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Abstract: The distribution of species of agro-extractivist interest and their ecological relationship
with the physical environment geomorphological and bioclimatic allow supporting strategies aimed
at socioeconomic and environmental development. We evaluated the contribution of high spatial
resolution topographic variables in ecological niche models and the relationship of the distribution of
five tree species with the geomorphological units and bioclimatic variables. The variables related
to temperature variation and water availability proved to be important in predicting the areas of
occurrence of the target species, with increased suitability of occurrence in regions with higher isother-
mality, located in the plateau and table geomorphological units. The predictions showed a significant
difference when high spatial resolution variables were used, generating a more conservative scenario
in the indication of suitable regions for the occurrence of species, important for local scale studies.
The geomorphological units of plateau and tableland showed high suitability of occurrence, while
the fluvial plains and dissected depressions did not present suitability for the occurrence of the
species. The results allow us to strategically define areas with the greatest productive potential
and prioritize areas for conservation, management, ecological restoration of forests, and targeting
areas for the implementation of community agro-industries, essential for territorial planning within
traditional communities.

Keywords: ecological niche models; suitability; savanna formation; agro-extractivism

1. Introduction

Biological communities, including humans, depend on an ecosystem in balance re-
garding its functions and services to maintain its populations. However, human-driven
land-cover and climate change have affected how ecosystems function across the Earth [1,2].
Furthermore, the abundance and success of species of high commercial and social value
(species of agro-extractivist interest) that have traditionally been sustainably exploited by
local communities have also suffered due to a significant reduction and fragmentation of
area available to them [3], putting diverse populations at risk of extinction, with increases
in the number of threatened species and the intensity of extinction risks [4]. In response to
the environmental change human communities worldwide have sought to adapt traditional
practices to try to preserve their livelihoods [5].

The fragmentation of natural landscapes can cause various environmental impacts on
remnant vegetation, which will directly or indirectly influence climate conditions, hydro-
logical cycles, availability, quality of natural resources, biodiversity, ecological interactions
between flora and fauna, and soil fertility. These environmental impacts also affect tra-
ditional populations, especially when there is a reduction in natural resources, essential
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for the maintenance and survival of these populations, such as water and fruits, for the
extraction of pulp, oils, wood, fibers, and resin species present in native vegetation.

Traditional populations hold extensive knowledge about the spatialization and distri-
bution of native species in their territories, which can allow them to develop management
practices that enable a balance between human exploitation of native species and ecosys-
tem’s function [6]. However, the balance between human species use and ecosystem
function can be disturbed by external anthropogenic and climatological factors that al-
ter the availability of natural resources and species distribution. Furthermore, there is a
strong relationship between the structural physical environment of the land, the types of
phyto-physiognomies that occur, and the communities’ way of life. Therefore, to anticipate
the consequences of the external factors within a landscape it is necessary to study the
spatial distribution of species and their relationships with bioclimatic variables and the ge-
omorphological physical environment. In particular, information on terrain characteristics
is very important to explain geographical constraints and map the variability of natural
resources in maintaining sustainable vegetation management for assessment of land-use
capabilities [7].

Information from remote sensors related to the potential distribution of species can
support relevant data in environmental planning in prioritizing areas for biodiversity conser-
vation, sustainable management, and ecological restoration [8]. The spatial distribution is also
a basis for organizing the productive potential for local and regional investments, social orga-
nization, promotion of public policies, and access to credit aimed at bioeconomy programs, in
addition to incentives for the strategic allocation of community-based agro-industries.

Species distribution (DEM) or ecological niche models have a solid predictive capacity
for potential species–environment spatial distribution [9,10]. The fundamental premise
of this modeling is that the observed distribution of a given species provides sufficiently
essential information about its environmental preferences that can be used as predictive
variables to define the appropriate geographic regions for its occurrence [11]. Therefore,
obtaining reliable models requires selecting environmental variables related to the char-
acteristics of the target species [12]. Other models can be used for this purpose, but it is
less statistically robust when considering only the user-predefined amplitude of the species
preference for each environmental variable, such as Fuzzy Analize.

