean DEM) >= 4 <= 18

Mangrove

| [10*Ig ((Mean B4-NIR])+(10* In
([Mean DEM])] >= 26.5 >= 20
L Rel. bord to Fluvial Water >= 0.4

Fluvial Water
Thematic Layer

Fig. 3. Applied hierarchy in classification.
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o Farms [ Fuvial Water I Restinga [JliMangrove BiBeach | Sea

Fig. 4. Classification process. Al, B1, C1 - reference images of the three R3NIR4B1 periods. A2, B2, C2 - segmentation of images into objects, with different sizes of
objects being visualized in response to the difference in resolution of the images. A3, B3, C3 - merge of objects of the same class, A4, B4, C4 - final classification.
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support for the definition of classes. Table II describes all defined classes
as well as their characteristics that helped in the differentiation.

Adapting the method proposed by Nascimento et al. (2013), the
segmentation process took place at level 1, and after several tests a
combination was found that most highlighted the defined classes. The
CBERS images received weight 1 for the blue (B1), green (B2) and red
(B3) bands and weight 5 for the near infrared (NIR) band, since the latter
better reflects forest areas. Parameter scale 135, for shape 0.1, and
compactness 0.5.

3.3.2. Classification

In the classification stage, several factors were taken into account,
such as defined levels, class hierarchy, types of processes, algorithms,
functions and thresholds, which define the processing tree shown in
Table III.

The classification was carried out according to hierarchy levels
schematized in Fig. 3. In the classification level 1, the continent and non-
continent areas were defined, using the DEM as a tool, with the purpose
of better defining the coastline. At level 2, the continental regions were
distinguished between areas of vegetation and non-vegetation, using the
normalized difference vegetation index (NDVI) as the main criterion,
which evaluates the condition of the vegetation through multispectral
images.

At level 3 all other classes were classified, separating the vegetation
into native vegetation, farm area and mangrove vegetation. To distin-
guish the first two, the DEM was used, as the classes differed greatly in
the topographic elevations, with the native vegetation class (restinga)
between the highest levels and the undergrowth (use area) with the
lowest. The mangrove vegetation was distinguished from the others
through band mathematics with a function developed by Nascimento
etal. (2013), using the NIR band and the DEM, together with the criteria
of proximity to the hydrography, where the mangrove vegetation stood
out for occupying the areas closest to the fluvial drainage.

Areas previously classified as non-continental were reclassified as
sea using the same tools and thresholds. The beach and fluvial water
classes were classified using shapefiles through the Thematic Layer tool
provided by IEMA. Fig. 4 shows the processes described above, going
from the original treated image to segmentation into objects, merging of

segmented objects and final classification.

3.4. Detection of changes

The change detection process was carried out through an adaptation
of the methodology employed by Weckmiiller and Vicens (2013), using
the “from-to” technique. Using the GIS environment of the ArcMap 10.7
software, the maps produced in eCognition in vector format were
inserted; and analyses and data crossing were processed using the
intersect tool, locating exactly the regions that underwent changes.

To highlight the mangrove class, the main object of this study, all
other classes such as area of use, restinga, beach, fluvial water and sea
were grouped and reclassified as “other class,” so only the mangrove
class was analyzed, putting in evidence the regions that have suffered
losses and increases in mangrove forests, as well as areas that have
managed to remain unchanged over the years.

3.5. Evaluation of classifications

There is a strong consolidated bibliography regarding the evaluation
of remote sensing image classifications, where the error matrix is the
main instrument of this analysis. The error matrix works with the pro-
duced and reference data, providing a value of the global accuracy of the
classification and the accuracy of the producer and the user, reaching
the commission and omission error (Story and Congalton, 1986). Kappa
statistics is also used as a tool for classification analysis (Congalton,
1991), in addition to the calculation of the Kappa index for each mapped
class (Congalton and Green, 2019). Despite the wide acceptance of
Kappa statistics in the specialized bibliography, Pontius and Millones
(2011) describe that in a classification there may have been allocation
disagreements, when there is a positional change of the pairs of pixels
arranged in the classified map. Despite the amount disagreement, when
the error occurs in the number of classified pixels.

