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RESUMO 

As palmeiras (Arecaceae) é uma das mais diversas famílias de monocotiledôneas (cerca de 

2.600 espécies) e exibem uma ampla distribuição nos trópicos e apresentam relevância 

socioetnobotânica para as populações locais. Dentre as palmeiras de importância 

socioeconômica, destacam-se a Copernicia alba e Copernicia prunifera, conhecidas como 

Carandá e Carnaúba. Carandá é uma palmeira neotropical amplamente distribuída na região do 

Chaco possui uma ampla gama de usos populares com destaque para a exploração de seu caule 

na construção civil. Carnaúba possui grande importância econômica e cultural para o Nordeste 

do Brasil, sendo o pó cerífero obtido a partir do processamento de suas folhas, o principal 

produto de exploração e comercialização.  A intensa exploração dessas palmeiras pelas práticas 

extrativistas, como corte dos estipes do Carandá e o método de extração da cera de Carnaúba, 

provocam efeitos adversos sobre a manutenção dessas palmeiras, contribuindo para redução no 

tamanho populacional e perda da diversidade genética. Além disso, não há estudos sobre o 

impacto das mudanças climáticas na distribuição dessas espécies no neotrópico. Nesse 

contexto, o presente estudo tem como objetivo avaliar a genômica populacional, estrutura 

genética e o impacto das mudanças climáticas no Carnadá e na Carnaúba. Essa tese é inovadora, 

uma vez que é pioneira na utilização de modelos de distribuição de espécie para predizer áreas 

climaticamente adequadas para essas palmeiras em cenários atuais e futuros na América do Sul, 

bem como na avaliação da suscetibilidade dessas espécies diante das mudanças climáticas. 

Ademais, é a primeira pesquisa a determinar a estrutura e a diversidade genética de populações 

de carandá e carnaúba via marcadores SNPs (Single Nucleotide Polymorphism) utilizando a 

técnica de genotipagem por sequenciamento (GBS). Com base nos resultados de genômica 

populacional, observou-se que as populações de Carandá e Carnaúba apresentam altos níveis 

de diversidade genética. O coeficiente de endogamia foi negativo para todas as populações de 

ambas as espécies, indicando excesso de heterozigotos. Ambas as espécies apresentaram níveis 

baixos a moderados de diferenciação genética. Os modelos de nicho ecológico (ENMs) 

utilizados para prever as áreas climáticas adequadas para a potencial ocorrência dessas espécies 

em cenários atuais e futuros indicaram que o Carandá e a Carnaúba apresentam diferentes 

respostas às mudanças climáticas. Os modelos mostram uma redução na distribuição potencial 

do Carandá, enquanto para Carnaúba observou-se um aumento nas áreas climaticamente 

adequadas. De modo geral, os resultados destacam a necessidade de esforços para conservação 

das populações de Carandá e Carnaúba. Entre as opções de manejo sustentável estão as 

estratégias de conservação in situ e ex situ e a implantação de unidades de cultivo ou sistemas 

agroflorestais visando à redução das práticas extrativista. As informações obtidas nesta tese 



 

 

contribuirão para a conservação da diversidade genética dessas palmeiras, aumentando as 

chances de persistirem ao longo do tempo.  

 

Palavras-chave: Arecaceae, Copernicia alba, Copernicia prunifera, Genômica da 

conservação, Marcadores SNPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT 

Palms (Arecaceae) is one of the most diverse families of monocots (ca 2600 species). They are 

widely distributed in the tropics and have socioeconomic relevance for local populations. 

Among palm trees of socioeconomic importance are Copernicia alba and Copernicia prunifera, 

known as Carandá and Carnaúba, respectively. Carandá is a neotropical palm widely distributed 

in the Chaco region and has a range of popular uses, especially the exploitation of its stem for 

construction. Carnaúba has economic and cultural importance in Northeast Brazil, as the waxy 

powder obtained from processing its leaves is the primary product of exploitation and 

commercialization. The intense exploitation of these palms by extractive practices, such as 

cutting off the Carandá stipes and the carnaúba wax extraction method, adversely affects their 

maintenance, contributing to a reduction in population size and loss of genetic diversity. To our 

knowledge, there are no studies on the impact of climate change on the distribution of these 

species in the neotropics. This study aimed to evaluate the population genomics, genetic 

structure, and impact of climate change on carnadá and carnaúba populations. This thesis is 

innovative since it pioneers the use of species distribution models to predict climatically 

suitable areas for these palms in current and future scenarios in South America and evaluation 

of the susceptibility of these species to climate change. To our knowledge, this is the first study 

to determine the structure and genetic diversity of Carandá and Carnaúba populations with 

single nucleotide polymorphism (SNP) markers using genotyping by sequencing (GBS). Based 

on the population genomics results, the Carandá and Carnaúba populations exhibited high levels 

of genetic diversity. The inbreeding coefficient was negative for all populations of both species 

indicating excess heterozygotes. Both species showed low to moderate levels of genetic 

differentiation. Ecological niche models (ENMs) are used to predict suitable climate areas for 

the potential occurrence of these species under current. Future scenarios indicated that Carandá 

and Carnaúba show different responses to climate change. The models show a reduction in the 

potential distribution of caranda. For Carnaúba, an increase in climatically suitable areas was 

observed. Overall, the results highlight the need for efforts to conserve Carandá and Carnaúba 

populations. Among the sustainable management options are in-situ and ex-situ conservation 

strategies and the implementation of cultivation units or agroforestry systems aimed at reducing 

extractive practices. The information obtained in this thesis will contribute to the conservation 

of the genetic diversity of these palms, increasing their chances of persistence over time. 

 

Keywords: Arecaceae, Copernicia alba, Copernicia prunifera, Conservation genomics, SNPs 

markers. 
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GENERAL INTRODUCTION 

 

The Arecaceae (palm trees) family includes ~2,600 species in 181 genera, of which 48 

are native to Brazil and occur in transitional biomes between the Amazon, Cerrado, and 

Caatinga (Barreto et al. 2019).  The country was originally Pindorama, land of many palms in 

the Tupi Guarani language (Barreto et al. 2019; Souza et al. 2020). 

Palms are biologically important because of their relatively high biological richness, 

density, and biomass among the flora (Pulido-Silva et al. 2022). They have important economic, 

social, and ethnobotanical roles for the locals, who use them as a source of food and in the 

production of fuel, medicine, fiber, shelter, and handicrafts (Campos et al. 2019). 

Among the main palms with socioeconomic relevance are Copernicia alba and 

Copernicia prunifera, popularly known as Carandá and Carnaúba, respectively. C. prunifera, a 

species native to the Brazilian semiarid region, is called the "tree of life" by the sertanejos owing 

to its multiple uses, highlighting the extraction of the waxy powder used as raw material in the 

electronics and cosmetics industries (Ximenes-Neto et al. 2019).  

C. prunifera is restricted to northeastern Brazil, whereas C. alba occurs in the Brazilian 

Chaco and Pantanal floodplains of Mato Grosso do Sul (Silva, 2018). It is a key species for 

frugivores during the dry season and serves as a shelter and nesting ground for mammals and 

birds. In addition, the Carandá presents a diversity of uses by local ethnic groups. The stem is 

used for building houses. The fruits are used for food, fodder, and oil. (Moraes, 2014).  

These palms are often intensively exploited in their areas of occurrence in an extractive 

manner without the management and stimulation of forest fragmentation, which contributes to 

the loss of genetic diversity, reduced gene flow, and disadvantageous changes in the frequency 

of alleles with adaptive value (Reis et al. 2011; Vieira et al. 2015). Due to anthropic actions, it 

is assumed that some of the genetic variability of the C. alba and C. prunifera populations has 

already been lost. Therefore, it is necessary to research to quantify and characterize the genetic 

diversity between and within populations to define efficient strategies for the conservation and 

sustainable use of these species. 

Several techniques exist for conducting genetic diversity studies, including 

morphological, biochemical, and molecular markers of random amplified polymorphism 

(RAPD), amplified fragment length polymorphism (AFLP), inter simple sequence repeats 

(ISSR), and simple sequence repeats (SSR) (Nadeem et al. 2018). With the advent of next-

generation sequencing (NGS), it is possible to identify thousands of single-nucleotide 
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polymorphism (SNP)-type molecular markers across the genome, enabling genome-wide 

analysis of genetic diversity (Xia et al. 2019). 

Genotyping by sequencing (GBS) is an important technique for the identification and 

discovery of SNPs in plants (Torkamaneh et al. 2018). GBS is a suitable method for population 

studies, germplasm characterization, breeding, and genetic mapping. This simple, low-cost, and 

high-throughput technique can be applied to genotyping models and non-model species (Elshire 

et al., 2011). 

There are few studies on genetic diversity in C.prunifera. One can mention the research 

of Vieira et al. (2015), Pinheiro et al. (2017), and Fajardo et al. (2018) with ISSR markers. 

However, for C. alba no work of this nature has been published thus far. It is noteworthy that 

there are no studies regarding the diversity and population structure of C. prunifera and C. alba 

using SNPs-type markers. 

In addition to knowledge of genetic diversity, data on the potential distribution of 

species are important for the establishment of conservation strategies and the prediction of 

suitable habitats in future scenarios of climate change. Species distribution models (SDMs) 

have been used to predict the impacts of climate change on biodiversity and are one of the 

essential tools for proposing priority areas for conservation (Esser et al. 2019; Bello et al. 2020).  

It is worth emphasizing that there are no ecological niche modeling studies for C. alba. 

Santos et al. (2021) estimated the geographical distribution of C. prunifera and identified the 

environmental variables that influence its distribution. However, the model has only one 

algorithm, MaxEnt, and is limited to Brazil.  

  This study provides information on genetic diversity and population genomics of these 

species with SNP markers obtained using the GBS technique. This is the first study to use GBS 

with NGS technology to obtain SNP markers for these palms. C. prunifera populations from 

the Restinga and Caatinga biomes and C. alba populations from the Brazilian Chaco were 

analyzed. Another point of this research is the identification of loci with outlier patterns 

associated with adaptation to different environmental conditions in C. prunifera since 

populations in two different ecosystems and their geographical distribution will be sampled. In 

addition, the climatic niche of these palms was estimated. The effects of climate change on the 

potential geographic distribution in South America were evaluated. 

This thesis is organized into three chapters, presented as scientific papers. The first 

chapter entitled "Population genomics of the neotropical palm Copernicia prunifera 

(Miller) H. E. Moore: implications for conservation" was published in the journal Plos One 

(doi:10.1371/journal.pone.0276408). This study evaluated the diversity and genetic structure of 
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14 populations of C. prunifera in Northeast Brazil using single nucleotide polymorphisms 

(SNPs) identified by genotyping by sequencing (GBS), providing information for their 

conservation. In the second chapter, "Population genomics and genetic structure of 

Copernicia alba Morong ex Morong & Britton in Brazilian Chaco areas" submitted for 

publication in the journal Conservation Genetics, we estimated the genetic diversity and 

evaluated the population structure of C. alba in the Brazilian Chaco using SNP markers, 

providing a scientific basis for conservation and management efforts in native populations of 

this palm. The third chapter entitled "Climate change impacts on the Copernicia alba and 

Copernicia prunifera (Arecaceae) distribution in South America" published in the Brazilian 

Journal of Botany (doi:10.1007/s40415-022-00801-8), used the ecological niche models 

(ENMs) to predict the climatic niche of the palms C. alba and C. prunifera in current and future 

scenarios, besides evaluating the vulnerability of these species to climate change. The last 

section of the thesis is composed of perspectives and final considerations about the results 

synthesized in the three chapters presented here.  

 

BIBLIOGRAPHIC REVIEW 

Arecaceae Family 

 

The Arecaceae family emerged in the mid-Upper Cretaceous and is considered one of 

the oldest families of angiosperms and one of the primary groups in the evolution of monocots 

(Dransfield et al. 2008; Soares et al. 2014). In the tertiary geological period (Eocene), this 

family was at the apex of its development with wide dissemination throughout the planet, 

occupying all continents and constituting two-thirds of the arboreal vegetation (Dransfield et 

al. 2008).  

Palm trees have adapted to different climates and soil types. However, in the warm and 

humid equatorial regions, such as Malaysia, tropical Asia, and equatorial America, they have 

progressed to a larger number of species (Lorenzi et al. 2010). The remarkable diversity of 

palms in tropical humid forests has been attributed to high rates of speciation and diversification 

compared with other habitats. This has been associated with climatic features, such as high 

humidity and low seasonality (Cassia-Silva et al. 2019). Furthermore, many species thrive in 

temperate climates and adapt to drought and fire (Bacon et al., 2016). Notably, ~27% of the 

total palm flora in the Neotropics are represented by species of the genera Attalea, 
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Coccothrinax, Syagrus, Butia, Copernicia, and Sabal in seasonally dry habitats. In Brazil, they 

are an element present in virtually all plant formations (Cassia-Silva et al. 2019).  