Models with low spatial resolution may be preferred on a continental or biogeographic
scale. However, modeling the species distribution from high-resolution variables can repre-
sent phenomena at a local scale [13], such as ecological corridors, road and river effects [14],
and the model’s sensitivity to geomorphological units. Thus, fine-scale suitability models
may be better suited for conservation planning and management at the local or regional
level [15]. When responses are desired at a local or regional scale, it is essential to introduce
high spatial resolution variables, such as those related to geomorphology (30 m). These
variables can aggregate sensitive information on a spatial scale, considering the abrupt
morphological modification of the soil at distances less than 1 km (scale of spatial resolution
of the bioclimatic variables). This strategy of using topographic variables with high spatial
resolution allows us to better represent the occurrence of the target species in a context of
great importance for agro-extractivism, filling gaps in research that meets the scenarios
aimed at territorial planning in communities that promote the conservation of biodiversity
through its rational use, since they depend on these conserved environments.

Given the above, the objective of this work was to evaluate the contribution of high-
spatial-resolution topographic variables in ecological niche models and evaluate the rela-
tionship of geomorphological units in the species distribution of agro-extractivist interests
in the Cerrado. Thus, we sought to answer the following questions: (i) What is the rela-
tionship between bioclimatic and geomorphological variables with the species distribution
of agro-extractivist interest in savanna vegetation in the TCARP? (ii) Does the inclusion
of high-resolution topographic variables translated into geomorphological units enhance
species distribution models’ sensitivity to geomorphological units?



Sustainability 2024, 16, 3653 3 of 16

2. Materials and Methods
2.1. Study Area

The area selected for the development of the study was the Alto Rio Pardo Territory
(ARP), located in the extreme north of the state of Minas Gerais, on the border with the
state of Bahia, Brazil. The ARP intercepts the limits of eighteen municipalities, totaling an
area of 15,322.9 km2, located between the parallels 4◦58′ and 16◦30′ of south latitude and
41◦34′ and 42◦49′ of west longitude (Figure 1), and includes two main hydrographic basins,
the Alto Rio Pardo and the Alto Jequitinhonha, in a transition region between the Cerrado
and Caatinga biomes.
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The region is characterized by its seasonal climate, with dry winters and rainy sum-
mers, average annual precipitation around 795 mm, poorly distributed during the rainy
season, and an average temperature of 24.2 ◦C [16]. According to the classification by
Koppen and Geigen [17], the climate in the region varies between humid Subtropical with
dry winters and hot summers (Cwa), Subtropical with dry winters and temperate summer
(Cwb), and Tropical with dry summers (As). The Cwb climate is predominant in the north
and northwest regions of the territory, in the plateau areas and in the regions of higher
altitudes located in the Serra Geral do Espinhaço, which reach 1700 m of altitude; the “As”
climate, predominantly in the center-south region, in depression areas of the Jequitinhonha
valley and river plains, with average altitudes of 700 m; and the Cwa climate is distributed
throughout the territory in plateau areas, with an average altitude of 1000 m (Figure 1).

2.2. Target Species

The present study contemplates five target species of agro-extractivist interest, four
of the selected species for non-timber use: “araticum” (Annona crassiflora Mart.), “pequi”
(Caryocar brasiliense Cambess), “cagaita” (Eugenia dysenterica (Mart.) DC.), and “mangaba”
(Hancornia speciosa Gomes); and, a species of wood interest: “Veludo” (Tachigali subvelutina
(Benth.) Oliveira-Filho). The choice of non-timber species was based on their food impor-
tance for the communities and their economic potential in the commercialization in natura
or processed in the region. They are responsible for various products and by-products of
benefit to the communities, such as pulps, juices, sweets, jellies, ice cream, oil, nuts, and
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flour. They are sold directly at institutional fairs and private markets. The wood species
was selected for its wide use for local family consumption [18], comprising by-products
such as firewood and stakes for fences, corrals, ox carts, among other uses.

Other species are also managed by communities in the north of Minas Gerais, for
timber and non-timber use, but the five species selected in this manuscript stand out in
the aforementioned criteria, also selected by research projects and socioeconomic and
environmental development in the territory [19].

2.3. Environmental Variables to Species Distribution Modeling

Twenty-three environmental variables were acquired, being 19 bioclimatic and four
topographic. The detailed description of each variable used in this study and their re-
spective values associated with the ecological macro-reading of the ARP are presented in
Supplementary Material, Table S1.