In this way, the confusion matrices of the three years studied (2010,
2015, and 2020) were generated, bringing information on the number of
reference points, producer and user accuracy, omission and commission
errors, Kappa and Kappa indexes by class and the global accuracy, be-
sides the values of the allocation and quantity disagreements.
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Table 4
Confusion Matrix: Producer and User Accuracy Data, Global Accuracy and
Kappa Index — a) year 2020, b) 2015 and c) 2010.

Classification Mangrove  Others  Total User Comission
Accuracy Error (%)
Mangrove 143 3 146 97.95 2.05
Others 7 147 154 95.45 4.55
Reference points 150 150 300
Producer 95.33 98.00
Accuracy (%)
Omission error 4.67 2.00
(%)
KI for class 0.96 0,91
Global accuracy 96.67% Kappa
Index 93.33%
b)
Classification Mangrove  Others  Total User Comission
Accuracy Error (%)
Mangrove 143 2 145 98.62 1.38
Others 7 148 155 95.48 4.52
Reference points 150 150 300
Producer 95.33 98.67
Accuracy (%)
Omission error 4.67 1.33
(%)
KI for class 0.97 0.91
Global accuracy 97.00% Kappa  94.00%
Index
<)
Classification Mangrove  Others  Total User Comission
Accuracy Error (%)
Mangrove 143 3 146 97.95 2.05
Others 7 147 154 95.45 4.55
Reference points 150 150 300
Producer 95.33 98.00
Accuracy (%)
Omission error 4.67 2.00
(%)
KI for class 0.96 0.91
Global accuracy ~ 96.67% Kappa  93.33%

Index

3.6. Data acquisition for accuracy calculation

To perform the accuracy analysis through the error matrices, it was
necessary to analyze the classification regarding the error and hit sta-
tistics through the confusion matrix proposed by Story and Congalton
(1986). For this, in ArcMap 10.7 software, random points were gener-
ated and sufficiently representative across the entire work area. Thus, a
total of 300 points were randomly obtained for each classification for the
years 2010, 2015 and 2020, divided between the mangrove and others
classes (the latter class formed by grouping together the area of use,
restinga, beach, ocean water, and fluvial water classes), in which 150
reference points correspond to the mangrove class and 150 points to the
others class.

4. Results
4.1. Classification
According to the proposed methodology, based on object-oriented

classification (GEOBIA), the final classifications of the proposed years
were reached, with the mapping of six main classes, namely: Mangrove,
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Farms, Restinga, Beach, Fluvial Water and Sea (Fig. 5a).

The class of greatest interest in this work is located in the central
portion of the mapped area. It differs from other vegetation because, in
addition to presenting a higher NDVI value, it has a more imposing
canopy than the area that stands out in the DEM. It differs also by its
characteristic spatiality, where it is possible to identify that the class
borders and follows a proximity to the river water class; thus, all factors
were decisive for differentiating the class from other vegetation.

Statistically, we can observe that the mangrove vegetation has un-
dergone variations over the years. In the years 2010, 2015 and 2020,
areas of 16.128 km?, 17.425 km? and 16.593 km? were mapped
(Fig. 5b), respectively. Between 2010 and 2015, we observed that the
mangrove forest grew by around 1297 km?. However, in the period from
2015 to 2020, we observed a loss of 0.832 km? of mangrove forests.
When analyzing the two extremes between the years 2010-2020, we
identified a growth of 0.464 km? of mangrove forests (Fig. 5¢).

4.2. Classification accuracy

Following the described methodology, among the 300 reference
points collected in the images of the Google Earth Pro platform available
from the chosen years, 150 were from the mangrove class and 150 from
the others class derived from the union of the other classes. With the
objective of better visualizing the alterations suffered by the mangrove
class over the years, 10-year analyses were carried out, divided into 5-
year intervals, corresponding to the years of 2010, 2015 and 2020.