Palms are recognized as a model group for understanding the evolution of biomes 

because they are ecologically representative and have a long and rich fossil history and a well-

established geographic, phylogenetic, and taxonomic structure (Bacon, 2016). In the Americas, 

seven biogeographic regions have been proposed as putative centers of diversification: Mexico, 

the Caribbean, Central America, the Andean region, the Amazon region, the Brazilian central 

highlands, and the Atlantic Forest (Eiserhardt et al. 2013). 

The family has the following characteristics: stipe simple or occasionally branched, 

often with thorns; leaves petiolate, simple, pinnatipartite or flabelliform, alternate spiral, or 

rarely dystic. The inflorescence of the panicle type, lax or compact and spiciform, subtended 

by a bract, is commonly woody. Flowers are usually inconspicuous, unisexual, or rarely 

bisexual. The fruits are present as drupes or rarely berries, usually with a single seed (Souza 

and Lorenzi, 2012).  

Along grasses (Poaceae) and legumes (Leguminosae), palms play an essential economic 

and socioeconomic role as they provide a wide variety of products for rural and indigenous 

populations (Campos et al. 2019; Smith, 2015). Several species have ornamental (Coccothinax, 

Livistona, Pritchardia, Sabal, Copernicia, and Phoenix), food (Cocos nucifera, Euterpe edulis, 

Euterpe oleracea), and biodiesel production (Acrocomia aculeata and Elaeis guineensis) 

potential. 

 

Copernicia alba Morong ex Morong & Britton 

 

The palm, Copernicia alba Morong ex Morong & Britton, popularly known as Carandá, 

is economically important and has massive ornamental potential (Lorenzi, 2010). It is a species 

that constitutes monodominant formations called "carandazais" (Figure 1). It is native to the 

Chaco region. In Brazil, its natural occurrence is restricted to the states of Mato Grosso and 

Mato Grosso do Sul (Viana, 2019). 
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Figure 1. Monodominate formations of carandazais in Porto Murtinho, Mato Grosso do Sul, 

Brazil (Source: Author's personal file, 2023). 

 

It is a solitary palm tree that can reach up to 30 m in height. The trunk can be 36–71 cm 

in diameter. The crown is rounded with fan-shaped palmate leaves, bluish-green, and petiole 

over 1.5 m long. The fruits are 1–1.5 cm in diameter, sub-globose, or ellipsoidal. The seeds are 

1 cm in diameter, globose-ovoid, and have a sub-basilar elliptical hilum (Silva, 2018). 

According to Viana (2019), this species blooms from July to December, with numerous 

inflorescences departing from the crown of the leaves. Silva (2018) stated that flowering occurs 

irregularly and discontinuously at any time of the year and may overlap the fruiting periods, 

which occur from January to May. It shows fast germination in 25 days, a positive factor for 

planting and degraded area recovery projects.  

C. alba is a species of inestimable value for the inhabitants of the Chaco, since they 

offer multiple uses and ecosystem services, and have a remarkable symbolic meaning. It has 

numerous uses (food, construction, and ornamental) (Suarez et al. 2020). The stipe of this palm 

has ideal characteristics for civil construction. In 2013 the volume of C.alba exported in 

Paraguay was about 500,000 kg (Gauto and Stauffer, 2016). 

 

Copernicia prunifera (Miller) HE Moore 

 

Copernicia prunifera (Mill.) H. E. Moore, popularly known as Carnaúba or Carnaúba 

palm, is an endemic palm tree of northeastern Brazil used historically by the local population 

as a source of employment and income due to its economic and cultural importance (Almeida 

et al. 2021). Carnaúba is often found in low-drainage soils, occurring in the river valleys of the 
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northeast (Parnaíba, Jaguaraibe, Acaraú, Cauípe, Apodi, and São Francisco), where it forms 

extensive areas that remain flooded at certain times of the year. In addition to the northeast, it 

can also occur in the states of Tocantins and Goiás (Figure 2). 

 

  

 

Figure 2 Monodominate Carnaúba formations on the coast of Piauí, Brazil (Source: Author's 

personal file, 2023). 

 

Wax is the primary product of economic value extracted from Carnaúba, which has 

excellent properties that give it great acceptance in the pharmaceutical, automotive, cosmetic, 

and computer industries, and the conservation of post-harvest fruits (Ferreira et al. 2013). 

carnaúba wax was obtained by processing the waxy powder formed on the surface of the leaves. 

The waxy powder is a protective layer that plays an essential role in plant physiology, assists 

in reducing transpiration, and protects plants against pathogens (Rodrigues et al. 2013). The 

fan-shaped leaves serve as forage and shelter for humans and other animals and are also used 

in handicrafts. The stipe-like stem reaches 10–15 m in height, has a diameter between 15 and 

25 cm, and can be used in civil and rural construction (Arruda and Calbo, 2004). Fasciculated 

roots exhibit several pharmacological properties. This palm is known as the tree of life because 

of the versatility of its form and use (Costa et al. 2022). 

Other aspects that can be highlighted in carnaúba wax are the presence of long-chain 

fatty acids, esters, free alcohols, aliphatic acids, aromatic acids, triterpenes, proteins, and 

inorganic compounds such as aluminum, calcium, copper, iron, manganese, magnesium, 
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sodium, and zinc (Rodrigues et al., 2017). Nevertheless, studies have shown that carnaúba wax 

has promising pharmacological properties in reducing total cholesterol and triglyceride levels 

and may be beneficial in the treatment of hyperlipidemia and atherosclerosis (Freitas et al. 2019; 

Silva et al. 2021). 

Population genomics 

 

Population genomics is the simultaneous study of numerous loci or genome regions to 

understand the roles of evolutionary processes such as mutation, genetic drift, gene flow, and 

natural selection that influence variation among genomes and populations. Population genomics 

is an area of genetics that can enhance studies in evolutionary genetics, molecular ecology, and 

conservation biology by facilitating the identification of adaptive molecular variation and 

estimating important parameters such as population size, migration rates, and phylogenetic 

relationships (Luikart et al. 2003). 

With the advent of next-generation sequencing (NGS), several methods can be used to 

discover and genotype thousands of markers in any genome of interest, even in populations 

where little or no genetic information is available (Davey et al. 2011). Notable among these 

methods are restriction site-associated DNA sequencing (RAD-seq) (Baird et al. 2008) and 

GBS (Elshire et al. 2011). Minor changes to the original GBS protocol have been suggested 

(Poland et al. 2012). GBS is fundamentally similar to RAD-Seq, however the selection of 400-

500 bp fragments is not performed, and the protocol is simpler and less expensive (Poland et 

al. 2012). 

Genotyping by sequencing methods have several similarities and involve the following 

steps: a) digestion of multiple genomic DNA samples by restriction enzymes, b) binding of 

adapters with specific barcode sequences for the identification of individuals, c) mixing of the 

fragments into a single pool of samples (multiplexing), d) purification and amplification by 

polymerase chain reaction (PCR), and e) sequencing by NGS of the final set of fragments. The 

difference between the methods is that the protocol with modifications extends to a system that 

includes a "rare cut" and a "frequent cut" enzyme, while the original approach uses a single 

restriction enzyme to capture the genomic sequence between restriction sites (Figure 3). 
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Figure 3. Steps in GBS library construction (Image modified from Elshire et al. 2011/doi: 

10.1371/journal.pone.0019379) 

 

Genotyping by sequencing can be used to identify markers of single nucleotide 

polymorphisms (SNPs) in the genome. These are used in genomic diversity studies in native 

plants: Croton tetradenius (Brito et al. 2021), Avicennia germinans (Cruz et al. 2020), 

Centrolobium tomentosum (Cordeiro et al. 2019), Casearia sylvestris (Viana et al. 2018), and 

Euterpe edulis (Novello et al. 2017). A large number of SNPs also makes it easier to identify 

genes or regions that show signs of selection by examining which of the thousands of SNPs 

shows significant differences between populations (Narum et al. 2013). 

 

Ecological Niche Models  

 

Ecological niche models (ENMs), also known as species distribution models (SDMs), 

are empirical or mathematical approaches that configure the relationship between species 

distribution and environmental conditions and are heavily employed to investigate the potential 

geographic distribution of species (Peterson et al. 2011; Feng et al. 2019). 

The advent of computational packages and the use of geographic information system 

(GIS)-based approaches have considerably aided the development of studies on ENMs in the 

last decade such that more than 1,000 publications related to this topic are released every year 

(Zurell et al. 2020). ENMs are useful for mapping invasive species (Bello et al. 2020; Mothes 

et al. 2019), planning priority areas for conservation (Guisan et al. 2013; Peterman et al. 2013; 

Sobral-Souza et al. 2018), identifying possible routes of infectious disease spread (Silva et al. 

2018; Chalghaf et al., 2018), and predicting the impacts of climate change on the geographic 

distribution of native and cultivated species (Blach-Overgaard et al. 2015; Liu et al. 2021). 



19 

 

Ecological niche models are classified into two groups: mechanistic (mechanistic 

modeling) and correlative (correlative modeling). The mechanistic model estimates the 

potential geographic distribution of the species from its physiological tolerances, while the 

correlative model statistically establishes an association between the locations of the species 

and the environmental conditions (Alvarado-Serrano and Knowles, 2014). Correlative models 

are more feasible and used because environmental and species occurrence data are abundant 

and readily obtained from online documents and sources, such as the Global Biodiversity 

Information Facility (GBIF), NatureServe, International Union for Conservation of Nature 

(IUCN), Neotoma Paleoecology Database and Community, and SpeciesLink (Sillero and 

Barbosa, 2020; Title and Bemmels, 2018). 

For correlative models, biotic and abiotic data are used. Biotic data corresponded to the 

occurrence records of species obtained from geographic information and virtual databases. The 

abiotic data are the environmental variables. The 19 most commonly used bioclimatic variables 

for SDMs are those from WorldClim due to their high resolution, global coverage, and 

availability for historical climate and future scenarios (Hijmans et al. 2005; Fick and Hijmans 

2017). 

Several algorithms exist for modeling the ecological niche of species as a function of 

environmental variables. The choice of an algorithm should be based on the study question and 

the availability of occurrence data. These algorithms can be classified into three groups: i) 

envelope methods, such as BioClim, Mahalanobis distance, and ecological-niche factor analysis 

(ENFA); ii) statistical methods, for example, the generalized additive model (GAM), 

multivariate adaptive regression splines (MARS), and generalized linear models (GLM); and 

iii) machine-learning models, such as maximum entropy (MaxEnt), artificial neural networks 

(ANN), and random forests (Rangel and Loyola, 2012). 

The area under the curve (AUC) calculation is one way of interpreting the results 

obtained by the algorithm and validating the models (Peterson et al. 2011). AUC values between 

0.90 and 1.0 are considered excellent, between 0.80 to 0.90 are good, from 0.70 to 0.80 is 

average, between 0.60 to 0.70 are poor, and below 0.60 are considered very poor. For 

publications, the acceptable AUC values should be above 0.75. 

 

 

 

 



20 

 

OBJECTIVES 

General objective  

 

The aim of this study was to evaluate the population genomics, genetic structure, and impact of 

climate change on the Neotropical carnadá and carnaúba palms for the conservation of the 

species. 

 

Specific objectives  
 

a. To estimate the genetic diversity of carnaúba populations using SNP markers and to identify 

loci that may be under selection influence (outliers) and indicate differences between Carnaúba 

populations based on the distinct ecosystems, Restinga and Caatinga. 

b. To analyze diversity and genetic structure between Carandá populations, moreover, to 

identify candidate loci that are influenced by selection across (outliers) the five assessed 

locations. 

c. To evaluate the vulnerability of Carandá and Carnaúba populations to climate change. 
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Abstract 

Copernicia prunifera (Miller) H. E. Moore is a palm tree native to Brazil. The products obtained 

from its leaf extracts are a source of income for local families and the agroindustry. Owing to 

the reduction of natural habitats and the absence of a sustainable management plan, the 

maintenance of the natural populations of this palm tree has been compromised. Therefore, this 

study aimed to evaluate the diversity and genetic structure of 14 C. prunifera populations using 

single nucleotide polymorphisms (SNPs) identified through genotyping-by-sequencing (GBS) 

to provide information that contributes to the conservation of this species. A total of 1,013 SNP 

markers were identified, of which 84 loci showed outlier behavior and may reflect responses to 

natural selection. Overall, the level of genomic diversity was compatible with the biological 

aspects of this species. The inbreeding coefficient (f) was negative for all populations, 

indicating excess heterozygotes. Most genetic variations occurred within populations (77.26%), 

and a positive correlation existed between genetic and geographic distances. The population 

structure evaluated through discriminant analysis of principal components (DAPC) revealed 

low genetic differentiation between populations. The results highlight the need for efforts to 

conserve C. prunifera as well as its distribution range to preserve its global genetic diversity 

and evolutionary potential. 
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Introduction 

Habitat reduction and deforestation resulting from human activities have had 

adverse effects on forest populations, contributing to high rates of species extinction, 

particularly in the Neotropical region [1]. With the exception of some natural areas, most 

tropical species occur in anthropogenic landscapes, where the previously continuous forest has 

now been reduced to smaller and isolated patches [2]. This modification of landscape 

composition and structure leads to habitat fragmentation, contributing to the loss of alleles, 

reduction of heterozygosity, and increase in inbreeding [3].  

