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Highlights
1)	 New Brazil’s Coastal-Marine System have 63 Federal 

Conservation Units

2)	 Lack integration of governmental database negatively affect the 
conservation

3)	 Interface of the Coastal-Maritime System with Caatinga and 
Pampa needs protected areas

4)	 Ecological and geographical representativeness highlighted by 
geospatial analysis

Introduction
At the end of 2019, the Brazilian Institute of Geography and 

Statistics (IBGE) published an interdisciplinary report entitled 
Biomes and Marine Coastal System.1 In this work, geospatial analyses 
supported the revision of the limits of the six biomes of the Brazilian 
territory (i.g. Amazon, Atlantic Forest, Cerrado, Caatinga, Pampa 
and Pantanal) and allowed the mapping of biomes with a 1:250,000 
reference scales. In addition, a new territorial section was presented, 
from the biomes-ocean interface, called Coastal-Marine System 
(CMS). IBGE is Brazil’s main provider of both spatial data and 
geostatistical information, which are used for legal purposes and to 
define governmental policies of country. 

IBGE1 highlighted 4 important points related to the geometry and 
geobiodiversity of the CMS. First, the total area of the CMS (194,837 
km2) includes a continental part, and three structuring factors were 
considered for this domain: geology, geomorphology and vegetation; 

second, the limit of the oceanic part of the CMS is related to the outer 
edge of to the 3 Large Marine ecosystems (LMEs) of the Brazilian 
continental margin (North, East and South Brazil Platforms); third, 
the CMS continental part was mapped at 1:250,000 scale ; and fourth, 
the continental part of the CMS should be interpreted as a “territorial 
sharing area with the biomes”.

According to the IBGE,1 the definition of Brazilian biomes states: 
“biome represents the biotic unit with the largest geographic extension, 
encompassing various communities in different stages of evolution, 
however it is determined accordingly with the dominant vegetation 
cover”. Thus, the biome bears a singular biodiversity, fauna and flora, 
associated with a vegetation cover identifiable on a regional scale, 
besides physical predominant aspects related to climate, geology, 
geomorphology, and pedology. 

The CMS predominantly represents marine domains (93.7%), 
which do not correspond to the concept of biomes from the same 
IBGE. The terrestrial part of the CMS (6.3%) corresponds to the 
geographic areas of terrestrial biomes along the eight thousand km of 
Brazilian coastal domains. The CMS’ terrestrial part is under direct 
influence of climatic and physical-chemical forces determined by the 
vicinity of the sea.2–6 The interaction between these forces, at various 
levels, plays a key role in explaining the disjunctions of vegetation 
and geomorphology at the ocean-continent interface. In this territorial 
range, there is the delimitation of specific coastal ecosystems, such as 
mangroves, sandbanks and dunes.7,8 

On national scale a critical question arises regarding the creation 
of the CMS1 to treat the conservation planning in the ocean-
continent interface zone: what is the ecological and territorial 
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Abstract

The limits of the six biomes of the Brazilian territory (i.g. Amazon, Atlantic Forest, Cerrado, 
Caatinga, Pampa and Pantanal) were recently revised,1 and a new territorial section of the 
ocean-continent interface, called Marine Coastal System (CMS) was presented. However, 
despite being a central theme for conservation planning, the spatial relationship between 
federal conservation units of Brazil (FCU) and CMS remained without integration. In this 
work we investigate ecological and territorial representativeness of FCU on Brazil’s four 
geopolitical regions with biomes and ocean interface by developing spatial modeling (five 
models) encompassing a broad biogeographic context. The objective was to determine the 
spatial relationship between CMS and FCU, through the application of a set of topological 
and algebraic rules. Maps of spatial distribution of the FCU in the 5 biomes and in the 
4 geopolitical regions shows overlapping CMS. The results indicate that among the 63 
FCU found by the M_5 model, 51 FCU present a territorial sharing area with 5 biomes: 
Amazon, Pampa, Atlantic Forest, Caatinga and Cerrado. In the Amazon and Pampa biomes 
occur the largest area of overlap with the CMS, but the highest concentration of FCU 
occurs in the Atlantic Forest biome. The CMS area in the Northeastern region presented 
the highest environmental heterogeneity, and overlaps four biomes, encompassed most of 
the FCU of the ocean-continent interface, and also evidenced that the lack of integration of 
both legal concepts and government databases might cause differences on ecological and 
territorial representativeness of FCU on Brazil’s four geopolitical regions with biomes-
ocean interface.

Keywords: algebraic topology; geospatial analysis; conservation unit; biodiversity; 
conservation laws and policies
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representativeness of the Federal Conservation Units (FCU) in the 
CMS? The administration, protection, enforcement and monitoring of 
FCU are performed by another government agency, the Chico Mendes 
Institute for Biodiversity Conservation (ICMBio). The databases of 
these two governmental institutions are managed independently and 
are not integrated.