For the mapping carried out for the year of 2010, out of a total of 300
points, 290 were correctly classified, reaching an accuracy of 96.67%
and a Kappa index of approximately 93%. Of the 150 mangrove class
reference points, 143 were correctly classified, indicating a producer
accuracy of 95.33% and a user accuracy of 97.95%. According to the
methodology of Pontius and Millones (2011), the errors generated dis-
agreements of 3.33%, for the positional classification and quantity
classification (Table IVa).

The error matrix for the year of 2015 shows that 291 points were
classified correctly, out of a total of 300 points, reaching an accuracy of
97% and a Kappa index of approximately 94%. Of the 150 mangrove
class reference points, 143 were classified correctly, indicating a pro-
ducer accuracy of 95.33% and user accuracy of 98.62%, with a total
disagreement of 3.0% (Table IVb).

As in the year 2010, for the images of the year 2020, out of a total of
300 points, 290 were classified correctly, reaching an accuracy of
96.67% and a Kappa index of 93.33%. Considering the 150 reference
points of the mangrove class, 143 were correctly classified, which shows
a producer accuracy of 95.33% and user accuracy of 97.95%. The
observed errors indicate disagreements of 3.33% (Table IVc).

4.3. Change detection in mangrove areas

The change detection was obtained through the intersect tool as
described in the methodology, where it was possible to obtain the areas
that remained unchanged, reduced and expanded, from the largest time
interval that the present work addresses — from the year 2010-2020. As
the main objective was to analyze the mangrove areas, the other classes
were grouped, analyzing only the mangrove class.

The changes that occurred in the study area are shown in Fig. 6a,
through a change detection map, showing the areas that were lost,
expanded and those that were maintained and not changed over the 10
years.

Statistically, assuming that the total area has 119.5 km? when
analyzing the mapped data from 2010 to 2020, we realize that an area of
2170 km? (12%) was occupied by mangrove forests; however, 1706 km>
(9%) of mangroves were reduced, while an area of 14,422 km? (79%)
did not change and remained preserved and/or unchanged. Fig. 6b and c
shows the altered and unaltered areas of mangroves and their corre-
sponding percentage.
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Fig. 6. a- Unaltered mangrove areas, mangrove areas that underwent expansion and reduction. b- Unaltered, reduced and expanded mangrove areas, in m?, c-
Balance in percentage of mangroves in the 10-year time interval, showing that over time the area lost 9.0% of the mangrove areas.

5. Discussions

The mapping carried out includes the main areas of occurrence of
mangroves in the district of Barra Nova, city of Sao Mateus, using recent
tools that are well accepted in the scientific community. The results are
excellent, according to the global accuracy number (Story and Con-
galton, 1986) and the Kappa index (Congalton and Green, 2019), in
addition to the low values of quantity and allocation disagreements
(Pontius and Millones, 2011), considering the intervals of five years
(2010, 2015 and 2020) for the last decade.

Spatial data on the distribution, oceanographic studies, composition,
and condition of mangroves, considering at appropriate spatial scales, is
essential to support the understanding, as well as the management of
mangrove ecosystems and their biodiversity, for instance, using remote
sensing analysis (Kamal et al., 2015; Kundal et al., 2023), and also new
technologies such as drones (Cohen et al., 2023).

The results are justified by the good images of the CBERS sensors
used in the classification, achieving a resolution of 20, 5 and even 2 m,
when applied to the pre-processing techniques in the images. Further-
more, the 2 m mesh digital elevation allowed us to differentiate the
small elevations in the coastal plain that occur in the area, distinguishing
the regions of low vegetation from those areas with the presence of
exuberant vegetation, represented by the well-developed mangroves.

When comparing the mapping data from the present study for the
years 2010-2015 (16.77 km?), considering an average, we identified
similarities with the mapping published by (IEMA, 2015) and carried
out between the intervals of the years 2012-2015 (16.48 km?). Thus, the
works can be analyzed and compared, as they were prepared at the same
scale. The classification presented in the present work, however,
allowed greater refinement with the use of the GEOBIA methodology,
which compartmentalizes and classifies into objects (areas), just as the
human mind analyzes all information and positions in space to better
define the object and classify it.