The palm tree Copernicia prunifera (Mill.) H. E. Moore (Arecaceae; subfamily: 

Coryphoideae), known as carnaúba, generally forms monodominant populations known as 

“carnaubais” [4]. The species has multiple inflorescences, which are made up of yellowish and 

hermaphroditic flowers [5]. Flowering is more intense between November and February, and 

the fruiting period is between January and March [6]. Fruits are likely dispersed by sanhaçu-

do-coqueiro (Tangara palmarum) [5]. 

C. prunifera is endemic to the Caatinga biome [7], which is one of the largest 

seasonally dry tropical forest areas in South America [8]. The Caatinga is an exclusively 

Brazilian biome, covering an area of approximately 900,000 km2 in northeast Brazil. The 

climate in this region is characterized by a long dry season with irregular rainfall, representing 

a xeric, semi-deciduous shrubland and forest vegetation [9]. This palm tree also grows in the 

Restinga region, which contains vegetation of the coastal plain under marine influence and 

established on sandy soil composed of physiognomic variations from the beach towards the 

interior of the coastal plain [10, 11]. Caatinga and Restinga are the major vegetation units in 

northeast Brazil [12]. 

Local populations use this species as a source of employment and income. Leaf 

extraction is responsible for sustaining several families during the period of drought that 

extends from July to December in northeast Brazil [13]. The fruits serve as food for animals, 

the stems can be used in the construction of houses, and the fasciculated roots have medicinal 

properties [14]. Due to its versatility and usefulness, this palm tree is known as “the tree of 

life.” [15]. The main product of economic value obtained from this tree is carnaúba wax, which 

is extracted from young leaves and is of interest in the pharmaceutical and automotive industries 

[16]. Carnaúba populations suffer from intense exploitation because the method used to extract 

carnaúba wax, which consists of practically removing all the leaves of the plant to obtain 

ceriferous powder [17]. 
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However, unsustainable harvesting practices and the absence of sustainable 

management programs pose major threats to the long-term survival of this palm tree species. 

C. prunifera populations show signs of intense exploitation with visible signs of 

anthropogenicity, such as fire, extraction and cutting of leaves, soil impacted by livestock, and 

low or absence of regeneration (Fig. 1). In addition, anthropogenic disturbances in the last 

century, mainly due to deforestation, agricultural expansion, and modernization of agriculture, 

have led to a rapid decline in these populations [17].  

 

Fig. 1 Signs of anthropization in the evaluated populations of C.prunifera. a) wood cutting; 

b) leaf extraction and cutting; c) cattle raising; and d) burns. 

The maintenance of genetic diversity is a powerful conservation strategy for 

preserving the adaptive potential of species in neotropical regions [18]. In addition to 

configuring the ability of species to adapt to various changing environments, genetic diversity 

is the driving force behind evolution and speciation. [19]. Consequently, maintenance of genetic 

diversity within populations ensures that the species can remain biologically active and 

adaptable to structural changes caused by anthropogenic actions [20, 21]. 

The genetic diversity and structure of forest populations evaluated based on 

molecular markers is a widely used strategy in conservation genetics [22, 23]. With the advent 

of next-generation sequencing, it is possible now to identify thousands of molecular markers of 

single nucleotide polymorphism (SNP) throughout the genome. This provides a genomic 

approach to evaluating genetic diversity [24]. A larger SNP sample size facilitates the 
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identification of regions that show signs of selection and can serve as a starting point for the 

identification of adaptive differences between populations, which is fundamental for optimizing 

biological conservation efforts [25, 26]. These markers enable the identification of outlier and 

neutral loci. Specifically, outlier loci show differentiated behavior regarding genetic variation 

and offer an opportunity to evaluate local adaptation patterns; neutral loci are similarly affected 

by the demographic and evolutionary history of populations [27]. 

Genetic diversity studies based on molecular markers of natural populations of C. 

prunifera in tropical areas such as Caatinga and Restinga are still scarce [28, 29, 30-17]. In 

addition, no studies on C. prunifera have applied next-generation sequencing technology for 

data acquisition in population genomics. Due to the importance of this neotropical palm tree 

for local communities and considering the rapid and recent increases in the exploitation of its 

populations, the present study employed next-generation sequencing to evaluate the genetic 

diversity and structure of 14 natural populations of C. prunifera in two environments (Caatinga 

and Restinga) in Brazil using SNP markers to provide information that can help in the design 

of efficient strategies for the conservation and sustainable use of this species. 

 

Material and Methods 

Plant material and DNA extraction 

In the present study, 160 individual plants from 14 populations of C. prunifera were 

evaluated. Out of the samplings collected, 10 populations came from the Caatinga (RUS, LGP, 

SER, MACZ, MACE, JUC, APD, IPG, MOS, and MAT) and four from the Restinga (ICA, 

SMG, AR1, and AR2) regions in the states of Ceará and Rio Grande do Norte, Brazil (Fig. 2 

and S1 Table). The distance between the plants evaluated within the 14 populations was 15–20 

m, with a minimum height of 6–10 m; regenerating and young plants were not collected. The 

IPG population is composed of a different type of carnaúba, known as “white carnaúba,” which 

is phenotypically distinct from the “common carnaúba” due to the presence of a light stipe, 

smaller fruits, and the absence of thorns in the petiole in addition to limited occurrence in the 

region [14].  
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Fig.2 Map of the collection sites of C. prunifera populations in the states of Ceará and Rio 

Grande do Norte, Brazil. Distribution map of the evaluated populations was drawn using the 

software QGIS v3.18.1. (Open Access Geographic Information System, 

https://qgis.org/pt_BR/site). This figure is licensed under CC BY 4.0. 

 

Small pieces of leaves were cut using a tree trimmer, placed in plastic tubes 

containing 2 mL of hexadecyltrimethylammonium bromide (CTAB 2X), labeled, and stored in 

a freezer at -20 °C until DNA extraction. This study was conducted according to the 

recommendations of the Brazilian Ministry of the Environment and registered in the National 

System of Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN; 

Sistema Nacional de Gestão do Patrimônio Genético e do Conhecimento Tradicional 

Associado) with the number A411583. 

Genomic DNA was extracted from the processed leaves according to the protocol 

described by Doyle and Doyle [31]. DNA quality was evaluated in a 1% agarose gel and stained 

with SYBR Safe™ (Life Technologies Corporation) for visualization under ultraviolet light, 

using lambda phage DNA of known concentrations as a reference. Quantification of the samples 

https://qgis.org/pt_BR/site
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was performed using a Qubit 3.0 fluorometer with the dsDNA BRKitt (Life Technologies), and 

the DNA was standardized to a concentration of 30 ng.μl-1 

 

GBS library preparation and high-performance sequencing 

To obtain SNPs, genomic libraries were developed using the genotyping-by-

sequencing technique (GBS) with two restriction enzymes, according to the protocol described 

by Poland et al. [32] with modifications. First, 7 μl of genomic DNA from each sample was 

digested at 37 °C for 12 h using the restriction enzymes NsiI and MspI. Subsequently, 0.02 μM 

barcode-specific adapters for Illumina technology were ligated to the ends of the digested 

fragments. Binding reaction was performed at 22 °C for 2 h, 65 °C for 20 min, 10 °C 

indefinitely. After the adapters were ligated, the samples were purified using a QIAquick PCR 

Kit (Qiagen). The library was enriched by PCR (Polymerase Chain Reaction) using the 

following amplification program: 95 °C for 30 s, followed by 16 cycles of 95 °C for 10 s, 62 

°C for 20 s, and 72 °C for 30 s, and ending at 72 °C for 5 min. Finally, the library was purified 

using a QIAgen® QIAquick PCR Purification Kit. The Agilent DNA 12000 kit and Agilent® 

2100 Bioanalyzer System were used to verify the average size of the DNA fragments. 

Sequencing was performed using the Illumina® HiSeq 2500 Mid Output Kit v4 (50 cycles) 

(Illumina Inc., San Diego, CA, USA) in a single-end configuration. 

 

Identification of SNPs 

The identification of SNPs was performed using Stacks software v.1.42 [33, 34]. 

The first step comprised filtering and demultiplexing with the process_ radtag module. In the 

absence of a reference genome for C. prunifera, the DeNovo Stacks pipeline was used, starting 

with the ustacks module to identify putatively homologous read stacks (putative loci). This step 

was performed for each sample separately using the following parameters: minimum stack 

depth (-m = 3) and maximum distance between stacks (-M = 2). The loci of each sample were 

grouped into a catalog using the cstacks module, allowing a maximum distance of two 

nucleotides (-n 2) between the loci of each sample. Loci with lower probability values (--lnl_lim 

-10) were eliminated using the rxstacks correction module. Finally, the population module was 

used to filter the SNP markers using the following parameters: only one marker per sequenced 

tag, frequency of least frequent allele (MAF ≥ 0.01), minimum stack depth 3X, and minimum 

occurrence in 75% of saplings in each population. 
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Loci determination under selection 

Two complementary tests were performed, pcadapt and fsthet, were performed to 

detect outlier loci (hypothetically under selection). The pcadapt method [35] was used to 

identify loci associated with the genetic structure revealed by a principal component analysis 

(PCA), that is, without any underlying genetic model. The analysis was performed using the 

pcadapt package [35] on the R platform [36] by retaining the first eight principal components 

of the PCA and considering the loci with q-values ≤ 0.1 as outlier SNPs. The fsthet method [37] 

was used to identify loci with FST values that were excessively high or low compared with what 

was expected under neutrality. The analysis was performed using the fsthet package [37] on the 

R platform [36] by considering the loci below or above the 95% confidence intervals 

constructed with 1000 bootstraps for the expected relationship between HE and FST as outlier 

SNPs. This test was performed by considering the estimates of FST in two different scenarios: 

i) comparing the Restinga and Caatinga populations and ii) comparing the samples of the white 

morphotype with those of conventional morphotype. The final set of SNP markers 

hypothetically under selection consisted of loci identified as outliers in at least two of the three 

tests performed. Thus, the outlier SNP loci may reflect the action of selection on different types 

of vegetation. 

Sequences containing outlier SNPs were searched with the BLASTX tool against 

the genomic data set of the National Center for Biotechnology Information (NCBI) using 

blast2go [38]. This analysis was performed to identify the similarities between the protein-

coding data deposited in the NCBI database and the loci with outlier SNPs identified. For 

sequences with significant BLASTX hits, the functional annotation associated with 

characterized and/or described coding sequences was performed using the gene ontology 

system (GO terms). GO terms summarize information on cellular components, molecular 

functions, and biological processes in which the gene products are involved.  

 

Population genomic analyses 

Genetic diversity was estimated based on the number of alleles (A), number of 

private alleles (Ap), observed heterozygosity (HO), and expected heterozygosity (HE). 

Inbreeding coefficients (f) were also estimated, and their confidence intervals were obtained 

using 1000 bootstraps. Estimates of diversity and inbreeding were obtained using the diveRsity 

[39] and PoPPr [40] packages of the R software [36]. The distribution of genetic variation 

within and between populations of C. prunifera was evaluated using analysis of molecular 
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variance (AMOVA), and its significance was tested with 10,000 permutations using the PoPPr 

program [40]. 

Genetic differentiation was estimated using pairwise FST values with confidence 

intervals of 1000 bootstraps, using the diveRsity package [39] of R software [36]. The 

population structure was evaluated using discriminant analysis of principal components 

(DAPC) with Adegenet [41,42] for R software [36]. This analysis was performed for neutral 

loci, and priori groups were defined from the 14 sampling sites. DAPC does not presuppose the 

underlying population genetic processes (e.g., binding equilibrium and Hardy–Weinberg 

equilibrium) common to other methods used to detect population structure, and as it is based 

on principal component analysis, this method can analyze genomic datasets relatively 

efficiently [43]. 

Genetic relationships and divergence between individuals were investigated by 

constructing a dendrogram generated based on the distance of Nei using the neighbor-joining 

method [44]. The final dendrograms were formatted using MEGA version 7 [45]. 

 

Results 

Identification of SNPs and determination of loci under selection 

Sequencing of the genomic libraries resulted in 566,922,165 reads, and after quality 

control, the total number of reads retained was 397,047,980. In total, 1,013 SNPs (average depth 

of 21X) were identified. A total of 391 outlier SNPs were identified using the pcadapt method, 

70 using the fsthet method to compare morphotypes, and 47 using the fsthet method to compare 

vegetation types (Fig. 3). Of these, 84 SNP markers were identified in at least two of the three 

tests and were considered hypothetically under selection, whereas the other 929 markers were 

considered as neutral loci. Among the outlier loci, 55 were putatively under positive selection 

and 29 were putatively under balancing selection. Only six outlier loci were found in the 

sequences similar to the annotated proteins (S2 Table). Considering the results of the GO terms, 

the most frequent annotations for these proteins were the molecular functions of “binding” and 

“catalytic activity,” and the biological process of cell metabolism (S1 Fig.). 
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Fig. 3 Venn diagram with the number of outlier loci detected for the fsthet and Pcadapt 

tests with the overlap between them. 