Conservation units are protected areas, created by the ICMBio to 
protect biological diversity, genetic resources and threatened species, 
with the main goal to conserve and restore diversity in natural 
ecosystems.9 Brazil’s FCU represents 171 million hectares,10 which 
protects a representative part of global biodiversity.11 In general, 
protected areas support several types of ecosystem services and 
are essential for the success of conservationist policies,12 both for 
threatened species (e.g. IUCN Red list of threatened species), and 
maintenance of the structural elements of ecosystems.13

Conservation planning in the CMS depends on the biogeographic 
representativeness of the FCU in the ocean-continent interface 
region.14,15 Geometry is necessary to determine the topological 
relationship between the pairs of territorial clippings FCU - CMS, 
through the selection and delimitation of geographical spaces.16 

To address the problems that could arise in the spatial representation 
of FCU over the CMS we have used an algebraic topological method 
processed on a Geographic Information System (GIS) environment to 
test the different spatial arrangements and discuss its implications to 
the public policies and conservation planning on large spatial scale, 
such as biome and geographic regions. 

In GIS environment, geospatial analyses make it possible to identify 
multidimensional relationships, which characterize geographic 
spaces and their various structural elements.17,18 The recognition of 
the topological relationship between the geometries of geographical 
spaces precedes other multidimensional analyses of interest and it is 
the tool used by government institutions to manage the use of space 
in cities, and for monitoring and conservation planning of natural 
biodiversity.19,20 Analyses of multidiscipline data is critical to enforce 
protection of accelerated species loss preservation of natural habitats 
or restoration of ecosystems.21–23

Possible spatial relationships between geographic spaces (e.g. FCU 
- CMS), can be described based on algebraic concepts. These concepts 
usually apply to a two or three-dimensional Euclidean space24,25 and 
present definitions based on the theory of sets and Boolean algebra 
and matrices. However, the conservation management of natural 
resources in extensive areas (>100,000 km2), such as the CMS, 
also requires the integration of biotic and abiotic data, which better 
describe the environment and its conditionings on a regional scale.26,27 
If these requisites are observed for analyses in a regional scale 
(1:250,000), environmental heterogeneity can be spatially qualified 
and quantified by attributes related to geology, geomorphology and 
plant typologies.2,28,29 

Because of the recent integration of the CMS to the official 
division of maritime limits of Brazil and the continuous need to 
advance the activities for conservation of national coastal-marine 
protected areas,14,30–32 it is necessary to verify what kind of integrated 
information can be extracted from the government national databases 
regarding the location and spatial relationship of these units and the 
biomes along the geographic regions.

The work aimed to test how the manipulation of government 
databases, with commonly used GIS tools, represents the spatial 
relationship between the FCU and the CMS, in relation to the 5 

biomes and in the 4 geopolitical regions of Brazil. The consideration 
of geopolitical regions is important because the present system of 
FCU management is executed by 5 national management offices of 
ICMBio.

Here we show that the lack of integration of both legal concepts 
and government databases might result on different ecological and 
territorial representativeness of FCU on Brazil’s four geopolitical 
regions with biomes-ocean interface. 

Methods
Database 

The set of vector and geostatistical data applied in this study 
are freely accessible and were obtained from the database of two 
government agencies, ICMBio and IBGE. The limits of the FCU and 
associated geostatistical data, was acquired from ICMBio in shapefile 
format (.shp).33 The limits of the CMS were acquired from IBGE in 
shapefile format.34

The GIS was referenced to the geographic coordinate system: 
GCS_SIRGAS_2000, Angular Unit: Degree, Prime Meridian: 
Greenwich (0.0), Datum: D_SIRGAS_2000, Spheroid: GRS_1980. 
The original file in shapefile format (polygon feature), is available 
in the ICMBio database, and constitutes an asymmetric matrix with 
17 columns (attributes) and 334 rows (elements). The shapefile 
file corresponding to the CMS, is available in the IBGE database, 
constitutes a matrix with 5 columns (spatial attributes) and only 
one row (element). Finally, the database now houses a large amount 
of vector and geostatistical data stored in the form of interrelated 
matrices.

Base layer and target layer

The two feature classes, FCU and CMS, have been added to the 
software content table towards recognition of the area of study and 
initial exploratory analyses (Figure 1). 

