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Abstract: Geotechnology techniques were used to specialize the occurrences of the species, based on forest
inventories and information available in open-access databases, as well as data from herbaria with catalogs
available online, and bibliographical references indicating places of occurrence in the Amazon. GIS-integrated
Weighted Mean Ordination (WMO) was chosen as the technique for evaluating the topoclimatic index.
Thirteen topoclimatic variables were used, applying principal component analysis techniques such as
multidimensional preference to compare the participation of each variable in the two components; Biplot to
identify the relationships between the variables and cluster to identify the average distance between proximal
classes. The interpolated surfaces of the specialized climatic variables were separated into frequency bands that
helped calculate the probability of occurrence, from which a scale of 0 to 10 was established, indicating lower
and higher probabilities. Three potential zones were identified, classified as high, medium and low, where
areas with high potential occupied 32% of the territory of Para, medium areas 36% and 32% with low potential
for cultivation and presence. The intermediate class had the highest percentage, totaling 36% of the state,
explained by the average ratio between the weights adopted.

Keywords: andiroba; natural resources; topoclima

1. Introduction

The Amazon biome has a plant diversity that is associated with specific environmental
conditions. From a climatic point of view, the high water supply at one time of the year favors and
the reduction at another, causing surpluses and/or deficits that condition the floristic pattern,
explaining the adaptation of species to the region's thermal-hydric regime. However, this exuberant
forest is highly fragile in the face of climatic extremes [1], requiring research to understand the
dynamics of species distribution in order to support strategic planning to conserve forest species [2].
The andiroba (Carapa Guianensis Aubl) is one of these species native to the Amazon that can reach
around 50 m in height, has whitish flowers with a pleasant aroma [3] and receives different
vernacular names in the state of Pard (andiroba, andiroba-branca, andiroba-cedro, andiroba-doigapd,
andiroba-saruda; andiroba-vermelha, andirobeira, andirobinha, andirova, carapa, jandiroba and
penaiba), according to [4]. It is worth noting that according to [5], the name andiroba comes from the
Tupi yandy (oil), and rob (bitter), referring to the taste of the oil extracted from the fruit [6,7]. observed
precocious individuals in forest plantations that started fruiting at 4 years of age, but full fruiting
only occurred between 7 and 10 years. The species is the third most used non-timber product in the
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Marumu and Arapiuns rivers in western Para, an area that is home to several communities and covers
around 1.3 million hectares [8].

This fact is relevant, as it also gives rise to cooperation between institutions that can contribute
to actions for sustainable use and adding value to the product, reflecting an increase in the quality of
life of rural populations who live from extractives associated with the value chain of this species in
the state. In terms of use, [8] pointed out that the genus Carapa (Meliaceae) has been used in the
treatment and prevention of cutaneous and mucocutaneous leishmaniasis in native Amazonian
communities. The oil is also widely used to treat sore throats and colds in the form of a syrup that
includes other medicinal plants, as well as for healing wounds, skin lesions, swellings and bruises
[9].

The Species respond to topoclimatic conditions, as exemplified by [10] when analyzing
topoclimatic responses for the Tachigali vulgaris species. According to [11], the state of Para has an
average rainfall variability of around 2,000 mm, ranging from 1,600 mm to 1,900 mm, and the average
annual air temperature is between 24 and 26°C, with air humidity of approximately 80%. The
Andirobeira occurs in regions with a humid tropical climate, with annual rainfall between 1,800 mm
and 3,500 mm.

By analyzing interactions climate, in the soil-plant-atmosphere system, plays an important role
in the biogeography of species [12]. Computational advances and the availability of geospatial tools
have contributed greatly to these assessments, allowing for complex and feasible analyses [13]. In this
way, the effects of topoclimatic gradients can be used in various applications, helping to analyze the
distribution of species and climatic variations [14,15], which help to indicate potential areas for
decision-making in silvicultural responses, to support the inclusion of species in productive
silvicultural arrangements [10], among others. The delimitation of these areas aims to support
planning in homogeneous plantations, as well as in integrated systems such as agroforestry (SAFs),
strengthening the regional bioeconomy by including andiroba plantations in the production process
[15].

The objective of this study was to evaluate potential topoclimatic zones for Carapa Guianensis
Aubl (Andiroba) in order to subsidize production strategies for crops in the state of Para.