 

Population genomic analyses 

The genomic diversity estimates were based on 929 neutral SNP markers. The 

number of alleles (A) ranged from 1,059 to 1,497. The IPG population (white carnaúba) had 

the lowest number of alleles, probably because of the small sample size of the population. 

Expected heterozygosity (HE) ranged from 0.201 to 0.265 (Table 1). The APD population had 

higher genetic diversity (HE = 0.265) and the highest number of private alleles (Ap = 40) 

compared with that of the other populations. The inbreeding coefficients (f) were similar and 

negative for all populations, indicating an excess of heterozygotes. 
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Table 1. Estimates of genomic diversity and inbreeding based on 929 neutral SNP markers 

for populations of C. prunifera. 

 

Population N A AP HO HE f f (95% CI) 

ICA 7 1439 2 0.375 0.257 -0.367 (-0.473 - -0.308) 

AR1 17 1497 35 0.387 0.260 -0.391 (-0.439 -  -0.357) 

AR2 11 1484 3 0.388 0.258 -0.454 (-0.526 - -0.394) 

RUS 21 1495 27 0.383 0.260 -0.287 (-0.556 -  -0.326) 

SMG 10 1353 16 0.370 0.235 -0.272 (-0.34 - -0.211) 

LGP 6 1059 5 0.378 0.229 -0.553 (-0,642 - -0.473) 

SER 10 1235 6 0.381 0.246 -0.438 (-0,556 - -0.326) 

MACZ 10 1462 9 0.387 0.259 -0.405 (-0,461- -0.365) 

MACE 14 1227 7 0.369 0.201 -0.102 (-0,126- -0.081) 

JUC 12 1466 3 0.376 0.247 -0.447 (-0,564 - -0.38) 

APD 12 1317 40 0.372 0.265 -0.238 (-0,383 - -0.0127) 

IPG 5 1249 1 0.375 0.224 -0.123 (-0,209 - -0.049) 

MOS 18 1404 28 0.380 0.255 -0.112 (-0.174 -  -0.065) 

MAT 7 1361 8 0.376 0.237 -0.353 (-0.437- -0.306) 

Number of individuals (N); total number of alleles (A); number of private alleles (Ap); observed heterozygosity 

(HO); expected heterozygosity (HE); inbreeding coefficient (f); f (CI of 95%) = lower and upper confidence interval 

of 95% of the inbreeding coefficients. 

 

FST values 0–0.05 and 0.05–0.15 indicate low and moderate genetic differentiation, 

respectively, whereas values > 0.15 indicate high differentiation (Hartl, Clark 1997). In the 

present study, FST estimates suggested low to high genetic differentiation between populations 

of C. prunifera (Table 2). In general, there was a greater differentiation between the population 

from MACE and those from the other sites (FST ranged from 0.118 to 0.20). In addition, the 

SMG and IPG populations showed moderate levels of differentiation. A low genetic structure 

was observed for the populations from LGP and SER (0.18) and AR1 and AR2 (0.19), 

suggesting a genetic flow between these localities. 
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Table 2. Estimates of pairwise FST between populations of C. prunifera (lower diagonals). Upper diagonals contain the lower and upper 

limits of the confidence interval. 

 

 

 

 

 

 

 

 IPG APD AR2 JUC LGP MACE MACZ MAT MOS RUS SER AR1 ICA SMG 

IPG   (0.05 - 0.14) (0.02 - 0.11) (0.05 - 0.20) (0.05 - 0.17) (0.17 - 0.27) (0.03 - 0.12) (0.06 - 0.19) (0.04 - 0.14) (0.03 - 0.13) (0.05 - 0.16) (0.04 - 0.13) (0.02 - 0.13) (0.05 - 0.16) 

APD 0.092   (0.01 - 0.07) (0.01 - 0.12) (0.03 - 0.12) (0.12 - 0.19) (0.02 - 0.08) (0.06 - 0.13) (0.02 - 0.08) (0.01 - 0.06) (0.02 - 0.09) (0.02 - 0.07) (0.00 - 0.09) (0.07 - 0.14) 

AR2 0.053 0.036   (0.02 - 0.11) (0.03 - 0.10) (0.13 - 0.20) (0.01 - 0.05) (0.03 - 0.10) (0.01 - 0.06) (0.00 - 0.04) (0.02 - 0.08) (0.00 - 0.04) (-0.03 - 0.03) (0.04 - 0.09) 

JUC 0.109 0.062 0.057   (0.03 - 0.15) (0.11 - 0.18) (0.01 - 0.09) (0.01 - 0.15) (0.05 - 0.14) (0.03 - 0.11) (0.02 - 0.10) (0.03 - 0.11) (0.02 - 0.12) (0.06 - 0.14) 

LGP 0.096 0.064 0.054 0.072   (0.10 - 0.16) (0.02 - 0.09) (0.06 - 0.15) (0.06 - 0.13) (0.04 - 0.09) (-0.01 - 0.07) (0.02 - 0.08) (0.01 - 0.11) (0.05 - 0.13) 

MACE 0.210 0.150 0.162 0.144 0.123   (0.09 - 0.15) (0.17 - 0.23) (0.15 - 0.21) (0.13 - 0.17) (0.09 - 0.15) (0.12 - 0.16) (0.14 - 0.21) (0.12 - 0.17) 

MACZ 0.063 0.046 0.027 0.042 0.051 0.118   (0.04 - 0.10) (0.03 - 0.09) (0.01 - 0.05) (0.02 - 0.08) (0.02 - 0.06) (0.00 - 0.07) (0.03 - 0.08) 

MAT 0.113 0.087 0.058 0.073 0.094 0.195 0.063   (0.06 - 0.12) (0.04 - 0.09) (0.06 - 0.12) (0.04 - 0.10) (0.03 - 0.10) (0.08 - 0.15) 

MOS 0.077 0.047 0.032 0.084 0.086 0.172 0.050 0.084   (0.02 - 0.07) (0.05 - 0.10) (0.03 - 0.07) (0.00 - 0.07) (0.06 - 0.11) 

RUS 0.068 0.033 0.016 0.060 0.057 0.148 0.030 0.054 0.041   (0.04 - 0.09) (0.01 - 0.04) (0.00 - 0.05) (0.05 - 0.11) 

SER 0.094 0.053 0.045 0.054 0.018 0.118 0.046 0.080 0.069 0.063   (0.03 - 0.07) (0.02 - 0.08) (0.05 - 0.10) 

AR1 0.074 0.041 0.019 0.062 0.043 0.138 0.034 0.064 0.045 0.019 0.048   (0.01 - 0.07) (0.05 - 0.10) 

ICA 0.060 0.036 -0.003 0.058 0.050 0.171 0.028 0.055 0.032 0.022 0.044 0.029   (0.05 - 0.11) 

SMG 0.090 0.101 0.064 0.098 0.081 0.142 0.048 0.102 0.079 0.077 0.070 0.073 0.072   
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The low genetic divergence suggested by the pairwise FST was also observed in 

DAPC, which retained 28.7% of the total variation in the first two principal components (Fig. 

4). This analysis also showed greater genetic differentiation of the population from MACE in 

comparison with that of others in addition to pointing out an overlap between individuals from 

almost all populations, especially AR1, AR2, and RUS. 

 

 

Fig. 4 a) Discriminant analysis of principal components (DAPC) representing the genetic 

structure of C. prunifera populations based on 929 SNPs. b) Bar graph representing the 

coefficients of DAPC, where each bar delimits one individual. 

 

Analysis of molecular variance (AMOVA) indicated that most of the variation was 

found within populations (77.26%), and the genetic differentiation between populations was 

high and significant (φ = 0.227) (Table 3). The Mantel test revealed a positive and significant 

correlation between the geographical and genetic distances based on the FST values (r = 0.0612; 

p = 0.002). 
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Table 3. Analysis of molecular variance (AMOVA) based on 929 neutral SNP markers for 

fourteen natural populations of C. prunifera. 

 
 

Degrees of 

freedom 

Sum of the 

squares 

Mean 

square 

Variance Percentage FST  global 

(φ) 

p-value 

Between 

the 

populations 

  

13 3307.963 254.45867 17.32471 22.7366 0.227366 0.00005 

Within the 

population 

 

146 8595.417 58.87272 58.87272 77.2634 
  

Total 159 11903.38 74.86402 76.19743 
   

 

According to the dendrogram (Fig. 5), the MACE population was the most 

genetically distant, corroborating the results observed in the DAPC population. Individual 

saplings from the LGP and SER populations exhibited similar levels of genetic similarity. In 

addition, there was a clear distinction among the three groups: the first group was formed by 

the populations from LGP, SER, MACE, SMG, MACZ, JUC, and MAT; the second group 

consisted of AR2, ICA, IPG (white carnaúba), and MOS; and the third group consisted of RUS, 

AR1, and APD. Populations from AR2 and ICA had the highest bootstrap value, which 

indicates a statistically well-supported grouping. 

 

 

Fig. 5 Dendrogram obtained by the Neighbor-Joining method based on SNP markers for 

the 14 populations of C. prunifera. 
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When the genetic diversity and structure of the C. prunifera populations were 

evaluated based on the type of vegetation (Caatinga and Restinga), similar levels of genetic 

diversity were observed (Table 4). 

 

Table 4. Estimates of genomic diversity and inbreeding based on 929 neutral SNP markers 

for populations of C. prunifera, considering the different types of vegetation (Caatinga 

and Restinga) and morphotypes (common carnaúba and white carnaúba). 

 

Population N A AP HO HE f f (95% CI) 

Caatinga 126 1802 253 0.379 0.270 -0.400 (-0.417 - -0.382) 

Restinga 34 1603 54 0.380 0.266 -0.432 (-0.468 -  -0.397) 

Common carnaúba 155 1855 607 0.348 0.271 -0.400 (-0.417 -  -0.384) 

White carnaúba 5 1249 1 0.345 0.224 -0.123 (-0.209 -  -0.048) 

Number of individuals (N); total number of alleles (A); number of private alleles (Ap); observed heterozygosity 

(HO); expected heterozygosity (HE); inbreeding coefficient (f); f (CI of 95%) = lower and upper confidence interval 

of 95% of the inbreeding coefficients. 

 

 The populations from the Caatinga had the largest number of private alleles (Ap = 

253) compared to the Restinga populations and this result is probably associated with the 

sample size. The inbreeding coefficients (f) are both similar and negative. In addition, the FST 

estimates suggested low genetic differentiation between the Caatinga and Restinga populations 

(FST = 0.008). When considering only two morphotypes of C. prunifera (white carnaúba and 

common carnaúba), similarities were observed in the estimates of diversity in addition to low 

genetic differentiation (FST = 0.008) (Table 4). Analysis of molecular variance (AMOVA) 

among the vegetation types (Caatinga and Restinga) produced small genetic differentiation (φ 

 = 0.024). It revealed 97.522% of the genetic variation within the vegetation types whereas, 

2.478% of the total genetic variation was observed between types of vegetation (Table 5). 
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Table 5. Molecular analysis of variance (AMOVA) considering the Caatinga and Restinga 

for the populations of C.prunifera.  
 

Degrees of 

freedom 

Sum of the 

squares 

Mean 

square 

Variance Percentage FST  global (φ) p-value 

Between 

types of 

vegetation 

 
 

1 175.234 175.23395 1.886185 2.478 0.02478074 0.00005 

Within types 

of vegetation 

158 11728.146 74.22877 74.22877 97.522 
  

Total 159 11903.38 74.86402 76.114954 
   

 

Discussion 

Loci Putatively under Selection  

The large number of SNP markers obtained in this study allowed for the 

identification of loci with deviations from the expected neutral behavior, which are putatively 

under selection (outlier loci). The identification of outlier loci is an important step in 

understanding local adaptation and evaluating the evolutionary potential of a species [46]. The 

palm tree C. prunifera has no annotated reference genome, and probably for this reason, most 

sequences with outlier loci are similar to uncharacterized proteins. Regarding the results 

obtained from the annotation, most loci are associated with genes involved in metabolic 

processes, which have been regularly found under selection in a variety of organisms because 

the gene functionality correlates with environmental stressors [47]. 

Interestingly, some annotated loci were associated with genes of transposable 

elements (S2 Table). According to Gogvadze and Buzdin [48], transposable elements promote 

changes in the genome, which is an important evolutionary mechanism for the adaptation of 

organisms to changes in environmental conditions. This is expected in C. prunifera because the 

palm trees grow in different environments such as seasonally flooded areas in the semi-arid 

region [49]. In addition, outlier loci may be associated with environmental differences in the 

collection sites, especially as sampling areas are scattered over the Restinga and Caatinga. 