Figure 1 Feature class of base and target layers. The base layer represents 
the geometry of the new territorial division called Coastal-Marine System – 
CMS (Source: IBGE). The target layer represents the geometry of 334 federal 
conservation units – FCU.33

In Figure 1, the CMS feature class is indicated as the base layer, 
while the target layer is the feature class, which represents the 
geometry of 334 conservation units (FCU). In the target layer there is 
a subset of FCU which is overlapping to the CMS, and can be selected 
separately, based on algebraic topology models. 
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Algebraic topology

Algebraic conceptual model

The spatial and geostatistical data allowed us to apply the concept 
of spatial object to represent the real condition.35

These spatial objects (e.g. geometry of conservation units), as a 
basic element of the mathematical universe, has an algebraic solution 
in a real coordinated space, in the ordered pair 2 (   = set of real 
numbers), according to algebraic model suggested by Camara et al.35

so = [S, A, ƒ] 		  where:

so is the spatial object (i.e. geographic space)

S ⊂ 2  is a subset of the Euclidean 2D plane ( 2 ) (geometric 
support)

A is a domain set of attributes A1, A2 , ...... , An

1 2 nƒ :  S A x A x ...... xA→ is the attribute function of the spatial 
object. For each location of the geometric support there is an 
associated value of the attribute domain.

In the algebraic model applied in the present study, the spatial 
object (e.g. conservation unit, CMS) is a subset of the two-
dimensional Euclidean plane S ⊂ 2 , which has a set of attributes 

A (e.g. geology, geomorphology, vegetation), which are associated as 
a function of location 1 2 nƒ :  S A x A x ...... xA→  (e.g. geographical 
regions, biomes).

Using a formal definition, the modeling was based on a spatial 
predicate, here denoted by î  where the spatial relationship of FCU 
and CMS pairs – soi and soj – had topological restriction. So, the 
FCU set of the target layer are space objects 1 nSO =  so , ..., so{  }
which has as spatial reference the object of the base layer {so*}. The 
spatial selection operation had topological restriction ö: SO SO→  
and spatial predicate î , which related the spatial objects so ∈  SO 
to the so* object. Thus, the mathematical expression of the spatial 
relationship between the target layer and the base layer (Figure 1) is 
defined by the Equation 1:

( ) ( )( ) î { |ö S O   so S O   î   s o,  s }o *  = ∈                                         Eq. 1

Topologic rules

Four topological rules were applied to extract subsets of spatial 
objects (e.g. FCU) from the spatial relationship between the base and 
target layers (Figure 1), according to topological structure models. The 
definition of each topological rule and its graphic models, in addition 
to the respective mathematical representations of matrix calculus are 
indicated in the diagrams in Figure 2.

Figure 2 Topological rule diagrams used in the spatial analyses. Polygon A 
represents the base layer. Polygons B - F and centroids B - D represent spatial 
objects of the target layer. Right to each diagram; show a general model of 
the matrix scheme of topological relationships between pairs of features. The 
spatial relationships are binary, where each intersection pair can be empty (⦰) 
or occupied (⌐⦰), considering the spatial relationship of the objects, regarding 
their boundary (∂), interior (i) and complement (e).

The topology spatial relationships between the base and target 
layers is based on the principles of disjunction, adjacency and 
coincidence between pairs of features,36,37 as polygon - polygon and 

polygon - point (Figure 2). The interactive computational processing 
bases on the geometric model and the topological rules aimed to 
identify in the target layer different types of spatial arrangements of 
the conservation units in relation to the geometry of the base layer 
(CMS).

The flow of spatial analyses in this study applied the concept of the 
Jordan’s Theorem38,39 and interpreted the polygon feature class as a list 
of arches that represents its border and defines its perimeter. Point, by 
definition, is a zero-dimensional object.40

The first three diagrams of Figure 2 are graphical representations 
based on the interpretation of the binary topological relations model 
developed by Egenhofer et al.,41 to compare the boundary ( ,A B∂ ∂  
and interior (A, B) of objects embedded in a space 2 . Thus, the first 
three diagrams of Figure 2 were algebraically represented by a 2X2  
matrix, called 4-intersection42 as show in Equation 2:

( )4 A, B    
A B A B
A B A B
∩ ∩∂ 

ℑ =  ∂ ∩ ∂ ∩∂ 
                                        Eq. 2

In the case of diagram four of Figure 2, the topological relationship 
is between polygon – point features, which are objects embedded in 
different dimensions, since points are zero-dimensional objects and 
are incorporated into the 0  dimensional space.40 Then, diagram four 
was based on the mathematical model of spatial relations proposed by 
Egenhofer et al.,43 and computed by the winding number method,44,45 
accordingly to Equation 3:

 1
1

 0

 
n

i

wn cos
−

−

=

= ∑                                                                                  Eq. 3

Where 1 2 3    , , , ..... i nv v v v v=  are the vertices of the polygon, p = unit 
vector of the point of each vertex. Thus, if: 0wn = ⇒ indicates that the 
point is outside the polygon, otherwise the point will be within or at 
the polygon boundary.