The bioclimatic variables were obtained using WorldClim–Global Climate Data (http:
//www.worldclim.org/) [20], available in matrix format, with a spatial resolution of 30 arc-
seconds, that is, approximately 1 km.

The variables related to geomorphological units were incorporated due to their strong
relationship with the distribution of phyto-physiognomies, water resources, and the lay-
out and occupation of the landscape by human communities. The selection of variables
related to geomorphological units followed the method described by Vasconcelos et al. [21]
(Figure 2), which describes the use of digital elevation models and their derivatives in
colored composition (R/G/B: altitude/slope/minimum curvature or terrain aspect). The
classification and visual interpretation of the colored composition were according to Sena-
Souza et al. [22], following the taxonomy of geomorphological mapping described by
IBGE [23].
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Figure 2. Schematic model of the classification and vectorization process of geomorphological units.
The method was used to select variables to compose the database used in the species distribution
models (MDS) of agro-extractivist interest in the Geraizeiras communities of the Alto Rio Pardo
Territory in Minas Gerais.

A margin of 50 km in the upper, lower, left, and right limits of the ARP were added to
the geospatial bases cut, to better interpret the occurrence adequacy models in the boundary
zones of the study area. Subsequently, the cutting of the models’ results for the study

http://www.worldclim.org/
http://www.worldclim.org/
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area limits was performed. The extension of the study area aims to reduce the arbitrary
effects of ecological truncation associated with the limits (perimeter) of the territory, which
have no ecological relationship with the distribution of species, thus including possible
environmental gradients and zones intercurrence of related species [24].

The bioclimatic variables were resampled [25,26], using the Arcgis Pro 3.1.2 “Resample”
tool for the resolution of 30 m, according to the geomorphological variables, keeping
the matrix value of bioclimatic variables original. It is important to emphasize that the
bioclimatic variables have an original spatial resolution of 1 km. Therefore, keeping the
refined pixels (30 m) with the original pixel values is mandatory. They aimed at the best
contribution to the refinement of areas of suitability for species occurrence through the
geomorphological (topographical) variables inserted in the bioclimatic characteristics. The
database with an original spatial resolution of 1km was also used in data processing for
comparative purposes with the model with spatial resolution refinement (30 m), adopting
the same methodological procedures. For comparative purposes, the occurrence suitability
values among the different spatial resolution were submitted to the non-parametric Mann-
Whitney test [27] at 5% probability, using 1000 random points distributed in areas with
adequate occurrence of the target species.

2.4. Data Collection for Species Distribution Modeling

Species distribution modeling consisted of two stages (pilot modeling and final mod-
eling). The pilot modeling was carried out with available species occurrence data, between
online data [SpeciesLink (http://splink.cria.org.br/), the Global Biodiversity Information
Facility (GBIF: www.gbif.org)] and data from work carried out in the region [18,28,29], as
well as records collected by researchers and technicians from Embrapa Genetic Resources
and Biotechnology in work related to the collection of botanical material and identification
of populations of native species in the north of Minas Gerais, all incorporated into the
CEN Herbarium. After preparing the pilot species distribution map using the Maxent
algorithm version 3.4.1 [9], it was used to plan field expeditions and collect data from
species occurrence records in different suitability strata to perform the final modeling.
This strategy was adopted to incorporate new occurrence records for the final modeling,
considering random samples across the range and variation of the suitability of species.

2.5. Data Related to the Occurrence of Species

The survey of the occurrence points of each of the target species was obtained through
primary and secondary data. The primary data consisted of recording geographic co-
ordinates with navigation GPS during field expeditions in various fragments of native
vegetation. On the other hand, secondary data consisted of obtaining information on
species used in the pilot modeling.

For secondary data, imprecise records regarding the geographic location of species
occurrence points were eliminated, such as those taken before the advent of GPS in the
1990s, of points in the center of cities and water bodies, of records with less than four
decimal places, in addition to data filtering through the simple rarefaction tool, from the
SDMtoolbox 2.0 package [30]. In addition, species occurrence points with a distance of
less than 1 km were eliminated to avoid more than one record within the same pixel,
considering the original spatial resolution of the bioclimatic variables.