It is important to highlight that the analyses performed in this study are unable to 

indicate associations between genomic and functional variation; therefore, it is not possible to 

associate generic molecular functions or biological processes with any adaptive traits involved 

in the diversification of the evaluated populations. Therefore, studies with larger sample sizes 

with better representation of the different geographical habitats are needed to generate 
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information on the evolution and diversification of C. prunifera. Small sample sizes belonging 

to populations with relatively small geographical distances, which enable gene flow to quickly 

spread new adaptations to surrounding areas, reduce the capacity to detect recent evolutionary 

changes [50]. However, the identified outlier loci can be used as candidates in association 

mapping studies. Thus, integrative approaches of association genetics, genome-wide scans, and 

measurements of phenotype selection are necessary to understand the adaptive nature of a given 

allele [51]. 

Genetic diversity, inbreeding, and structure 

Genetic diversity is one of the three classes of biodiversity recognized as a global 

conservation priority and plays a decisive role in conservation efforts. Genetic diversity has a 

substantial effect on both individual fitness and the adaptive capacity of the population, playing 

a vital role in maintaining the capacity of species to withstand various biotic and abiotic 

stressors and evolve under altered environmental conditions [52]. The present study provides 

the first estimates based on SNPs for genetic diversity in C. prunifera. The GBS approach used 

in this study produced a large number of SNP loci for the genomic evaluation of this palm tree 

without the need for a reference genome. This has resulted in robust estimates of diversity and 

patterns of genetic structure.  

The results of genetic diversity and population structure were similar based on the 

results of the analysis according to population (among the 14 localities), type of vegetation 

(Caatinga and Restinga), and morphotype (common carnaúba and white carnaúba). In all 

situations, the populations showed a negative f value, suggesting limited inbreeding with 

reduced self-pollination capacity under environmental conditions. Therefore, individual plants 

are less related than expected under conditions of random mating. Genetic diversity and 

population structure is influenced by biological characteristics of the species, including the 

mating system [53]. Therefore, the reproductive biology of this species may explain the 

observed patterns of genetic variation. The mating system of C. prunifera is mixed and 

preferably allogamous [5], which favors the crossing between unrelated individuals. Thus, 

inbreeding coefficients are reduced, and the maintenance of genetic diversity within 

populations is ensured. 

Although the evaluated populations were susceptible to anthropogenic threats, it is 

possible that they had high genetic diversity (HE). High levels of genetic diversity led to an 

increase in long-term survival of a species; therefore, a strong positive correlation exists 

between heterozygosity and population fitness, which is important for populations to adapt to 
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new environmental conditions [54]. This high level of diversity is expected in forest species 

that are largely not domesticated as a result of local adaptation and neutral evolutionary 

processes in heterogeneous environments [22]. 

The identification of private alleles is useful for genetic conservation [55]. In the 

present study, the populations from APD (Ap = 40), AR1 (Ap = 35), and MOS (Ap = 28) had 

the highest number of private alleles and diversity was not found in the other localities; 

therefore, these populations deserve special management because the levels of private alleles 

are indicative of individual fitness and explain the evolutionary potential of populations and 

their ability to adapt to the adverse environmental conditions [21]. Therefore, this information 

can be used to increase the genetic representation in germplasm banks. and to convey the need 

to explore seed collection in situ to ensure future replacement. 

Genetic variation in plant species is strongly affected by several historical and 

demographic factors, including geographic distribution, life form, and population size [56]. The 

results of AMOVA showed that most of the genetic diversity was found within C. prunifera 

populations (Table 3). Similarly, Santos et al. [17] analyzed the genetic differentiation of this 

palm tree in the northeast region of Brazil and found that 62.86% of molecular variance was 

accounted for by differences within populations. These results agree with those of different 

studies conducted on forest species that reproduce by allogamy, seeing as these species have 

maintained most of their genetic variability within populations [57].  

Genetic structure analyses indicated that the 14 collection sites did not belong to a 

single homogeneous population, and the geographically closest populations showed low values 

of pairwise FST and overlap in the DAPC. Greater genetic similarity was found between the 

populations from LGP and SER and between AR1 and AR2. In addition, low genetic 

differentiation was observed when the populations were evaluated according to vegetation type 

and morphotype. 

The low level of global genetic differentiation found between the populations 

studied here (supported by FST, cluster analysis, and DAPC) and the higher proportion of genetic 

diversity within populations with only fewer partitions between them could result from the 

combined effect of different factors, such as cross rate, reproductive system, and high genetic 

flow rate in this species. The Mantel test corroborates this result. Since geographically close 

populations tend to be genetically similar, this indicates a pattern of isolation by distance. 

However, the MACE population had the lowest level of diversity (HE = 0.201) and the highest 

degree of structuring, being the most genetically divergent population compared with the others. 
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This differentiation was supported by the FST value, which is an indirect estimator of the 

population connectivity between subpopulations (Table 2). The observed grouping can be 

explained by geographical barriers such as roads that surround the population. Furthermore, the 

population from MACE is more isolated than the other population groups. A limitation in 

dispersal ability is expected to be a key factor in geographical isolation, which probably favors 

low levels of gene flow between MACE and other populations. Another characteristic of this 

population is that it corresponds to a small carnaubal in terms of the number of plants in an area 

of approximately 0.9 hectares. 

 

Implications for Conservation 

Conservation genomics is an extension of conservation genetics that seeks to apply 

genomic techniques to the practical management of natural populations [58]. In this context, 

evaluations of genetic variations in the entire genome are powerful approaches to gain an 

understanding of the processes that lead to molecular diversification and inform effective 

management and conservation strategies [59]. However, application in real-time has been slow 

and a persistent gap exists between theory and practice. 

In Brazil, the legislation that guides forest management does not clearly describe 

the importance of genetic evaluation within natural populations; therefore, information that 

seeks to associate genetic data with the formulation of sustainable management plans is 

unfortunately not mentioned [60]. Although C. prunifera is not listed as an endangered species, 

the expansion of agricultural activities over time has contributed to a reduction in its natural 

population [17]. Therefore, conservation measures are necessary to minimize the additional loss 

of alleles and to ensure the maintenance of genetic resources. 

Conserving genetic diversity within a population should be the cornerstone of any 

conservation strategy aimed at ensuring the long-term persistence of species and habitats [61]. 

In situ and ex situ conservation strategies are considered promising alternatives for the 

conservation of forest genetic resources (FGR) and aim to maintain the genetic diversity of 

species over time, preserving the evolutionary processes and adaptive potential of populations 

[62]. Although ex situ approaches have the potential to conserve much of the biological 

diversity, they do have a limitation of being more suited and efficient for conservation in plants 

that have orthodox seeds. Therefore, in situ conservation is recommended for C. prunifera 

because this species contains recalcitrant seeds [63]. However, active management, including 

the establishment of in vivo seed banks and the promotion of natural regeneration, can prevent 



40 

 

 

 

the decrease of population size, loss of genetic variability, and ensure long-term conservation 

[17]. 

The high genetic diversity observed in the evaluated populations of C. prunifera 

indicates the need for large areas of land dedicated to in situ conservation for capturing the 

existing genetic diversity of these populations. FST values estimated in the present study could 

help in recommending the optimal number of populations for sampling, including populations 

that had the highest estimates of diversity and the largest number of private alleles. 

C. prunifera exploitation is an important source of employment and income for 

local communities in the semi-arid region of Brazil. In this context, the rational management of 

palm tree products should be a principal strategy in the efforts to conserve the natural habitats 

of the species. Another strategy aimed at conservation and sustainable use would be the 

development of a community and family forest management (CFFM) plan [64], which consists 

of the planning and management of actions and appropriate techniques for the sustainable use 

of forest resources aimed at traditional communities and family farmers [65]. 

In addition, practical measures aimed at successful plant regeneration, such as the 

pause of extractive activity during reproductive periods and the introduction of rotation cycles 

for leaf harvesting in the explored areas, need to be implemented for the sustainable 

management of carnaúba. However, the current social and economic conditions of workers 

employed in the activity of extraction and production of carnaúba wax must be considered. 

Workers in poorer areas need to be provided additional support, including investments, to 

maintain the balance between socioeconomic demand and conservation, which would pave the 

way to a more sustainable supply of resources while reducing the pressure of uncontrolled 

harvesting.  

A third approach would be to preserve populations and divergent genetic groups 

identified in this study throughout their geographic distribution range through effective long-

term genetic and ecological monitoring, stimulating the development of ecological corridors 

between fragments and natural forests, and avoiding the reduction of genetic variability. In 

addition, interdisciplinary programs that study different aspects of C. prunifera populations 

(e.g., habitat quality, impact of extractive activity on individuals, and genetic diversity) 

throughout their distribution would be fundamental for the successful implementation of 

species conservation management. 
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Supporting information 

S1 Table. Collection sites of the evaluated populations of Copernicia prunifera. 

 (DOCX) 

Population Initials Stade Latitude Longitude Biome 

Icapuí ICA Ceará 4.766 37.283 Restinga 

Aracati 1 AR1 Ceará 4.566 37.733 Restinga 

Aracati 2 AR2 Ceará 4.85 37.45 Restinga 

Russas RUS Ceará 4.916 37.9 Caatinga 

São Miguel do 

Gostoso 

SMG Rio Grande 

do Norte 

5.116 35.683 Restinga 

Lagoa de Pedras 
LGP Rio Grande 

do Norte 

6.2 35.45 Caatinga 

Serrinha 
SER Rio Grande 

do Norte 

6.233 35.483 Caatinga 

Macaíba 

(Zumbi) 

MACZ Rio Grande 

do Norte 

5.983 35.5 Caatinga 

Macaíba (EAJ) 
MACE Rio Grande 

do Norte 

5.883 35.366 Caatinga 

Jucurutu 
JUC Rio Grande 

do Norte 

6.066 37.05 Caatinga 

Apodi 
APD Rio Grande 

do Norte 

5.716 37.733 Caatinga 

Ipanguaçu 
IPG Rio Grande 

do Norte 

5.516 36.8 Caatinga 

Mossoró 
MOS Rio Grande 

do Norte 

5.183 37.3 Caatinga 

Martins 
MAT Rio Grande 

do Norte 

6.05 37.866 Caatinga 

 

 S2 Table. Similarity with proteins and Gene Ontology classifications obtained in blast2go 

for outlier SNPs putatively under selection in carnaúba (Copernicia prunifera). HE = 

expected heterozygosity of the locus; FST = genetic divergence among groups of accessions 

estimated based on the locus; e-value = number of hits expected by chance (E = x 10); Sim 

(%) = BLASTX percentage of similarity between SNP tags and annotated proteins.  

(DOCX) 

Locus HE FST e-value Sim (%) Molecular function Biological 

process 

178120 0.495 0.114 3.41E-10 96.15 Nucleic acid 

binding 

DNA 

Biosynthesis 

113155 0.322 0.253 5.94 E-07 79.5 Retrotransposon  
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S1 Fig. Genetic ontology assignment graph (GO). GO Annotations are summarized into 

three main categories: cellular location, biological process and molecular function for 

carnaúba (Copernicia prunifera) 

(TIF) 

 

 

 

 

 

 

 

 

 

158078 0.452 0.130 1.21E-14 88.65 ADP binding Cellular 

defense 

319537 0.122 0.070 3.88 E-8 88.82 Nucleic acid 

binding 

DNA 

Biosynthesis 

26734 0.172 0.105 3.88E-8 83.95 Nucleic acid 

binding 

DNA 

Biosynthesis 

162642 0.046 0.024 2.17E-6 85.6 Retrotransposon  
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Abstract 

Chaco is the largest remaining continuous tropical dry forest on the American continent and 

has one of the highest deforestation rates in the world. Copernicia alba Morong ex Morong & 

Britton is a typical species of Chaco forests and has been subjected to predatory extraction in 

its areas of occurrence. Because of anthropic activities and intense extractivism it is assumed 

that there is a reduction in the genetic diversity of C.alba populations. Therefore, this study 

evaluated the diversity and genetic structure of five populations of C. alba in the Brazilian 

Chaco, using single-nucleotide polymorphism (SNP) markers in order to generate information 

for the management and conservation of this species. Populations showed high levels of genetic 

diversity (HE). The inbreeding coefficient (f) was negative for all populations, indicating an 

excess of heterozygotes. Moderate genetic differentiation was observed among populations. 

Despite these results, conservation efforts should be adopted to avoid the loss of genetic 

variation. Conservation ex situ is pointed out as an important strategy for the preservation of C. 

alba populations, prioritizing sampling throughout the distribution area. The information 

obtained in this study will contribute to the conservation of genetic diversity, increasing the 

chances of the natural populations of C. alba persisting over time. 

Keywords: Carandá. Conservation genetics. Palm tree. Pantanal. Population genetics. SNP.  
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Introduction 

Chaco is the largest remaining continuous segment of tropical dry forest in South 

America, with approximately 800,000 km², occurring in Argentina, Paraguay, Brazil and 

Bolivia (Alves et al. 2018). In Brazil, Chaco is located mainly in the Pantanal region and 

comprises about 70,000 km2 as a parallel strip to the Paraguay River, in the state of Mato Grosso 

do Sul (Fava et al. 2020).  