Thus, the topological relationship polygon – point (diagram 
four) established that the space in 2 , defined by the interior A 
and the border, has a binary topological relationship with a finite 
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subset of coordinate points i iXn , Yn( ) . The topological relation has 
returned the appropriate value empty ⌐ Ο  or non-empty (⌐ Ο ), 
by comparing the geometry of the polygon with the point feature. 
The model has returned non-empty (⌐ Ο ) if the dot matches with 
A or A∂ . Alternatively, the model has returned empty Ο ) if any of 
these conditions are not met, indicating that the point is located in the 
complement (exterior).

For example: let A0 be the set of points that returned non-empty 
(⌐ Ο ). If A0 is within A or on boundary A∂ , then the topological 
setting of rule 4 is true. In the spatial model developed in this study, 
the feature of points is represented by the centroids of the polygons of 
334 federal conservation units.

Centroid calculation

The feature of points corresponds to the centroids calculated for 
the geometry of each of the 334 FCU, contextualized in the biomes 
and geographical regions (Figure 3). The objective was to identify the 
geographic center of the conservation unit area and use it as a spatial 
reference in the geometric model. Once the polygons of the FCU areas 
are predominantly associated with irregular geometries, the general 
case of centroid calculus was applied by differential and integral 
calculus. Thus, the coordinate pairs X_Centroid and Y_Centroid were 
obtained, using the Calculate_Geometry of ArcMapTM. The complete 
FCU’s centroids list is given in Appendix A.

Figure 3 Location of centroids of 334 federal conservation units of Brazil. The 
perimeters of some FCU are not visible due to map scale. The position of the 
central meridian of each UTM zone is indicated by a vertical line perpendicular 
to the latitudinal line. Base map layers source: CMS and Biomes layers (IBGE); 
Federal Conservation Units layer (ICMBio).

Algebraic-topological models with independent 
spatial structures

The mathematical method used to compare the base and target 
layers (Figure 1), does not depend on the extent, type or geometric 
shape of the objects. The types of spatial relationships resulting from 
geometric modeling were highlighted in 4 subsets of elements of 
the target layer (FCU), according to the respective topological rules 
(Figure 2).

In addition to these 4 subsets, a fifth subset was obtained by 
consulting directly to the ICMBio database, using Boolean operators 
in SQL (Structure Query Language). In this way, the 5 subsets of 
elements correspond to spatial structures independent of each other, 
but all subsets are contained in the database of the target layer (334 
elements). 

In the ICMBio database, each element corresponds to a row in 
the table and each row corresponds to only one unit of conservation, 
which is described by 17 attribute domains. At the end of each round 
of analysis, the elements selected in the database and their attributes 
have been exported as a new feature class, which were named 
Model_1, Model_2, Model_3, Model_4, and Model_5. The results 
are shown in the form of maps. 

Model_1 (M_1): the cartographic representation of the FCU 
relationship with the CMS zone obtained in this model corresponds 
to what is currently in use for government policies in Brazil. The 
shapefile file obtained from the ICMBio database, has no metadata. 
However, the examination of the structure of the database revealed the 
existence of a string type attribute domain named ‘biomaIBGE,’ which 
contains a value named ‘MARINE COASTAL’. Thus, the query to 
the database and the selection of matrix elements was executed using 
expressions in SQL language and Boolean logic. The selected subset 
of the data matrix was exported to feature datasets as M_1 in the file 
and personal geodatabase feature class format. 

Models 2 to 5 (M_2 to M_5): These models correspond to the 
new classes of features obtained after computational processing of 
topological rules. The cartographic representation and the relationship 
of FCU shown in each model correspond to the application of only 
one topological rule. Thus, the classes of features named M_2, M_3, 
M_4 and M_5 correspond, respectively, to the ordered sequence of 
the 4 topological rules presented in the diagrams shown in Figure 2. 
In order, the four selected subsets of the data matrix, in each round of 
analyses, were exported to the GIS feature datasets.

Results
Model_1: the ‘coastal marine’ system according to 
ICMBio data

In the M_1 model, 26 FCU have been found in the attribute field 
of the ICMBio database, by using the ‘coastal marine’ value. Among 
the selected FCU, 10 are located in the coastal zone and 16 are islands. 
Some national parks such as “Lagoa do Peixe, Lençóis Maranhenses 
and Jericoacoara, RESEX Marinha do Delta do Parnaíba and ARIE 
Ilha Do Ameixal” were not shown by this selection. The acronyms 
refer to the category of conservation unit according to National 
System of Conservation Units (SNUC) of Brazil, and the acronyms 
meaning is give in Appendix A.