2. Material and Methods

2.1. Study area

The study area refers to the state of Para, which is located in the eastern portion of the Brazilian
Amazon, between latitudes 2°30'N and 9°30'S and longitudes 46°00'W and 59°00'W, totaling 1,247,690
km?. Based on the Koppen typology, adapted by [10], the climatic conditions fall into typology a
when analyzing the average annual temperature, which is above 18°C, and with eight subtypes
according to the total annual rainfall and the amount of water precipitated in the least rainy month.
Thus, eight climatic subtypes are identified in Parad (Af2 and Af3; Am1, Am2, Am3 and Am4; Aw3
and Aw4), according to [16]. Pard, which is one of the nine states that make up the Amazon region
and has a rich hydrographic network, drained mainly by the Amazon, Para, Tapajos, Tocantins,
Xingu rivers and their tributaries [17] with high Phyto ecological diversity, predominant under
conditions typical of the Amazon Biome, with the greatest biodiversity in Brazil [18].

2.2. Bibliometrics

In order to evaluate the results of research on the subject of this work, we selected three search
words on the Web of Science platform, considering the identification of the largest number of
publications considered together (C. Guianensis, topoclimate zone and Amazon). The bibliometric
analyses were carried out according to the methodology described by [19]. The search results were
saved in format and analyzed in the R program using the script library ("bibliometrix"). The data was
analyzed and presented using only the new word count and the Sanky diagram to show the three
dimensions most cited authors, countries with the most publications and most cited words in the
abstracts of the articles analyzed between 2008 and 2023.
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2.3. Organization of the database

The Pointers of occurrences of Carapa Guianensis Aubl were obtained from open-access
databases contained in herbaria (Museu Emilio Goeldi Paraense - MPEG, Embrapa Amazonia
Oriental - CPATU and Instituto Nacional de Pes-quisa na Amazonia - INPA), based on access to
catalogs available online. We also collected data from bibliographical references on the occurrence of
the species. It was first necessary to investigate the distribution of the species in the Amazon, basically
analyzing abiotic data to compose the matrices for the multivariate analyses. Data on biotic variables
was acquired by compiling information from different sources. The data collected was obtained and
organized according to Brazil's official geographic coordinate system, SIRGAS 2000, in order to
standardize it for subsequent analyses.

The information was basically obtained from the RADAMBRAZIL Project, made available by
the Reference Center for Environmental Information (CRIA), using species Link, the Global
Biodiversity Information Facility (GBIF), the New York Botanical Garden and the Missouri Botanical
Garden to validate points in the high, medium and low potential zones. The database was organized
for the Legal Amazon, with the state of Para being included in this study. Topoclimatic assessment
is a zoning-oriented technique based on the occurrence of the species. The plant's response to
environmental conditions, the place where the processes of exchange, transfer and conversion of
matter and energy occur through interactions in the soil-plant-atmosphere system, according to [20].

The analysis of climate data used two existing formats for representing information in
geographical space: vector data provided by the National Institute of Meteorology (INMET) and the
National Water Agency (ANA). The vector data is based on historical series from INMET,
corresponding to an analysis period of 30 years that correspond to the climatological normals (1981-
2021), available with a 95% confidence interval and standard error +1.96. The matrix data was
obtained from the Worldclim platform where it is possible to obtain estimated and interpolated
surface information, as described by [21].

2.4. Selection of variables for topoclimatic zoning

The climate variables selected were air temperature (maximum, average and minimum), rainfall
and air humidity. Derived variables such as the wettest and least rainy quarters, total annual rainfall,
water balance, vapor pressure deficit and air humidity were analyzed. The topographic data was
obtained from the Global Elevation Model (GMTED2010 - Global Multi-resolution Terrain Elevation
Data 2010), made available with a spatial resolution of 30 arc seconds by the North American Space
Agency (NASA).

The criteria used for this study are related to the environmental factor and restricted to possible
areas of occurrence. Thus, a set of environmental variables considered decisive for the establishment
of the species was defined, following the methodological assumptions of [20] to identify the potential
zones of native species in the Amazon [7].

Annual precipitation (mm): The average annual precipitation reveals the rainfall totals offered
by the atmosphere throughout the year, which vary in the species' distribution area in the state of
Para.

a) Maximum air temperature (°C): High temperatures influence the physiological processes of
plants, seed germination and root activity [22]. This variable is of fundamental importance when
planning forest plantations, as it is capable of causing changes in highly sensitive ecological
processes. Furthermore, statistically significant warming trends have been observed in the
Amazon region since 1970 [23].

b) Average air temperature (°C): Temperature averages reveal the thermal patterns recorded, as
well as anomalies that can be positive or negative in average conditions in the study area.

c¢) Minimum air temperature (°C): This is a meteorological variable that, together with the
maximum temperature, makes it possible to assess the temperature range of a location or the
thermal tolerance of a species. The taxi-branco is a species sensitive to minimum temperature,
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showing greater increases in height in areas with high temperatures [24], so this variable is
considered a limiting factor for planting the species and is necessary for inclusion in zoning.