2.6. Selection of Variables to Adjust Species Distribution Models (SDM)

The environmental variables were submitted to principal component analysis (PCA).
Being used in the processing of data, the principal components (PCs) accounted for 95% of
the explained variance. The PC scores were rasterized as a strategy to eliminate collinear-
ity and autocorrelation between variables [31,32]. The component rasterization process
was performed using the “rasterPCA” function, from the RStoolbox package, in the R
3.4.4 software [33].

http://splink.cria.org.br/
www.gbif.org
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As the first PCs are the most important in explaining the variability of the data, they
are represented by all the variables involved in the analysis. However, some variables
have greater weight—that is, a more significant contribution to this component. Thus, data
processing was performed using the main rasterized components. Initially, the variables
with the highest eigenvalue in the first axes of the PCA (with the most significant repre-
sentation of the variance) were filtered and used to interpret the relationship between the
environmental variables that best explained the occurrence of the species. In other words,
the essential variables in the principal components with the most significant representation
of the data variance were used.

The variables within each PC were evaluated for multicollinearity through the vari-
ance inflation value (VIF). This assessment aims to select the essential variables free from
multicollinearity when the variance inflation values are below threshold 10 [34]. With
multicollinearity between the bioclimatic variables, the criterion adopted was to maintain
the variable corresponding to the quarter in which the species flowering/fruiting occurred.
This interpretation includes a bioclimatic variable related to phenological characteristics,
which is essential to maintaining the species in its occurrence environment. However,
this criterion was not applied when the selected variable had superior eigenvalue within
the principal component. Thus, the modeling was performed based on the analysis re-
sults of rasterized principal components and the interpretation of the most important
variables related to species occurrence due to the higher eigenvalue of the data in the
principal components.

2.7. Algorithms Used, Processing Parameters, and Model Evaluation

Nine algorithms were used to project the areas of the suitability of species occur-
rence [35], in order to contemplate different statistical interpretations in the projection of
areas of suitability of species occurrence and avoid bias in the choice specific algorithms.
The algorithms used were: Artificial Neural Networks (ANN) [36], Classification Tree
Analysis (CTA) [37], Flexible Discriminant Analysis (FDA) [38], Generalized Additive
Models (GAM) [39], Generalized Boosting Model (GBM) [40], Generalized Linear Models
(GLM) [41], Maximum Entropy (MAXENT) [9], Multiple Adaptive Regression Splines
(MARS) [42] and Random Forest (RF) [43]. Analyses were performed using the “biomod2”
package in the R software [44].

The total number of occurrence records was divided into 70% for training and 30% for
validation [45,46], with five replications for calibration of the adjusted models. For the RF,
CTA, and GBM algorithms, the processing considered the number of pseudo-absences (PAs)
equal to the number of occurrence points of the species. The other algorithms used five sets
of 1000 PAs to provide a better quality of the models’ fits [47]. The Pas’ creation method was
the “disk”, present in the “biomod2” package of the R software, with a maximum distance
equal to the average distance between the occurrence points and the minimum distance
equal to the average distance between the reference point and the nearest points [44].
Twenty-five models were processed for each algorithm (five repetitions for five sets of
pseudo-absences), totaling 225 models at the end of processing to each specie.

The final map of species occurrence suitability was obtained through the ensemble of
all models, among the different algorithms used [48], and whose performance was greater
than 0.4 concerning the accuracy metric True Skill Statistic (TSS) [49,50]. The binary map
was also built based on the ensemble model. This map was obtained by the value that
considers the scores above the threshold that maximizes the sensitivity and specificity
(ROC Threshold) [51].

All algorithms and precision metrics were processed in R 3.4.4 software. The routine
developed by the Ecology Laboratory (LabEc) at the State University of Mato Grosso–Alta
Floresta Campus [52] was used, with necessary modifications to meet the peculiarities of
this study. The elaboration of maps and post-processing of the images were carried out
using the Arcgis Pro 3.1.2.
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3. Results
3.1. Accuracy of Occurrence Suitability Models

Species distribution modeling was performed using seven components generated from
PCA that correspond to 96.1% of the explanatory variance, counting with 783 occurrence
records, distributed in 68 points for Annona crassiflora, 467 for Caryocar brasiliense, 122 for
Eugenia dysenterica, 77 for Hancornia speciosa, and 49 for Tachigali subvelutina.