The cartographic representation of the model M_1 (Figures 4C1, 
5C1, 6C1 and 7C1), shows that the southern, northeast, and southeast 
geographical regions have a low density of conservation units, 
although several FCU contained in the borders of terrestrial biomes 
are visibly overlapping with the CMS. The map of the northern region 
(Figure 7C1) does not present any FCU, which means that there is no 
‘coastal marine’ FCU in this region of Brazil, according to the current 
ICMBio database. The ID numbers indicated on the maps correspond 
to the federal conservation units given in Appendix B.

https://doi.org/10.15406/jamb.2023.12.00363
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Figure 4 Brazil’s southern region. The panels show the simplified cartographic 
representation of models M_1 to M_5, regarding topological relationship 
between FCU and CMS. The ID numbers indicated on the maps correspond 
to the federal conservation units given in Appendix D.

Figure 5 Brazil’s northeast region. The panels show the simplified cartographic 
representation of models M_1 to M_5, regarding topological relationship 
between FCU and CMS. The ID numbers indicated on the maps correspond 
to the federal conservation units given in Appendix D.

Figure 6 Brazil’s southeast Region. The panels show the simplified cartographic 
representation of models M_1 to M_5, regarding topological relationship 
between FCU and CMS. The ID numbers indicated on the maps correspond 
to the federal conservation units given in Appendix D.

Figure 7 Brazil’s north region. The panels show the simplified cartographic 
representation of models M_1 to M_5, regarding topological relationship 
between FCU and CMS. The ID numbers indicated on the maps correspond 
to the federal conservation units given in Appendix D.
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Most of the 26 FCUs found by the M_1 model is apparently 
overlapping with the CMS, with the exception of 4 large FCU, 
which are indicated by 2 circles in Figure 3. The circle to the north 
encompasses the geometry of the Preservation Environmental Area 
(APA) and Natural Monument (MONA) of the Archipelago of 
São Pedro and São Paulo. The circle to the south encompasses the 
geometry of the APA and MONA of the Trindade and Martim Vaz 
Archipelago and Mount Columbia. These latter two FCU are located 
in Areas beyond National Jurisdiction (ABNJ), because they are FCU 
located beyond the Exclusive Economic Zone of Brazil (EEZ).

Applying algebraic topology in spatial relationship 
modeling

The APA and MONA of the Archipelago of São Pedro and São 
Paulo and the APA and MONA of the Trindade and Martim Vaz 
archipelago and Monte Columbia, were not selected in the M_2 to 
M_5 models, because there is no topological relationship of adjacency 
or coincidence between the base and target layers, which means that 
their geometry is disjointed relative to the geometry of the base layer 
(CMS). The five models created (from M_1 to M_5), found a total of 
86 FCU, which represents about 25% of all FCU in Brazil (Appendix 
B- sorted by ID).

Models from M_2 to M_5 was obtained through the integration of 
4-intersection42 and winding number methods.44,45 Appendix C presents 
the result of the matrix model of binary topological relationships of 
order 86 × 5 , according to the application of the binary topological 
rules indicated in the diagrams of Figure 2.

The models M_2 and M_4 found a total of 12 insular FCU of both 
Marine Island and fluvial island types, in addition to another 14 FCU 
located at the continent - ocean interface. The models M_2 and M_4 
presented identical distribution of FCU, which indicates that by the 
rules used the 26 FCU geometries are represented within the CMS 
geometry.

The M_3 and M_5 models found an expressive number of FCU, 
25% of the total FCU, which indicates the existence of different types 
of topological relationships between the base layer (CMS) and the 
target layer (FCU), when considering the topological relationship 
between polygon - polygon and polygon - point.

The M_3 model, with less restrictive topological rules (Figure 2), 
revealed that 82 FCU have a topological relationship with CMS by 
considering the polygon – polygon relation. The model M_5 found 
that 63 FCU present the centroid coordinates located within or on the 
boundary of the CMS.

Discussion
Algebraic topology and the indication of CFUs overlap 
with the CMS

The CMS has a wide longitudinal variation overlapping with 4 
UTM zones (Universal Transverse Mercator) and is completely 
inserted in the EEZ over areas which the country has sovereignty. 
Outside the limits of the EEZ the creation of Brazilian protected areas 
depends on international agreement.46

The M_1 model found 4 large federal conservation units located 
beyond the external limits of the CMS: two located on the limits of 
the EEZ and two located in international waters zone (Figure 3). Thus, 
in future reviews of the current limits of the CMS, it is necessary to 
include the geometry of these FCU, because their obvious relevance, 
both in area and in terms of their ecological representativeness.47,48 

Protected areas located in international waters (ABNJ) are important 
for the conservation of global biodiversity.49 

However, the definition of strategies for the conservation of 
biological diversity of the two CFUs located outside the Exclusive 
Zone of Brazil is a complex task, because it represents a theme still 
poorly known by scientists and little addressed by policy makers.48,50 
The model M_1 revealed a situation in which the FCU found does not 
agree with reality. Thus, this model shows that the use of government 
database will provide a completely inadequate answer to the basic 
applications for legal purposes, such the real number of FCU located 
within the CMS and their relationship with other legal limits (states, 
cities, biomes).