Chaco vegetation has recently turned into a global deforestation hotspot resulting 

from the exploitation of natural resources and agricultural expansion, mainly driven by large-

scale, market-oriented agribusiness, has converted more than 20% of the Chaco's forests to 

pastures and croplands between 1985 and 2015 (Vallejos et al. 2015; Baumann et al. 2017; 

Basualdo et al. 2018). This situation poses challenges to forest species in the Chaco region, 

since this scenario affects the genetic diversity of populations.  

Among the forest species with greater socioeconomic visibility of this biome, 

Copernicia alba Morong ex Morong & Britton, popularly known in Portuguese as ‘Carandá’, 

stands out. C. alba is a widely distributed neotropical palm tree and establishes monodominant 

formations known as ‘carandazais’ (Arrúa; Negrelle, 2014). This palm tree has a wide range of 

popular uses with emphasis on exploitation of its stem (stipe), which has wood with high 

strength and indicated for the manufacture of poles, fences and walls. Industrially, stipes are 

used in the manufacture of parquet and laminate flooring (Negrelle; Degen-Naumamm, 2012). 

From its leaves one can obtain wax of great quality, slightly inferior to wax from ‘carnaúba’ 

(Copernicia prunifera (Miller) HE Moore), and it can be exported under the classification of 

Paraguayan ‘carnaúba’ (Sammartino 2010). Its leaves also have high cellulose content, being 

potentially suitable for the production of polymeric compounds, and the fiber is used in 

handicrafts (Sammartino 2010).  

Due to the pressure for cutting the stipes, this species is continuously extracted from 

its places of occurrence (Arrúa; Negrelle 2014). The predatory extraction performed without 

respecting the natural dynamics of substitution causes serious damage, leading to a reduction 

in population size, which causes a decrease in the evolutionary potential and increases the 

probability of local extinction due to the effects of inbreeding (González et al. 2020). Therefore, 

knowledge about how genetic variability is distributed among populations is essential for the 

conservation of diversity, and consequently of the evolutionary potential of the species (Wadt 

et al. 2018). In this context, one of the main objectives in conservation programs, in addition to 

habitat preservation, is the maintenance of existing levels of genetic diversity in populations, 
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considering that the reduction of genetic variability can decrease the ability of populations to 

adapt to environmental changes and increase susceptibility to biotic pressures such as pests and 

diseases (Baldoni et al. 2020).  

Molecular markers provide direct and more accurate estimates of the genetic 

diversity existing in the populations and is a reliable alternative for the knowledge of genetic 

variation and in elucidating the genetic relationships between and within populations (Lanes et 

al. 2016). Currently, one of the most used molecular markers to estimate plant diversity and 

genetic structure are the single-nucleotide polymorphism (SNP) markers (Alves-Pereira et al. 

2019). These markers allow identifying the variation of a single nucleotide in an automated way 

and at a moderate cost, thus enabling the analysis of genetic diversity on a genomic scale (Brito 

et al. 2021). 

Genomic approaches such as genotyping by sequencing (GBS) allow the 

identification of a large number of SNPs throughout the genome of an individual organism, 

which facilitates the identification of markers that show signals of selection (outlier loci), for 

example when determining the set of SNPs that has greater genetic differentiation (FST outliers) 

between populations (LeBlanc et al. 2020). Although the analyses of outlier loci are biased for 

the detection of a single locus with strong signals of selection on more subtle polygenic 

adaptation, they can serve as a starting point to identify adaptive differences between 

populations (Nielsen et al. 2020). Once identified, these loci can be examined separately to gain 

insights into adaptive selection in a population and highlight potential candidate genes for future 

studies (Hoban et al. 2016). Therefore, population genomic analyses provide an opportunity to 

explore adaptive signatures and neutral genetic variation of natural populations, producing 

information that supports the conservation and sustainable use of genetic resources (Laviola et 

al. 2021). 

 Studies on genetic diversity using SNP markers have not yet been reported in the 

literature for the species C. alba; in addition, there is a lack of information on the impact of 

anthropic actions on patterns of genetic variation of native populations of this palm tree. In this 

context, the present study aimed to evaluate genetic diversity and estimate the population 

structure of C. alba in the Brazilian Chaco, using SNP markers. Furthermore, outlier SNPs 

associated with adaptive responses (outlier loci) were identified for the populations assessed. 

This information will provide a scientific basis for conservation and management efforts in 

native populations of C. alba. 
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Material and Methods 

Study area and sampling 

Botanical material was collected in localities with ‘carandazais’ distributed in the 

Brazilian Chaco, in the municipalities of Corumbá and Porto Murtinho, Mato Grosso do Sul, 

Brazil (Fig. 1). In all, 75 individuals were sampled in five localities: Amolar (Amo), Castelo 

(Cas), Nabileque (Nhe), Corumbá (Cor) and Porto Murtinho (Por). Depending on the size and 

color of the stipe, two phenotypes are recognized for C. alba: black (taller and black stipe) and 

white (shorter and white stipe) (Cisz 2011). The population of Nhe consisted only of black 

Carandá, while the other populations analyzed were formed by white Carandá.  

 

 

Fig.1 Map of the collection sites of C. alba populations in Mato Grosso do Sul, Brazil. 

 

The collected leaves were stored in silica in gel for rapid dehydration (Chase, Hills 

1991). Genomic DNA was extracted from leaf material using the protocol described by Doyle 

& Doyle (1987). DNA quality was evaluated in 1% agarose gel stained with SYBR Safe™ 

(Life Technologies Corporations) for visualization under ultraviolet light using lambda phage 
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DNA of known concentrations as a reference. The samples were quantified with a Qubit 3.0 

fluorometer with the dsDNA BR kit (Life Technologies), and the DNA samples were 

normalized to a concentration of 30 ng.μl-1. This study was carried out according to the 

recommendations of the Brazilian Ministry of the Environment and registered in the National 

System of Management of Genetic Heritage and Associated Traditional Knowledge (SISGEN) 

with the number A411583. 

 

GBS library preparation and high-throughput sequencing 

To obtain SNPs, genomic libraries were developed from the genotyping by sequencing 

(GBS) technique with two restriction enzymes, according to the protocol described by Poland 

et al. (2012), with modifications. We digested 7 μl of genomic DNA from each sample at 37° 

C for 12 h with the restriction enzymes NsiI and MspI. Subsequently, 0.02 μM of Illumina 

technology-specific barcode adapters were connected to the ends of the digested fragments. The 

ligation reaction was performed at 22° C for 2 h; 65° C for 20 min; 10° C indefinitely. After 

binding of the adapters, the samples were purified with the QIAquick PCR Kit (Qiagen). The 

library was enriched by PCR (Polymerase Chain Reaction) using the following amplification 

program: 95° C for 30 s, followed by 16 cycles of 95° C for 10 s, 62° C for 20 s, 72° C for 30 

s, ending at 72° C for 5 min. Finally, the library was purified using the QIAquick PCR 

Purification Kit from QIAgen. The Agilent DNA 12,000 kit and 2100 Bioanalyzer System 

equipment (Agilent) was used to verify the average size of the DNA fragments. Sequencing 

was performed using the Illumina® HiSeq 2500 Mid Output Kit v4 (50 cycles) (Illumina Inc., 

San Diego, CA, USA) in a single-end configuration. 

 

Identification of SNPs 

The identification of SNPs was performed with the aid of Stacks v.1.42 software 

(Catchen et al. 2011, 2013). The first step comprised filtering and demultiplexing with the aid 

of the process_radtags module. Since there is no reference genome for C. alba, we used the 

denovo pipeline of Stacks starting with the ustacks module to identify putatively homologous 

groups of reads (putative loci). This step was performed for each sample separately with the 

following parameters: the minimum sequencing depth (-m = 3), the maximum distance between 

stacks (-M = 2). The loci from each sample were grouped into a catalog using the cstacks 

module, allowing a maximum distance of two nucleotides (-n 2) between the loci from each 

sample. The sstacks module was used to compare the information of the loci in each sample 
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with the loci included in the catalog. Loci with lower probability values (--lnl_lim -10) were 

eliminated by the rxstacks correction module. Finally, the populations module was used to filter 

the SNP markers, using the following parameters: only one marker per tag sequenced; least 

frequent allele frequency (MAF ≥ 0.01); minimum sequencing depth 3X; and minimum 

occurrence in 75% of individuals in each of the five loci. 

 

Determination of outlier loci 

Two complementary tests, pcadapt and fsthet, were performed for the detection of 

outlier loci (hypothetically under selection). The pcadapt method (Luu et al., 2017) was used to 

identify loci associated with the genetic structure revealed by a principal component analysis 

(PCA), i.e., without any underlying genetic model. The analysis was performed with the 

pcadapt package (Luu et al., 2017) on the R platform (R Development Core Team 2016), 

retaining the first 8 principal components of the PCA, and considering as SNPs outliers the loci 

with q-values ≤ 0.1. The fsthet method (Flanagan, Jones 2017) was used to identify loci with 

excessively high or low FST (Wright, 1943) values with respect to that expected under neutrality. 

The analysis was performed with the fsthet package (Flanagan, Jones 2017) on the R platform 

(R Development Core Team 2016), considering as SNPs outliers the loci below or above the 

95% confidence intervals constructed with 1000 bootstraps for the expected relationship 

between HE and FST. This test was performed considering the FST estimates in two different 

scenarios: i) comparing localities and ii) comparing samples with black (Nhe) and white 

(remaining localities) phenotype. The final set of SNP markers hypothetically under selection 

consisted of the loci identified as outliers in at least two of the three tests performed. Thus, the 

outlier SNP loci possibly reflect the performance of selection in different localities or distinct 

phenotypes of C. alba. 

Sequences containing outlier SNPs were searched with the BLASTX tool against the 

National Center for Biotechnology Information (NCBI) genomic dataset using blast2go (Gotz 

et al. 2008). This analysis was performed aiming to identify the similarities between the proteins 

deposited in the NCBI database and the loci with outlier SNPs identified for C.alba. For the 

sequences with significant BLASTX hits, the functional annotation associated with the 

characterized and/or described coding sequences was performed using the gene ontology 

system (GO terms). GO terms summarize information of cellular components, molecular 

functions, and biological processes in which gene products are involved (Gene Ontology 

Consortium 2019). 
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Population genomic analyses 

Genetic diversity was estimated from the number of alleles (A), number of private 

alleles (Ap), observed heterozygosity (HO) and expected heterozygosity (HE). Endogamy 

coefficients (f) were also estimated, and their confidence intervals obtained with 1000 

bootstraps. Diversity and endogamy estimates were obtained using the diveRsity (Keenan et al. 

2013) and PopGenKit (Paquette 2012) packages of R (R Development Core Team 2016). The 

distribution of genetic variation within and among C. alba localities was assessed by molecular 

analysis of variance (AMOVA), and its significance was tested with 10,000 permutations with 

the poppr program (Kamvar et al. 2014). 

Genetic differentiation was estimated by pairwise FST values with 1000 bootstraps 

confidence intervals using the diveRsity package (Keenan et al. 2013) of R (R Development 

Core Team 2016). Population structure was assessed using discriminant principal component 

analysis (DAPC, Jombart et al. 2010) with Adegenet (Jombart, Ahmed 2011) for R (R 

Development Core Team 2016). This analysis was performed for neutral loci and the a priori 

groups were defined from the five sampling sites. DAPC does not assume the underlying 

population genetic processes (e.g., linkage equilibrium, Hardy-Weinberg equilibrium) common 

to other methods used to detect population structure. Furthermore, since it is based on principal 

component analysis, this method can analyze genomic data sets relatively efficiently (Miller et 

al. 2020). 

Genetic relationships and divergence among individuals were investigated by 

constructing a dendrogram by the neighbor-joining method (Saitou and Nei, 1987) generated 

based on the Nei (1978) distance. The final dendrogram was formatted using MEGA version 7 

software (Kumar et al. 2016). 

 

Results 

Neutral and outlier SNPs  

The sequencing of genomic libraries produced a total of 274,129,903 reads, which 

after filtering and quality control were reduced to 185,852,474. 1,774 SNPs were identified 

(mean depth of 16X), of which 1,709 were considered as neutral loci and used to characterize 

the diversity and genetic structure of C. alba populations. 402 outlier SNPs were identified with 

the pcadapt method, 138 with the fsthet method comparing the white and black phenotypes, 

and 82 with the fsthet method comparing the localities (Fig. 2). Of these, 65 SNP markers were 

identified in at least two of the three tests and were considered hypothetically under selection. 
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Fig. 2 Venn diagram with the number of outlier loci detected for the fsthet and Pcadapt tests 

with the overlap between them. 

 

 Among the outlier loci, 39 showed FST values lower than expected and are 

putatively under balancing selection, whereas 26 outlier loci showed FST values higher than 

expected and are putatively under positive selection. Only two outlier loci (263704 and 326121) 

were present in sequences similar to annotated proteins. The locus 263704 was identified in a 

sequence similar to a protein of the integral component of membrane type, involved in the 

metabolism of fucose, while the loco 326121 was identified in a sequence similar to a protein 

that participates in the DNA repair process. Considering the gene ontology system (GO), the 
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most frequent annotations for these proteins were the molecular functions “binding” and 

“catalytic activity”, and the biological process of cellular metabolism (Fig. 3). 