According to the precision metric used, TSS for all models showed, on average, good
quality in the adequacy projections. However, the Generalized Linear Models (GLMs)
algorithm stood out with high predictive power of the suitability zones for three species
(E. dysenterica, H. speciosa, and T. subvelutina) (Supplementary Material, Figure S1). For
the species A. crassiflora and C. brasiliense, the GLM model also presented good precision
statistics. However, the algorithms Artificial Neural Networks (ANNs) and Generalized
Additive Models (GAMs) resulted in higher TSS values for C. brasiliense and, of Random
Forest (RF) algorithm was better for A. crassiflora. The CTA algorithm had the lowest
predictive power for all species. However, it is considered satisfactory for presenting
TSS > 0.5, with better prediction than expected by chance [49].

The models that presented adequate precision metrics were expressed in an ensemble
map (Figure 3). The species C. brasiliense had the largest coverage area with suitable
occurrence in the ARP, with 50.1% of suitable areas, followed in descending order by E.
dysenterica (45.8%), H. speciosa (37.4%), A. crassiflora (35.9%), and T. subvelutina (17.7%).
The unit models of each algorithm by species are presented in Supplementary Material,
Figures S2–S6.
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Figure 3. Ensemble map of occurrence suitability by species of agro-extractivist interest for the
Geraizeiras communities of the Alto Rio Pardo Territory (ARP) in Minas Gerais. Where: High
indicates the maximum occurrence suitability values; Low indicates the minimum occurrence
adequacy values; Unsuitable indicates unsuitable locations for occurrence. ROC threshold (An-
nona crassiflora = 44.5013; Caryocar brasiliense = 39.7287; Eugenia dysenterica = 44.9449; Hancornia
speciosa = 46.7469; Tachigali subvelutina = 39.8240).
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3.2. Geomorphological and Bioclimatic Relationships in the Suitability of Occurrence of
Agro-Extractivist Species Interest in the Cerrado Biome

For all species, topographic variables were relevant in predicting areas with occurrence
suitability and other variables related to temperature and precipitation. The species, A.
crassiflora, C. brasiliense, and T. subvelutina, had a total of five variables in the models with
the high predictive power of the suitability zones, and the species E. dysenterica and H.
speciosa had four variables (Table 1).

Table 1. Variables with the high predictive capacity of the species occurrence suitability zones, with
their respective variance inflation values (VIF), tested in the adjustment of species distribution models
(MDS) of agro-extractivist interest for the Geraizeiras communities in the Alto Rio Pardo Territory
(ARP), in Minas Gerais.