d) Air humidity (°C): Relative humidity indices can interfere with the choice of areas of interest for
planting a particular species, explained by topoclimatic factors (exposure to the sun's rays, wind,
terrain conformity and temperature), as well as the type of vegetation cover, where air humidity
can favor the presence of pathogens [25].

e) Elevation: By including this variable, the effect of topography on the ability of each forest species
to express their genetic potential is taken into account, as it influences plant metabolism. The
lowest altitudes have the highest temperatures, which require high evapotranspiration rates
and, consequently, the highest vapor pressure deficits.

2.5. Multiple Regression

To develop the zoning map and identify potential areas for planting and the occurrence of
andiroba, different input variables were used, organized in a geographic database system. For the
regression analysis and other statistical calculations, the statistical program Statistical Analysis
System - SAS was used and the variable selection analysis was applied using the backward method,
which consists of obtaining a model, where you start with the equation in which all the variables are
included, and these are eliminated one at a time at each step from a pre-established level of
significance [26].

Multiple Regression (MR) as a set of statistical techniques that make it possible to assess the
relationship between a dependent variable and several independent variables. In this case, the
potential zone for the andiroba species represents the dependent variable, while the explanatory
factors are represented by the topoclimatic variables.

Fourteen input variables were used in the model: 1) relative humidity; 2) altitude; 3) vapor
pressure deficit (VPD); 4) annual rainfall; 5) total rainfall in months less than 100 mm; 6) total rainfall
in months less than 60 mm; 7) least rainy quarter; 8) climatological maximum temperature; 9) annual
average air temperature; 10) climatological minimum temperature; 11) climate typology; 12) Water
deficiency (CAD = 300mm); 13) latitude and 14) longitude. The model selected, after applying the
statistical analysis, contains nine explanatory variables that indicate the zones according to their
potential, according to the equation generated by the backward method:

PotencialZone = 96.30791 + 9.27392  longitude — 11.45957 * latitude + 167.29350 = DPV

— 0.05115 — annualrainfall + 0.27852 * prpmenor60 + 0.09793 * prpmenor100
— 3.44030 * cimatetypology + 19.79451 * minimumtemperature — 0.39521
* DEF300

The occurrence points of Carapa Guianensis Aubl were located using information available in
open-access databases, such as data from herbaria (Museum Emilio Goeldi Paraense - MPEG,
Embrapa Amazonian Oriental - CPATU and National Institute for Amazonian Research - INPA),
accessing the catalogs available online, as well as using data obtained from the literature indicating
the species' places of occurrence. It was first necessary to investigate the distribution of the species in
the Amazon, basically analyzing abiotic data to compose the matrices for the multivariate analyses.
Data on biotic variables was acquired by compiling information from different sources. The data
collected was obtained and organized according to Brazil's official geographic coordinate system,
SIRGAS 2000, in order to standardize it for subsequent analyses.

The information was basically obtained from the RADAMBRAZIL Project, made available by
the Reference Center for Environmental Information (CRIA), using species Link, the Global
Biodiversity Information Facility (GBIF), the New York Botanical Garden and the Missouri Botanical
Garden to validate points in the high, medium and low potential zones. The bases were georeferenced
for the Legal Amazon, with the state of Para being included in this study. Topoclimatic assessment
is a zoning technique based on the occurrence of the species, i.e., the plant's response to
environmental conditions, the place where the processes of exchange, transfer and conversion of
matter and energy occur through interactions in the soil-plant-atmosphere system, according to [21].
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The analysis of climate data used two existing formats for representing information in
geographical space: vector data provided by the National Meteorological Institute (INMET) and the
National Water Agency (ANA). The vector data is based on historical series from INMET,
corresponding to an analysis period of 30 years that correspond to the climatological normals (1981-
2021), available with a 95% confidence interval and standard error +1.96. The matrix data was
obtained from the Worldclim platform where it is possible to obtain estimated and interpolated
surface information, as described by [10].

The climate variables selected were air temperature (maximum, average and minimum), rainfall
and air humidity, and derived variables such as the wettest and least rainy quarters, total annual
rainfall, water balance, vapor pressure deficit and air humidity were analyzed. The topographic data
was obtained from the Global Elevation Model (GMTED2010 - Global Multi-resolution Terrain
Elevation Data 2010), made available with a spatial resolution of 30 arc seconds by the North
American Space Agency (NASA).