 

 

 

Fig. 3 Genetic ontology assignment graph (GO). GO Annotations are summarized into three 

main categories: cellular location, biological process and molecular function for Carandá (C. 

alba). 

 

Genetic diversity and structure 

The parameters of genetic diversity were similar for the five populations evaluated 

(Table 1). The observed heterozygosity (HO) ranged from 0.095 (Cor) to 0.118 (Por), with an 

average of 0.110. The expected heterozygosity (HE) ranged from 0.087 (Cor) to 0.114 (Por), 

with an average of 0.099. The inbreeding coefficients (f) were negative, indicating the excess 

of heterozygotes, in particular, in the localities Nhe and Amo. Regarding the presence of private 

alleles per population, the populations Por and Cas had the highest number of private alleles, 

282 and 185, respectively. The population Nhe had the lowest number of private alleles, and 

this difference is probably due to the smaller sampling size of the population. 
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 Table 1. Estimates of genomic diversity and inbreeding based on 1,709 neutral SNP markers 

for C. alba populations.  

Number of individuals (N); total number of alleles (A); number of private alleles (Ap); observed heterozygosity 

(HO); expected heterozygosity (HE); inbreeding coefficient ( f ); f (95% CI) = lower and upper 95% confidence 

intervals of the inbreeding coefficients 

Analysis of molecular variance (AMOVA) revealed that 12.4% of the total 

variation was found between localities, while the remaining variation (87.6%) was within the 

localities (Table 2).  

Table 2. Analysis of molecular variance (AMOVA) based on 1,709 neutral SNP markers for 

five locations of C. alba. 
 

Degrees of 

freedom 

Sum of 

squares 

Mean squares Variance (%) Global FST 

(φ) 

p-value 

Between 

populations 

13 852,2 231,0 12.4 0.124 0.00005 

Within 

populations 

146 4924,8 70,4 87.6 
  

Total 159 5777,0 80,3  
  

 

The overall level of genetic structure described by the global FST was 0.124 and 

indicated moderate genetic differentiation. The comparison between the pairwise FST values 

showed variation from 0.033 (Cas and Nhe) to 0.078 (Por and Amo/Cor and Amo) (Table 3). 

These results demonstrate moderate genetic differentiation.

Population N A AP HO HE f f (95% CI) 

Amo 20 2442 92 0.114 0.096 -0.072 (-0.241 - 0.308) 

Por 18 2671 282 0.118 0.114 -0.032 (-0.155 -  0.195) 

Cas 22 2565 185 0.115 0.105 -0.021 (-0.191 - 0. 136) 

Cor 9 2071 49 0.095 0.087 -0.036 (-0.299 -  0.155) 

Nhe 6 2232 32 0.110 0.097 -0.096 (-0.397- 0.095) 
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Table 3. Estimates of pairwise FST between the localities of C. alba (lower diagonals). Upper diagonals contain the lower and upper limits of the 95% confidence interval. 

 Amo Por Cas Cor Nhe 

Amo  (0.06 - 0.10) (0.03 - 0.07) (0.05 - 0.12) (0.02 - 0.12) 

Por 0.078  (0.04 - 0.07) (0.04 - 0.10) (0.00 - 0.09) 

Cas 0.050 0.057  (0.03 - 0.09) (0.00 - 0.09) 

Cor 0.078 0.063 0.056  (0.00 - 0.13) 

Nhe 0.057 0.034 0.033 0.05  
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 The discriminant analysis of principal components (DAPC), which retained 

27.23% of the total variation in the first two principal components (Fig. 4), revealed a small 

overlap between the localities Amo and Cas, Por and Nhe, and Nhe and Cor.  

 

Fig. 4 a) Discriminant analysis of principal components (DAPC) representing the genetic 

structure of C. alba populations based on 1,709 neutral SNPs. b) Bar graph representing the 

coefficients of DAPC; each bar represents an individual.  

In relation to the clustering obtained with the dendrogram (Fig. 5), it is possible to 

observe the formation of two clusters: the first formed by the populations Amo, Cas and Cor, 

and the second consisting of Nhe (black Carandá) and Por. Amo and Cas populations have the 

highest value of bootstrap, which indicates a statistically well supported cluster.  
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 Fig. 5 Dendrogram obtained by the neighbor-joining method based on genetic distances of Nei 

(1978) for 1,709 neutral SNP markers for the 5 localities of C. alba.  

 

When the genetic diversity and structure of C. alba was evaluated considering the 

type of Carandá (black or white), similar levels of genetic diversity were observed (Table 4). 

The inbreeding coefficients (f) were negative. In addition, the FST estimates suggested moderate 

genetic differentiation between Carandá types (FST = 0.017).  

 

Table 4. Estimates of genomic diversity and inbreeding for C. alba populations, considering 

the different phenotypes (white Carandá and black Carandá) 

 

Population N  A Ap HO HE f f (95% CI) 

White carandá 69  3365 1165 0.113 0.110 -0.032 (-0.061 - -0.004) 

Black carandá 6  2232 32 0.110 0.097 -0.091 (-0.390 -  -0.090) 

Number of individuals (N); total number of alleles (A); number of private alleles (Ap); observed heterozygosity 

(HO); expected heterozygosity (HE); inbreeding coefficient (f); f (95% CI) = lower and upper 95% confidence 

intervals of the inbreeding coefficients. 

 

Discussion 

The present work is the first genomic study that uses next-generation sequencing to 

evaluate the genetic diversity and structure of five populations of C. alba in the Brazilian Chaco 

region by means of SNP markers. Through these markers it was possible to identify outlier and 

neutral loci. Outlier loci are associated with genetic variation exposed to natural selection and 

underlying adaptation-related traits and provide valuable insights into the likelihood of 

populations persisting under certain environmental conditions and local adaptive forces 
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(Barbosa et al. 2018). Conversely, neutral loci are related to genetic variation that do not directly 

reflect the action of natural selection, but mainly reflect the interaction between genetic flow 

and genetic drift (Silva et al. 2020). Therefore, the evaluation of neutral and adaptive genetic 

variation is fundamental to design appropriate conservation measures (Li et al. 2019). 

Although the approaches used by the pcadapt and fsthet methods have indicated 

markers as putative candidates under positive selection, no decisive evidence was found for the 

action of natural selection on the differentiation of the populations evaluated, so it is not 

possible to associate generic molecular functions or biological processes with any adaptive 

traits involved in the diversification of the five populations of C. alba. One of the explanations 

can be attributed to the absence of a reference genome for this species, which limits a more 

refined characterization of the loci hypothetically under selection. However, the outlier loci 

identified here can be used in future studies with integrative approaches with association 

genetics to understand the adaptive nature of a given allele (Barret Hoekstra, 2011). 

Genetic diversity and population structure can be attributed to multiple factors such 

as distribution, life forms, reproduction systems, seed dispersal mechanisms, evolutionary 

history, climatic factors and human interference (Coates et al. 2018). Thus, the evaluation of 

population genetic diversity has often been used to design conservation strategies, since genetic 

diversity determines the adaptive potential of populations to environmental changes and 

supports the persistence of species in the long term (Oyundelger et al. 2021). The levels of 

genetic diversity (HE) for C. alba were higher than or similar to those observed for other 

neotropical palm trees (Novello et al. 2018; Díaz et al. 2021; Laviola et al. 2021). These results 

are satisfactory, given that high levels of genetic diversity lead to an increase in the long-term 

fitness and survival of a species (Texeira and Uber 2021).  

The values of observed heterozygosity (HO) were slightly higher than those of 

expected heterozygosity (HE) in all localities, so the differences found between HO and HE 

estimates explain the negative values of the inbreeding coefficient detected in the populations 

(f). The mating system plays an important role in determining genetic diversity within and 

between populations of plant species (Garcia-Jacas et al. 2021). There are no studies in the 

literature on the mating system and modes of dispersal of C. alba. However, the low inbreeding 

coefficients (f) are a strong indication that the mating system of this species is predominantly 

allogamous, which explains the excess of heterozygotes in the populations. 
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In addition to heterozygosity, some authors have identified the number of private 

alleles (Ap) as one of the most appropriate parameters for conservation purposes because they 

may indicate local adaptation (Porth and Kassaby 2014). The results of the present study reveal 

that the Por and Cas populations have the highest number of private alleles compared to the 

others, so they deserve special management.  

The results of AMOVA reinforce the idea that this species tends to allogamy, since 

most of the genetic diversity was found within populations. Inbred species are generally 

characterized by high levels of genetic differentiation between populations, while species with 

outcrossing breeding mode tend to maintain considerable variability within populations 

(Gladfelter et al. 2020). According to Chung et al. (2020), although forest species have a variety 

of breeding systems, they are predominantly outcrossing and generally have life history and 

ecological traits that maintain high levels of genetic diversity within the population with higher 

dispersal capacity, which results in high rates of genetic flow and large population sizes. 

Generally, trees have low population density, which is beneficial for the long-

distance migration of pollen and seeds (Garcia-Jacas et al. 2021). In addition, the anthropogenic 

action can contribute to long-distance dispersal events. There are examples that humans act as 

one of the vectors of active and passive plant dispersal, allowing different types of seeds to 

reach long distances and resulting in introgression (Bullock et al. 2018; Silva et al. 2020). 

Therefore, we assume that the genetic flow between C. alba populations may be related to the 

movement of pollen by wind, pollinators or humans.  

Another important parameter that provides insights for conservation strategies is 

genetic differentiation (FST) (Ottewell et al. 2016). FST values suggest moderate differentiation 

between the localities of C. alba. Furthermore, populations of C. alba showed high levels of 

genetic diversity. Therefore, C.alba populations are historically connected and currently 

maintain gene flow with a high dispersal rate, factors that assist in the conservation of the 

genetic diversity. Our results are encouraging in the sense that anthropogenic activities have 

not yet negatively impacted the genetic diversity and population structure of this palm tree. 

However, the absence of sustainable management plans for C. alba may result in the decline of 

genetic diversity in the future, which may reduce fitness and affect the survival of this species. 

Therefore, conservation efforts and appropriate management activities for C. alba should be 

designed to ensure the maintenance of its genetic diversity. In addition, the Brazilian Chaco has 
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lost more than 35.81% of its native cover and no Brazilian Chaco area is designated as a 

conservation area (Alves et al. 2018) 

Forest tree conservation programs include in situ conservation efforts aimed at 

protecting areas with natural populations of the species, or ex situ conservation, in which a 

species is preserved outside its natural habitat with seed banks (Hartvig et al. 2020). Both 

conservation strategies should preserve genetic diversity throughout the entire geographic 

distribution of the species, protecting population genetic processes that support its long-term 

adaptation, maintaining genetic connectivity and reducing the risk of inbreeding (Kireta et al. 

2019).  

Considering our results, when selecting populations for ex situ conservation, one 

should prioritize those with the highest levels of HE and Ap, assuming that these populations 

would harbor high genetic diversity. Therefore, an effort should be made to sample the largest 

possible number of C. alba populations throughout its distribution range in order to encompass 

the genetic variability of the species. Cas population stood out with one of the highest Ap and 

the highest degree of genetic structure, so this population has a somewhat different combination 

of alleles compared to the other populations. In addition, an active management must be carried 

out, including the establishment of seed banks, as well as the promotion of natural regeneration, 

avoiding the reduction of population size and loss of genetic variability, thus ensuring the long-

term conservation of C. alba populations in the Brazilian Chaco. 

Conclusion 

The natural populations of C. alba have high levels of genetic diversity, despite 

being distributed in the Chaco region, one of the areas with the highest deforestation rates in 

South America. Moderate structuring between populations and apparently high crossing rates 

suggest that there is no risk of short-term inbreeding depression, although possible reductions 

in genetic flow may occur in the future due to habitat loss and fragmentation, if management 

and conservation programs are not developed for the species. Among the sustainable 

management options to avoid the loss of genetic variation of these populations, we point out in 

situ or ex situ conservation actions, prioritizing sampling throughout their distribution area. 

Another important aspect to be considered is the exploitation of C. alba, which is 

an important source of employment and income for the local population (Arrúa; Negrelle, 

2014). Therefore, it is necessary to develop appropriate management plans in order to maintain 
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the levels of genetic diversity. Thus, the implementation of cultivation units or agroforestry 

systems of the natural populations of C. alba may provide a solid basis for reducing extractivism 

pressure and its respective negative impacts on diversity. In addition, it is important to raise 

awareness in local communities about the vulnerability of unsustainable extractivism. In this 

context, future studies with a larger number of populations and associating genetic indicators 

with knowledge about the mating system and adaptive genetics should be carried out to monitor 

C. alba populations, hence ensuring sustainability, maintenance and perpetuation of this species 

in the Chaco region. 
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Climate change impacts on the Copernicia alba and Copernicia prunifera (Arecaceae) 
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ABSTRACT 

Climate changes are one of the main factors that affect palm trees distribution in the tropics. 