Species Environmental Variables VIF

Annona crassiflora

bio1—annual average temperature 1.10

bio3—isothermality 1.25

bio12—annual precipitation 1.21

Aspect—direction of slopes 1.01

Slope—slope in degrees 1.17

Caryocar brasiliense

bio1—annual average temperature 1.10

bio4—temperature seasonality 1.57

bio12—annual precipitation 1.45

Aspect—direction of slopes 1.03

Slope—slope in degrees 1.04

Eugenia dysenterica

bio4—temperature seasonality 1.43

bio9—average temperature of the driest quarter 1.39

bio12—annual precipitation 1.24

Slope—slope in degrees 1.01

Hancornia speciosa

bio4—temperature seasonality 1.43

bio9—average temperature of the driest quarter 1.10

bio12—annual precipitation 1.26

Aspect—direction of slopes 1.07

Tachigali subvelutina

bio3—isothermality 2.18

bio9—average temperature of the driest quarter 2.06

bio16—precipitation in the wettest quarter 1.11

Aspect—direction of slopes 1.12

Slope—slope in degrees 1.04

The northwest region of the Alto Rio Pardo Territory (ARP) showed the highest
suitability values for all species, which is the region that presents the highest isothermality
(Supplementary Material, Figure S7). The geomorphological relationship with the Cerrado
sensu stricto phyto-physiognomies corroborates the results of the ensemble model of the
potential distribution of the target species of this study, where the areas suitable for the
occurrence of the species were predominantly located in plateau and table areas, and
these environments are naturally covered by savanna vegetation. In a macro-reading
of the landscape in the ARP (Figure 4), a geomorphological unit called the dissected
depression in the southeast was observed. This unit exists under the influence of the
middle Jequitinhonha hydrographic basin, where seasonal forests predominate. In the
northeast, with a predominance of vegetation in transition, which is characteristic of the
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Caatinga biome, there are no records of occurrence of the five species. In addition, the region
located in the extreme west, outside the limits of the ARP, characterized by a depression
dissected by the influence of the São Francisco River basin, also does not present records of
occurrence. In general, in the southern part of the Alto Rio Pardo Territory, areas that are
not suitable for the occurrence of the five species evaluated predominate. In this region, the
predominant formation is forestry, specifically seasonal deciduous forests.
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Reflectance patterns of phyto-physiognomies of savanna and forest formations, asso-
ciated with geomorphological units, can be visualized in Landsat 8 satellite images, with
false-color interpretation (Figure 4). Reddish tones are represented by surfaces with active
photosynthetic rates, predominantly in plateau and colluvium ramp areas, because in
these environments there was a peak of near-infrared reflectance. On the other hand, the
southern features of the ARP had a predominance of green tones, represented by deciduous
forest formations, which have higher absorption of the mentioned bands during the dry
season of the year, when the species are in the deciduous stage, corresponding to the
geomorphological unit called dissected depression.

3.3. Improved Prediction of Suitability against Topographic Variables with High Spatial Resolution

The models, whose variables with a spatial resolution of 30 m and 1 km (Figure 5),
showed a significant difference by Mann-Whitney test (α < 0.05) with increased amplitude
of values below the median for spatial resolution of 30 m when compared to 1 km of
spatial resolution. In other words, there was a reduction in the occurrence suitability values
when using refined data, providing a more conservative scenario in indicating regions with
occurrence suitability.
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The high-spatial-resolution models allow a refined reading of the bioclimatic charac-
teristics in relation to the topographic variables, providing maps with sufficient spatial
resolution for territorial planning, prioritizing areas for conservation, management and
restoration of native vegetation, and indication of strategically suitable zones for the instal-
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lation of community-based agro-industries, in addition to providing maps with gradients
of suitability that can be used to infer the productive potential of socio-biodiversity species.
This set of information is relevant for the strengthening of local public policies and socioe-
conomic and environmental development projects.

4. Discussion
4.1. Bioclimatic Variables and the Suitability of Occurrence of Agro-Extractivist Species Interest in
the Cerrado Biome

Temporal plant growth and reproduction patterns are linked to climatic seasonality
in tropical savannas [54]. In the present study, it was possible to highlight the variables’
isothermality (bio3) and temperature seasonality (bio4), which reflect the range of daily
temperature variations throughout the year. Variables related to temperature variation were
also highlighted in studies involving modeling species distribution in the Cerrado [26,55].
These variables support the sensitivity of the species studied to high-temperature ranges.
Sites with high suitability for these species, within the scope of the TCARP, increased as the
temperature variation was reduced. This trend was observed in all species with one of the
two variables with high explanatory power concerning occurrence.

The daily variation in temperature over the years may have little influence on estab-
lished individuals. However, the response of a species regarding the production of flowers,
fruits, seeds, the germination of its seeds, and the establishment of its seedlings is translated
as a functional trait due to the high variation in temperature. This trait is directly related to
the successful establishment and permanence of the species in the field.

According to Carvalho and Nakagawa [56], extreme temperature variations can affect
seed germination percentage and its uniformity. This sensitivity to temperature variation is
characterized as term inhibition, when the temperature exceeds the optimal seed germina-
tion thresholds [57]. Milder variations can favor the establishment of seedlings by reducing
desiccation in the driest period of the year, which coincides with winter, which can provide
more moisture in the air and more night dew, which contribute to the maintenance of the
individual in the field. The transition between the dry and rainy seasons is characterized
as a period of more phenological activity, both vegetative and reproductive, in the com-
munity [58]. Temperature and precipitation are fundamental variables that influence the
development cycle of plant species, from germination to fruiting when, under favorable
conditions, they provide greater adequacy of occurrence and permanence of the species
over time.

The variable annual mean temperature (bio1) is essential in predicting the occurrence
suitability zones in two species included in the study (A. crassiflora and C. brasiliense). The
mean temperature of the driest quarter (bio9) between July and September is present in
three species (E. dysenterica, H. speciosa, and T. subvelutina). These variables are highly
correlated, with an average variation of around 2.5 ◦C in the study area.