The M_2 and M_4 models produced maps with 12 FCU related 
to eleven oceanic islands, and one fluvial island, in addition to 14 
other FCU located at the biome – ocean interface. However, some 
coastal FCU were not found, such as the Coral Coast APA, Parnaíba 
Delta APA, Algas Coast APA and Tamoios ESEC. The exclusion of 
FCU located on coastal areas and islands of remarkable importance 
indicates that the way the information is placed on the database cannot 
result in adequate reports, regarding the simple consultation about the 
real number of FCU related to the new CMS limits. 

The inadequacy of the topologic processing for models M_2 and 
M_4, based on the interaction between pairs of irregular polygons, 
may be associated with two factors: a) in some parts, along the 
shoreline, the overlap range between the continent and the CMS is 
narrow, which prevents the limits of the FCU from being completely 
within the CMS; b) topological rules 1 and 3 (Figure 2) require that 
“the geometry of the target layer element must be completely within 
the geometry of the base layer”, while the spatial model proposed by 
IBGE (2019) admits a partial overlap between features of irregular 
polygons, represented by the irregular geometry of the CMS and 
biomes. Thus, to improve the M_2 and M_4 models, it would be 
necessary to determine, in the topological rule, what is the degree of 
partial overlap of the CMS - FCU pair for the FCU to be selected. 
This presents itself as a quantitative challenge, both for the theoretical 
bases of the structuring vectors proposed by IBGE (2019), and to 
select alternatives among the various types of non-empty topological 
interactions, considering irregular polygons pairs in 2 .41 

The higher number of FCU found in the M_3 model is explained 
by the application of rule 2 (Figure 2), which offered less topological 
restriction than any other topological rule tested. Thus, the matrix 
model returned non-empty (⌐ Ο ), in all possibilities of topological 
relation between two polygons.36,41,42 However, in the topological 
processing of M_3 a ‘geometric mismatch’ was also observed. In this 
model, the topological relationship between polygon-type features – 
polygon enabled the selection of FCU whose border only touched the 
border of the CMS. According to Jordan’s Theorem,38 the boundaries 
of polygons are “a list of arches” and arches are objects embedded 
in 1  which means a one-dimensional object.39,40,42 Thus, geometric 
principles indicate that there is no territorial sharing area between 
polygons, as is required in the IBGE spatial model,1 because the area 
is a property of objects incorporated in the two-dimensional Euclidean 
space 2 .

The model M_5 (63 FCU) represents a subset of the number of 
FCU found in M_3 (82 FCU), although they derive from very distinct 
algebraic-topological models. While the topological rule applied to 
process the M_3 model establishes spatial relationships between 
polygons,42 the topological rule applied to the M_5 model, imposed 
topological restrictions based on a binary state of presence or absence 
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of an infinitesimal point,44,45 indicated by the centroid, i.e., by the 
geographic center of the FCU. In the M_5 model, the selected FCU 
has its geographical center within the SMC or is on its border.40,42 
Therefore, when complying with topological rule 4 (Figure 2), it is 
expected that the total or partial territorial sharing of the FCU with 
the CMS should be a valid condition, because the point is in the 
geographic center of the conservation unit. Thus, the model M_5 
represented the most robust approach to represent the real distribution 
of FCU which overlaps with the CMS. The rule of M_5 model 
showed the most coherent topological analysis and meets the spatial 
condition proposed by IBGE,1 regarding the sharing of information 
between the biomes (terrestrial) and the CMS. Output data obtained 
after the processing of the M_5 model, in the shapefile format, was 
made available in the Mendeley Data repository.51

The spatial component shared between the biomes and the CMS 
is related to the continental FCU. In the case of the 12 oceanic 
islands (e.g. Parna and Fernando de Noronha’s APA, among others), 
the concept of biome does not apply. Thus, the inclusion of oceanic 
islands in the M_5 model occurred because they all have their 
centroid coincident with a pair of geographic coordinates within the 
CMS limits. The inclusion of oceanic islands occurred only because 
the applied topological criteria.

However, the selection of CFU overlapping the CMS in its 
continental part must go beyond the definition of geographic space 
based on the metric of mathematical models, or topological rules 

or concepts related to the distance, proximity and vicinity of spatial 
objects.25 The representation of FCU in these databases need careful 
treatment, in this context for model, and it should have included 
environmental descriptors convergent with the geomorphology, 
geology and vegetation of the biomes.