The expansion of mangrove forests between the years 2010 and 2015
identified in the work is also found in the IEMA studies, which associated
the growth of mangroves along the Mariricu river drainage network
with coastal dynamics and climate change, which causes losses and
gains of mangroves through natural variations. During this period, a
strong drought was observed, more severely affecting the river basins in
the north of the State of Espirito Santo, where in the dry period the

region’s rivers lost their water discharge power and their beds were
invaded by sea water, causing soil salinization and expanding the
favorable environments for the expansion of mangroves.

The works by Nascimento Jr, (2016) and Lopes (2020) revealed that
mangroves in coastal regions in Brazil remain in a good state of pres-
ervation, establishing more gains than losses. For the clipping of the
study region, this similarity continues, because despite the variation in
the mangrove fields, the areas of gain are greater than the areas of loss,
in addition to the confirmation of unaltered areas.

5.1. Mangrove changes and coastal services

Several studies have provided mapping and change detection in
mangrove areas (Saenger et al., 1983; Giri et al., 2011; Diniz et al.,
2019). Therefore, in order to contribute to global mangrove studies, our
data also present a mangrove change, reinforcing the great importance
of understanding the coastal dynamic and its impacts on biodiversity
and human communities.

Basically, the changes in mangrove distribution may have resulted
from sedimentary variables (Moraes et al., 2017; Ribeiro et al., 2018), as
well as sea level fluctuations (Cohen et al., 2012; Franca et al., 2012,
2016; Bozi et al., 2021; Nunes et al., 2023), climate and hydrology
changes (Azevedo et al., 2021; Rodrigues et al., 2022), and anthropo-
genic actions.

The development of mangroves is regulated by continent-ocean in-
teractions and their expansion is determined by the topography relative
to sea-level (Gornitz, 1991; Lara and Cohen, 2006), and flow energy
(Chapman, 1976; Woodroffe et al., 1989), where mangroves preferen-
tially occupy mud surfaces. Thus, a relative rise in sea-level may result in
mangroves migrating inland due to changes in flow energy and tidal
inundation frequency. Similarly, vegetation on elevated mudflats is
subject to boundary adjustments, since mangroves can migrate to higher
locations and invade these areas (Lara and Cohen, 2006). Obviously, the
potential of each variable to influence mangrove establishment will
depend on the environmental characteristics of the given littoral.

Climate fluctuations promote impacts in rainfall (Molodkov and
Bolikhovskaya, 2002), and consequently could also cause changes in
river flow, and estuarine salinity gradients (Lara and Cohen, 2006).
Therefore, this can also affect the RSL, as well as cause direct effects in
mangrove distributions (Cohen et al., 2014).
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In general, mangroves have many pivotal roles, such as bio-
indicators, as well as coastal change indicators, and also because they
control exchanges of materials at the interfaces between land, atmo-
sphere, and ocean ecosystems. They provide coastal protection by
mitigating erosion and storm surge, and also promote food security to
coastal inhabitants, providing nursery grounds for commercial fish and
food resources (Alongi, 2002; Barbier et al., 2011).

Therefore, mangroves are one of the key ecosystems that can
contribute to climate change mitigation (Mcleod et al., 2011; Duarte and
Arabia, 2017; Howard et al., 2017), as well as mangrove systems play an
essential role in human sustainability, providing a wide range of
ecosystem services.

6. Conclusion

The work developed shows that we can combine data from Brazilian
remote sensors, such as CBERS, with the use of GEOBIA techniques in
the study of a specific area of interest and not just in areas of large
territorial dimensions; and by this method we can reach satisfactory and
reliable results. Thus, in a decade, a coastal region underwent changes in
its mangrove area, showing a tendency to growth, but punctuating
variations in the 5-year time intervals.

Currently, society increasingly needs to obtain information about its
environments, seeking to understand their changes as well as the con-
sequences of these changes for biodiversity. Therefore, studies of this
nature are of great scientific, social, educational and economic rele-
vance, as they aim to contribute to decision-making for better man-
agement of coastal environments.
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