The same happens with the variables related to precipitation. Annual precipitation
(bio12) and precipitation in the wettest quarter (bio16) were selected as the essential bio-
climatic variables to determine the potential occurrence of the species A. crassiflora, C.
brasiliense, E. dysenterica, H. speciosa, and T. subvelutina. Both precipitation variables were
also relevant in determining the occurrence of species since the ARP is a region with a
poorly distributed rainfall regime throughout the year. The wettest quarter in the region
(October to December) is responsible for 52% of annual precipitation, extending to January
and February when they total about 90% of annual precipitation [16]. The analyzed species
generally tend to germinate in summer, a period of more significant water availability in
the year, to promote a start in seed germination to permeate the subsequent dry season and
ensure its establishment.

4.2. Geomorphological Variables and the Suitability of Occurrence of Agro-Extractivist Species
Interest in the Cerrado Biome

The variables, given the different geomorphological units of the landscape, allow the
understanding of how the units reflect fundamental characteristics for the occurrence of
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the species. Topography heterogeneity on a local scale plays an important role in forest
management, productivity and diversity [59]. The relief, aspect (slope direction), and slope
substantially contribute to identifying regions with suitable occurrence due to the strong
relationship with the depth of soils and exposure to the sun. This relationship translates into
temperature and water availability effects, reflected in the different phyto-physiognomies
occurring. In landscapes with high altitude range at short distances, the availability of
light and shading is strongly related to the topographical position (aspect of the ground or
slope direction) [60] in order to interfere with the incident radiation, in soil moisture and,
consequently, in the composition/occurrence of plant species.

In general, the plateaus are predominantly characterized by flat to gently undulating
terrain (slope between 0% and 3%) [23], with deep and well-drained soils, which may or
may not be delimited by erosive retreat fronts [22]. These plateau are naturally occupied
by the Cerrado sensu stricto, which is the phyto-physiognomy of the species included in
this study.

It is possible to observe a higher frequency in the plateau and on the edges of the
plateau, specifically in the relief break with a tendency to colluvium ramp (smooth undu-
lating terrain) of the species H. speciosa. In an area with accentuated relief break (front of
erosive retreat), higher density and frequency of the species T. subvelutina are observed on
the edge of the plateau. In flat terrains, in plateau areas, with deep quartzose soils, the
species A. crassiflora and E. dysenterica are more frequent, and E. dysenterica is also present
in terrains with moderate slope and soil with sediments with more significant variation
in size (gravel). It is noteworthy that all five species occur predominantly in plateau with
deep and well-drained soils.

The northwest region of the ARP is characterized by plateau, with deep and well-
drained quartzarenic soils. These plateau are cut by insertions of fluvial plains, which
represent environments with higher humidity, with low suitability for the occurrence of the
target species. This fact demonstrates refinement in predicting regions of low suitability,
driven by topographic variables with high spatial resolution, though models with 1 km
of spatial resolution were also sensitive in river plains over 500 m wide, approximately.
In addition, the plateau region is characterized by the presence of Cerrado sensu stricto,
which is consistent with the response of the potential distribution models of the species.

In the southeast region of the ARP, the models predict a narrow range of regions with
the suitable occurrence of the five species inserted within the geomorphological unit called
dissected depression. These strips correspond to isolated remnants of plateau in the shape
of tables and are located between the cities Taiobeiras, Salinas and Rubelita. Thus, both
geomorphological units (table and plateau) have areas of Cerrado sensu stricto as a natural
formation and demonstrate the sensitivity of the models in predicting the suitability of
species occurrence.

The northwest region of the ARP has two conservation units (Nascentes Geraizeiras
Sustainable Development Reserve and Montezuma State Park). They are located in a region
with high occurrence adequacy for the five species analyzed, conserving available forest
resources. Lima et al. [18] found in their study that the species C. brasiliense, E. dysenterica,
H. speciosa, and A. crassiflora were among the species with the highest importance value
index (IVI), and T. subvelutina was in the 29th position of the IVI, in a part of Cerrado sensu
stricto located in the RDS Nascentes Geraizeiras. Therefore, the results obtained by Lima
et al. [18] corroborate the reliability of the prediction of the models generated in this study,
which indicates the same area of Cerrado sensu stricto, in the RDS Nascentes Geraizeiras,
as suitable for the occurrence of the five species studied.