Spatial relation of biomes and geographical regions 
with the FCU

Biomes

The Amazon and Atlantic Forest biomes are home to the largest 
number of FCU found within the overlapping zones between biomes 
and the CMS. These biomes also contain the largest number of 
FCU.10 Considering the number of FCU in the overlapping zones 
between the Pampa, Cerrado and Caatinga biomes with CMS in the 
M_5 model we have found the smallest number (Figure 8), despite 
the relevant continental area that these biomes have overlapped with 
the CMS.1 The Pampa biome shares 25% of its total area with the 
CMS.1 In this extensive territorial domain, the M_5 model found only 
two FCU, PARNA da Lagoa do Peixe and ESEC do Taim (Figure 4 
and Appendix B), both of which are located near the coastline. The 
responsibility over the CFU is carried out by the five regional offices 
of ICMBio (legal jurisdiction), and in Figure 8 we also showed the 
number of FCU found in the overlapping zone between biomes and 
CMS by the four geopolitical regional divisions (Figure 8E and 8F). 
The Northeastern regions present the largest number of FCU on this 
condition.  

Figure 8 Spatial relationships between FCU and CMS regarding their origin from Brazilian biomes and distributed by the geographic regions. M_5 model is the 
most representative of the FCU overlapping to CMS, when compared to all other models.
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The area of conservation between the CMS and the Cerrado 
biome, which represents 8.9% of the total amount of area shared by 
all biomes, has a relatively short coastline,1 and the model found 3 
FCU in the CMS overlapping with this biome. 

The Caatinga biome occurs exclusively in Brazil,52 and it occupy 
mostly the northeastern region, and three FCU from this biome share 
location with the CMS, with possible phytogeographic disjunction 
related to the island environment of Fernando de Noronha.53 The 
coastline which marks the oceanic limits of the biome is relatively 
long, but the overlapping of the Caatinga biome with the CMS is the 
smallest among the five biomes.1

Despite the long coastline of the Atlantic Forest biome is with 
the Amazon biome that the CMS presents the largest territorial 
overlap.1 In the Amazon domain, the M_5 model found 11 FCU, 
but this number should increase in the future with the acquiring of 
more information about geology, geomorphology and vegetation. 
For model, the centroids of REBIO Lago Piratuba (ID 21) and of the 
RESEX Chocoaré-Mato Grosso (ID 100) are close to the present limit 
of the CMS.1 However, these FCU do not have an approved official 
management plan, which should contain the environmental descriptors 
of the FCU, within the reserve itself and in the surrounding area, and 
that could change the spatial definition of both FCU and CMS limits. 
Management plans are technical-scientific documents that establish 
the zoning, land use, and management of natural resources of FCU.54 
In general, the Amazonian units have difficulty in implementing the 
management plan due possibly the scarcity of information at the 
regional level.55 The improvement of technical-scientific information 
would certainly bring better representation of FCU in the CMS. 

The Amazon biome is mostly represented by Dense Ombrophile 
Forest, which occurs in about 20% of the CMS area.1 In addition to 
this phytophysiognomy, the biome houses other types of vegetation 
typical of the CMS, such as sandbanks and mangroves, which occur 
in a large sector near the coastal zone, mainly in the State of Pará,55–57 
where are most of the FCU found through the M_5 model. Recent 
evaluations of the coastal regions of the Amazon32 indicated that most 
of its coastal ecosystems remained relatively intact (40-60% intact), 
but with increasing anthropogenic pressure, which bring urgency to 
the context pointed herein. 

In the area of territorial sharing between the CMS and the Amazon 
biome, geology and geomorphology are characterized by sedimentary 
deposits related to marine transgressions of the Oligo-Miocene/
Miocene period.58

Later, during the Neogene and Quaternary, these deposits were 
covered by reworked siliciclastic sediments and were accommodated 
by neotectonic activity.59 From this process resulted in modern alluvial 
and Holocene sediments where CMS ecosystems such as mangroves, 
sandbanks, and dunes are present and characterize the FCU of the 
M_5 model in the Amazon.54 

Geographical regions

The FCU showed in the M_5 model represents 4.25 Mi hectares 
(42,500 km2) overlapping with the CMS, which represents 21.8% of 
the CMS total area, and it is distributed along more than 11.2 thousand 
kilometers of land and sea borders which need to be monitored, over 
4 geopolitical regions of Brazil. The enforcement of efficient public 
policies for the protection of the biodiversity of the FCU still represents 
a constant challenge for the Brazilian government.60 In general, the 
FCU showed wide variability in the size of the areas to be legally 
protected and monitored, between 65 and 664,548 hectares (Figure 

9 and Appendix D) and distributed in a vast biogeographic context 
(> 30° variation in latitude). The M_5 model dataset relative to FCU 
perimeters and areas in the geopolitical regions is available in excel 
format, in the Appendix D. Once the costs of government policies to 
protect FCU depends on its location in the territory and its territorial 
extension,12,61,62 the quantity and size of FCU per geopolitical region 
is also of critical importance and asymmetries, as observed in Figure 
9, can help define the right strategies for the creation of new protected 
areas.63 

Figure 9 Variability of FCU areas in the geographical regions. High and low 
outliers are indicated by circles and stars, respectively. The asymmetries in area 
can represent challenges to keep present FCU or create new units.