The data was organized by class, based on the histogram of distribution of this variable for
subsequent preparation of the slope map of the Amazon territory, for integrated evaluation between
the response variables analyzed for the preparation of the topoclimatic zoning of Carapa Guianensis
Aubl for the state of Para.

3. Results

Analyzing the Figure 1, it is possible to see that 10 of the most cited authors included C.
guianensis seed, production, the same species studied in this study, climate, dbh, distribution, trees,
models and forest in their keywords. The four countries with the most papers were Brazil, Switerland,
USA and United Kingdon.
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Figure 1. Sankey diagram showing the authors, the most cited words in the abstract and the first
author's country of origin.

Looking at the word cloud represented in Figure 2 reinforces the fact that C. guianensis is a typical
species of tropical rainforest in the Amazon. The effects of climate are also evident, as the cloud shows
fruit production, El Nifio and the ecosystem services provided by this species native to the region.
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Figure 2. Cloud of the most cited words in articles on the subject on the Web of Science.

A totally of 524 natural occurrences of the species Carapa Guianensis Aubl were recorded in the
state of Para. The geographical distribution of andiroba was divided into three groups, with 4 points
taken from the RADAMBRAZIL Project, 200 points from the Global Biodiversity Information System
(GBIF) and 320 points from herbaria, indicating the areas of concentration (Figure 3). Considering the
micro-regions with the highest concentration of Carapa Guianensis Aubl, it can be seen that its presence
is greater in dense ombrophilous forest, floodplain forest and other phytophysiognomies, such as
open ombrophilous forest and deciduous seasonal forest.

Occurrences of Carapa Guianensis associated with altitude in the state of Para
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Figure 3. Locations with the highest occurrences of Carapa Guianensis Aubl in the state of Para.

Based on the results presented, Figure 4 shows the frequency and concentration of Carapa
Guianensis Aubl in the state of Para, which is conditioned by its adaptation to specific environments.
Therefore, when planning conservation and sustainable management strategies, it is recommended
to observe the geographical distribution of the species. The dominance of the species’ occurrence is
close to the drainage network, reinforcing the species' adaptive capacity to varzea and land firmed
environments, but where there is a high water supply. The localities represented on the map reinforce
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the importance of using herbarium records to expand the information obtained on native Amazonian
species in research projects in the region. The results confirm the predominance in environments
where the average annual rainfall is around 2,500 mm. It is also worth noting that the concentration
of C. guianensis Aubl is associated with other abiotic variables not considered in this study.

L L
Climatic zoning of the Carapa Guaianensis in the state of Para
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Figure 4. Topoclimatic zoning of Carapa Guianensis Aubl in the state of Para.

The mapping of potential areas for cultivation and natural location of Andiroba identified three
zones of high, medium and low potential, with the high potential areas corresponding to 32% of the
territory of the state of Para, and 32% with low potential for cultivation and presence. The
intermediate class had the highest percentage of 36% of the state, due to the average relationship
between the weights adopted in this study.

In the generation, development and maintenance of technology-based businesses using natural
inputs such as andiroba, we can see that studies that represent the location, as well as the
characteristics of the development of the species, are a fundamental factor, since it is mainly through
information that organizations can differentiate themselves and remain competitive in the extraction
of by-products.

The innovation process requires the application of new knowledge, resulting in new products,
processes or services that increase the complexity of the operational process and make flexibility a
fundamental requirement for it and its management [26].

An important characteristic of andiroba oil is its similarity to oils traditionally used as additives
in lubricants and metal cutting oils. This makes it potentially substitutable for mineral oils, vegetable
oils or animal fats [22]. The use of andiroba oil as a biodiesel or lubricant has been proven by [25].
Due to the recognized uses of andiroba, this species has generated interest in intellectual protection
on the part of researchers, companies and universities, revealing the growing interest in registering
patents.

The wood is exported for use in fine wood products, as it belongs to the same family as
mahogany and can even be called "mahogany” [27]. In addition to being used as an antipyretic,
vermifuge and cicatrizing, the bark tea is also used as an insect repellent and in the manufacture of
candles, soap and shampoo [28]. Andiroba seed oil is a raw material for phytosanitary and cosmetic
products and is exported from Brazil to more than 50 international destinations [16].
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4. Conclusion

From the results shown, it can be deduced that the use of geoprocessing techniques and
statistical analysis is a favorable strategy for identifying areas with high potential for the presence
and cultivation of Andiroba. The methodology used made it possible to aid decision-making
regarding the selection of areas for cultivation and possible occurrence in their appropriate
topoclimatic classification, considering bioclimatic factors, climate typology, slope, rainfall, so that
they are favorable for its development.
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