4.3. Response of High Spatial Resolution Geomorphological Variables in Occurrence Suitability Models

The variables with the high spatial resolution provided a better reading of the land-
scape in the representation of regions with suitability of occurrence, which demonstrates
a strong potential for use when carrying out studies at a local and regional scale. The
models were sensitive in the differentiation of suitability, mainly due to the different slope
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directions or terrain aspect, in addition to the regions inserted in the geomorphological
units called river plains, lowland places with more humid soil, where the target species do
not occur. On the other hand, there is a greater demand on the data processing capacity,
increasing about 1000 times the number of pixels in data processing when using 30 m
spatial resolution variables when compared to the 1 km, which limits the use for large
territorial extensions.

Arieira et al. [25] recommends that future studies focus on high-spatial resolution
modeling, allowing interpretations of ecological effects in areas of potential establishment
of invasive species.

5. Conclusions

Predicting the suitability of the five target species of agro-extractivist interest has a
strong relationship with water availability and increased suitability in regions with greater
isothermality, in addition to geomorphological, especially with the plateau and table areas,
with the natural cover of savanna formation and not suitable for occurrence areas in river
plains and dissected depressions, with coverage natural forest formation.

Models with a spatial resolution of 30 m showed a significant difference (α < 0.05) for
the occurrence suitability values when compared to models with 1 km of spatial resolution,
demonstrating that there were improvements in the identification of suitable areas for
the occurrence of species, with a reduction of suitable areas for occurrence, providing a
more conservative scenario in the indication of these regions. The models performed with
greater sensitivity according to the morphological structure of the terrain, promoting a
reduction in suitability values in fluvial plains and different directions of the terrain slopes.
This sensitivity makes the use of these models viable for the strategic planning of agro-
extractivism in territories of traditional use. Thus, it can be used to strategically define areas
with the greatest productive potential and prioritize areas for conservation, sustainable
management, ecological restoration of forests, and targeting areas for the implementation
of community agro-industries, essential for land use planning with traditional communities
that depend on these conserved natural areas.

The level of detail of the distribution of species in high spatial resolution models allows
future research on the estimation of the density of individuals of species of socioeconomic
and environmental interest at a local or regional scale and in a spatialized way, by the
association between the information of suitability of occurrence and density of individuals,
consequently, predict the estimation of the productive potential of these species. This
information is of fundamental importance for the strategic planning of actions in traditional
territories, in promoting the development of local economic potentials and fostering access
to existing public policies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su16093653/s1, Figure S1: Occurrence point of species of agro-
extractivist interest in the Alto Rio Pardo Territory, Minas Gerais, Brazil; Figure S2: Accuracy metrics
of the algorithms used in the final modeling of the distribution of species of agro-extractivist interest
(MDS). In the Geraizeiras communities of the Cidadania Alto Rio Pardo Territory (TCARP), Minas
Gerais; Figure S3: Occurrence suitability models by the algorithm for Annona crassiflora Mart. specie
in the Alto Rio Pardo Territory, Minas Gerais, Brazil; Figure S4: Occurrence suitability models
by the algorithm for Caryocar brasiliense Cambess specie in the Alto Rio Pardo Territory, Minas
Gerais, Brazil; Figure S5: Occurrence suitability models by the algorithm for Eugenia dysenterica
(Mart.) specie in the Alto Rio Pardo Territory, Minas Gerais, Brazil; Figure S6: Occurrence suitability
models by the algorithm for Hancornia speciosa Gomes specie in the Alto Rio Pardo Territory, Minas
Gerais, Brazil; Figure S7: Occurrence suitability models by the algorithm for Tachigali subvelutina
(Benth.) Oliveira-Filho specie in the Alto Rio Pardo Territory, Minas Gerais, Brazil; Figure S8:
Isothermality map in the Alto Rio Pardo Territory, Minas Gerais, Brazil; Table S1: List and description
of environmental variables used in species distribution modeling. References [20,24,60,61] are cited
in the Supplementary Materials.
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