The northeastern region presented the largest number of FCU 
related to the CMS (Figure 8). This region has a biogeographic scope 
scale, and it presents a high environmental heterogeneity because 
it is characterized by environmental descriptors related to four 
different biomes.1,52 This is an important aspect for establishment of 
public policies, because it presents the potential of good ecological 
representativeness,64 in a region of high geobiodiversity.1 

The subset of FCU in the northeastern region allows the continuity 
of several ecological processes and ecosystem services.65,66 However, 
little improvement is expected in the Ocean Health Index (OHI) in the 
future, due to the low regional performance of economic and social 
indicators.55

Considering the ideal condition for a system of protected, 
ecologically representative, and functional areas,67 the FCU of the 
southeastern region can be considered of relatively small dimensions, if 
compared to the other FCU sets located in other Brazilian geopolitical 
regions.10 This finding is relevant for the conservationist public 
policies on a regional scale, since the extent of habitat protection is 
an important indicator for biodiversity conservation,55,68 because some 
species may require an area larger than others for the maintenance of 
stochastic processes related to demography and genetic structure of 
populations.69

In the southeastern region, the FCU are relatively well distributed 
along the latitudinal gradient of the CMS, which shares territory 
exclusively with the Atlantic Forest biome. This biome is considered 
a hotspot of global biodiversity70 and occupies most of the country’s 
coastal zone.1 However, a recent geospatial analysis of satellite high-
resolution images revealed a residual native vegetation of the Atlantic 
Forest that covers 28%, or 32 million hectares. Of these, only 30% 
represents native forest located within protected areas.71

In the northern region, two FCU are located completely within 
the CMS and 11 FCU present its geographical centers at the limits 
or within the CMS, as indicated in the M_5 model. However, it is 
important to highlight that the M_1 model, the present ICMBio 
database, showed the absence of FCU on the CMS in the northern 
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region. Thus, future studies can address how much this historical error 
in the database affected the protection and management of these FCU, 
since the ecosystems of the northern region are recognized by both the 
high biodiversity and the loss of sensitive natural habitats.60,72,73

At the biome – ocean interface in the southern region, the 
attributes of geobiodiversity proper to the Atlantic Forest and Pampa 
biomes influenced the marked alteration in the geometry of the CMS. 
In Figure 4, it is observed on the continental strip that the beginning 
of the sharp enlargement of the CMS occurs exactly in the transition 
zone between these biomes, and thus proceeds towards the southern 
limit of the Pampa biome, which produced a large area of overlap. 
The explanation for this abrupt change on the internal limit of the 
CMS may be related to geological and geomorphological aspects, 
which are significantly different between the biomes. For example, 
in the ecotone zone, granites and gneisses, and the high escarpments 
of the coastal mountains (“Serra do Mar”) produced enormous influx 
of sediments and formed the extensive coastal plain of the Pampa 
biome.1,74

Conclusion
The present study applied geospatial analyses, based on algebraic 

topology and Euclidean geometry, to model the spatial relationship 
between federal conservation units (FCU) and the new Coastal 
Marine System (CMS) of Brazil. The CMS represents a geographical 
space, meaning a subset of the two-dimensional Euclidean plane, 
which has attributes of geobiodiversity associated with a part of its 
geometry, depending on its location in the biomes. Based on the 5 
spatial models created to investigate this spatial relationship, the M_5 
model is the most robust to represent the real situation between the 
FCU overlapping the SCM. Thus, from the perspective of the efficient 
protection of the natural resources contained in the vast CMS domain, 
the study also concluded that:

a)	 The method, based on algebraic, geometric and topological 
concepts, showed the functional connectivity of landscapes and 
protected areas along a territorial extension of continental scale. 

b)	 Considering the national territory, the creation of new FCU in the 
CMS should be prioritized in the Cerrado, Caatinga and Pampa 
biomes;

c)	 The zone of CMS which overlaps the Atlantic Forest biome 
and the coastal border of the Northeast Region are of central 
importance for the planning of geobiodiversity conservation;

d)	 The present ICMBio database does not contain adequate 
information to allow a robust analysis of the spatial relationship 
between the FCU and the CMS. This fact negatively affects 
the creation and maintenance of efficient government policies 
for the conservation of the biodiversity on a national scale. 
The issues discussed here can be improved in the future by 
integrating the entire SNUC spatial data, i.e., all federal, state, 
and municipal conservation units and natural heritage reserves. 
It is recommended to follow the theoretical-conceptual bases 
contained in the technical document presented by IBGE at the 
end of 2019, because it is important to maintain the reliability of 
spatial data and the interoperability of databases of the Brazilian 
public institutions.
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