Among the palm trees with social, economic, and ecological relevance, we highlight the native 

species, Copernicia alba Morong ex Morong & Britton and Copernicia prunifera (Miller) H. 

E Moore. An important strategy for protecting biodiversity is to identity the climate areas that 

will be suitable for future habitats of the species. In this sense, we used the ecological niche 

models (ENMs) to predict the suitable climate areas for the potential occurrence of C. alba and 

C. prunifera palm trees in current and future scenarios, RCP 4.5 (optimistic) and 8.5 

(pessimistic), besides to evaluate these species vulnerability facing the climate changes. Our 

results predicted the C. prunifera habitat would continue to increase over the past years. In the 

RCP 8.5 scenario, the climate model projected an increase of 23.88% for the C. prunifera 

population between 2050-2070. Also, our results can be used for the application and the 

establishment of commercial C. prunifera plantations. By contrast, the predicted habitat of C. 

alba will decrease 22.2% between 2050-2070, according to the RCP 8.5 scenario. For both C. 

prunifera and C. alba species, we observed a low percentage of the potential distribution in 

protected areas for future scenarios. Therefore, we suggest the creation and maintenance of 

extensive forestry Protected Areas (PAs) with ecological corridors and the construction of 

germplasm banks to manage and conserve these two important palm tree species. 

Keywords Climate change. Conservation. Carnaúba palm. Caranda. Ecological niche models. 
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Introduction 

Tropical ecosystems are considered one of the greatest treasures and reservoirs of 

the world’s biological diversity, being important sources of ecological services for human 

beings (Richardson and Pennington 2016; Kissling et al. 2019). However, during the past years, 

tropical forests have lost approximately half of their original distribution and constantly suffer 

the impacts caused by climate changes (Sheffield and Wood 2008; Mendoza-González et al. 

2013; Bellard et al. 2014; Faurby and Araújo 2018). According to Borges and Loyola (2020) 

climate change can profoundly impact biodiversity and reduce ecosystem service provisioning. 

It is expected that these effects will intensify once climate projections suggest an increase in 

the global temperature of ca. 4.8 °C, putting ecosystems, societies and the economic sectors at 

risk. 

The palm trees (Arecaceae or Palmae), a native of the tropical forests, are 

considered essential for the tropic’s maintenance (Johnson 2011; Eiserhardt et al. 2011; Bacon 

2013, Fleming and Kress 2013). Moreover, palm trees can provide a valuable source of 

biogeography and evolution of the tropical forests, and the vulnerability of ecosystems facing 

global changes (Blach-Overgaard et al. 2015; Göldel et al. 2015; Kissling et al. 2019). The 

Copernicia genus stands out among the palm trees genera with ecological and socioeconomic 

importance, representing an essential natural reservoir for geographical distribution studies in 

the South American dry diagonal (Cássia-Silva et al. 2019; Freitas et al. 2019). In Brazil, this 

genus encompasses two species: Copernicia alba Morong ex Morong & Britton known as 

caranda and Copernicia prunifera (Miller) H. E Moore, popularly known as carnaúba palm. 

C. prunifera, known as the “tree of life”, is economically significant because of the 

commercially important wax (carnaúba wax) that covers its leaves, especially younger leaves. 

The wax produced from its leaves is used in cosmetics, pharmaceutical capsules, electronics, 

food products, polishing waxes, and coatings (Sousa et al. 2015). The production value of its 

wax and fibers brings in more than $55 million per year (Santos et al. 2021). C. alba often forms 

monodominant populations known as carandazais in the Pantanal in Brazil. This species also 

occurs in the Chaco of Argentina, Paraguay and Bolivia (Lorenzi 2010). The economic 

relevance of C. alba regards its wood durability, uses in rural constructions, corrals, fences, and 

as an ornamental plant (Pivetta et al. 2011) 
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Despite these two closely related species belonging to the same genus, they are 

spread in different biomes. C. alba predominantly occurs in the Pantanal and Chaco region, 

while C. prunifera occurs in the Caatinga and Cerrado biomes, reinforcing the idea that the 

distribution of palm species is strongly influenced by the climate (Blach-Overgaard et al. 2010; 

Peterson and Soberón 2012; Ley and Hardy 2014; Velasco et al. 2020). Despite the critical role 

of these palm trees in tropical ecosystems, studies of their distribution pattern in the future 

scenarios facing climate changes are still scarce (Göldel et al. 2015; Onstein et al. 2017). In this 

context, understanding the factors that determine the distribution and dynamics of palm trees 

diversity is a great challenge. Climate changes are one of the key factors that affect the diversity 

patterns of these palm trees. The future climate scenarios and their effects on the maintenance 

of the species is crucial for the development of successful strategies for conservation and 

mitigating the impact of these changes on these species’ biodiversity (Couvreur and Bake 2013; 

Roncal et al. 2013). 

Experimental, mathematical, and empirical models have been developed to predict 

and to evaluate the impacts of climate changes on biodiversity (Vaz et al. 2015; Vaz and Nabout 

2016). Among them, we highlight the Ecological Niche Modeling (ENM). The ENMs have 

been used to predict the abundance, genetic variability, spatial distribution, species extinction, 

and biological invasions (Rodríguez et al. 2007; Guillera-Arroita et al. 2015; Bello et al. 2020). 

Therefore, the ENM is one of the main approaches to predict the climate change impacts and 

propose strategies and priority areas for conservation (Synes and Osborne 2011; Esser et al. 

2019). 

Hence, our work aims (a) to evaluate the climate niches of the C. alba and C. 

prunifera species; (b) to assess the C. alba and C. prunifera species vulnerability to climate 

changes; and (c) to identify presumable strategies for conservation of these palm trees according 

to the climate change impacts. We used the ENM to examine these two palm tree species' 

current and future (considering optimistic and pessimistic scenarios) distribution patterns in 

South America. Our results will help create and establish potential management strategies for 

conservation of these two socioeconomic important C. alba and C. prunifera palm trees. 
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 Material and Methods 

Species description 

C. alba and C. prunifera species belong to the Coryphoideae subfamily. Generally, 

they are solitary, rarely caespitose, with circular tree crown and no visible palm heart (Lorenzi 

2010).  C. alba, the caranda, can grow up to 30 m in height with an average of 17-22 cm 

diameter trunk.  This species exhibits early successional characteristics and may tolerate fires; 

its fruits are edible and provide food for macaws, parrots, and fish. Flowering occurs irregularly 

and discontinuously at any time of the year and may overlap the fruiting periods from January 

to May (Araujo and Lobo, 2020). 

C. prunifera, the carnaúba palm, can be found in river valleys and in seasonally 

flooded areas in the semi-arid region of northeastern Brazil, where they generally form 

monodominant populations known as carnaubais. The species is highly resistant to the 

prolonged absence of water and permanent floods (Arruda and Calbo 2004). It can grow up to 

15 m in height with an average of 15-25 cm diameter trunk. Carnaúba palm has many labeliform 

and palmate leaves, globose cup, and long petiole with spines at the base of the leaf. The species 

has a mixed mating system that is preferentially allogamous (Silva et al. 2017). Fruits are likely 

dispersed by the sanhaçu-do-coqueiro (Tangara palmarum) and bats (Sousa et al. 2015; Silva 

et al. 2017). 

Occurrence, geographic area, and environmental variables  

Two sets are necessary for the ENMs adjustment: the occurrence of species and the 

environmental variables. We compilated occurrence data of the two palm tree species from the 

following databases: GBIF (https://www.gbif.org/) and iNaturalist 

(https://www.inaturalist.org/) using the “occ” function of the spocc package (Chamberlain 

2019); speciesLink (http://splink.cria.org.br/), NeoTropTree (http://www.neotroptree.info/), 

DryFlor (http://www.dryflor.info/), and New York Botanical Garden (https://www.nybg.org/)   

using “BIEN_occurrence_species” function of the BIEN package (Maitner 2018) in R (version 

3.6.1, R Core Team 2019). This information was obtained in September 2019.  

After the data integration, we corrected the possible taxonomic and geolocalization 

errors of these occurrences. For this, we used different filters: (i) taxonomic filter, considering 

only the species listed at Global Names Resolver (https://resolver.globalnames.org/), using the 
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“gnr_resolve” function of the taxize package (Chamberlain 2019); (ii) spatial filter, considering 

only the coordinates that did not localize in the capitals, in the centers of the countries, states 

or cities, GBIF headquarters, institutions of biodiversity, ocean, urban areas, coordinates and 

reference systems (in the case of geographical coordinates with Datum WGS-84), with zero as 

value, with equal longitudinal and latitudinal coordinates, using “clean_coordinates” function 

of the CoordinateCleaner package (Zizka et al. 2019); (iii) filter of missing data lack – excluding 

the occurrences with no latitudinal and/or longitudinal information; and (iv) filter of spatial bias 

– we only filtered one occurrence for each pixel (2.5 arc-minutes or ~5km) of the raster for the 

variables that contained environmental information, excluding closely or out of the boundary 

coordinates to reduce the problems of adjustment and evaluation of the models, so that this filter 

acts on the dimensions where the original bias of occurrence records occurred (Radosavljevic 

& Anderson 2014, Aiello-Lammens et al. 2015). We found 466 and 430 total occurrences for 

C. alba and C. prunifera, respectively. After using the filters, we found 189 and 165 occurrences 

remains for C. alba and C. prunifera, respectively. These data are described in detail in Table 

S1 and S2. 

The ENMs are usually adjusted considering that only the climate variable acts in 

the geographical delimitation of the species (Peterson et al. 2011). At first, we used 19 

bioclimatic variables (BIO01-BIO19) variables were obtained from the WorldClim v1.4 dataset 

(for more details, see http://www.worldclim.org) (Hijmans et al. 2005) (Table S3). The 

WorldClim dataset uses altitude, temperature, and precipitation to derive climate indices 

(monthly, quarterly, and annual). These indices represent trends (e.g., mean diurnal temperature 

range), seasonality (e.g., temperature seasonality), and extremes (e.g., maximum temperature 

of the warmest month) that are biologically relevant. These databases were used to estimate the 

niche and the distribution of both species in the current and future scenarios based on the climate 

change prediction: for the current (integration data between 1960-1990) and for the future 

(2050-2070). These scenarios are described in terms of Representative Concentration Pathways 

(RCPs), for both scenarios of CO2 emission, RCP 4.5 (optimistic) and 8.5 (pessimistic), and for 

six Global Climate Models (GCMs): ACCESS1-0, CCSM4, HadGEM2-AO, IPSL-CM5A-LR, 

MIROC-ESM and MRI-CGCM3. These are the main GCMs used in ENM works of climate 

change predictions for the neotropical region, described Assessment Report of the International 

Panel of Climate Change (Araújo et al. 2019; Gouveia et al. 2016). The WorldClim data raster 

were in the GeoTiff format, with the geographical coordinate system (“lat/lon”), Datum WGS-

84 and spatial resolution of 2.5 arc-minutes (~5 km). These variables were appropriated for the 
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Neotropic limit proposed by Morrone (2014) and available by Löwenberg-Neto (2014), at 

https://sites.google.com/site/biochartis/, adjusted for South America, which would be the 

historical limit of these species (Barve et al. 2011), using “mask” and “crop” functions of the 

raster package (Hijmans et al. 2016). Finally, to reduce the dimensionally and collinearity of 

these variables, we performed the Spearman correlation analysis with the present variables, by 

adopting only the variables with correlation values of (p >= 0.7). According to Dormann et al 

(2013) correlation coefficients between predictor variables of p >0.7 is an appropriate indicator 

for when collinearity begins to severely distort model estimation and subsequent prediction. 

The variables used were: BIO02 [Mean Diurnal Range (Mean of monthly (max temp - min 

temp))], BIO03 [Isothermality (BIO2/BIO7) (* 100)], BIO08 [Mean Temperature of Wettest 

Quarter], BIO15 [Precipitation Seasonality (Coefficient of Variation)], and BIO18 

[Precipitation of Warmest Quarter]. The correlation found in our results is available at Table 

S4 and Fig. S1. 

Ecological Niche Models (ENM)  

Different mathematical algorithms can produce the niche inference of a species. 

Generally, these algorithms can be classified into three main groups: (i) only presence, (ii) 

presence and absence, and (iii) presence and background (Guisan et al. 2017). When different 

estimated niches are projected in the geographical space (maps), the results predict the potential 

distribution of one species in a different manner (Qiao et al. 2015). The combination (ensemble) 

of the predicted results increases the possibility of the prediction improvement, once it considers 

the uncertain potential distribution of the species (Guisan et al. 2017). Thereby, the ENMs were 

adjusted using the four following algorithms: Bioclim (Booth et al. 2014), Random Forest 

(Breiman 2001), Maximum Entropy (MaxEnt; Phillips et al. 2006), and Support Vector 

Machine (SVM; Guo et al. 2005). 

To evaluate the ENMs, we used presence and pseudo-presence data (randomly 

sampled in all the modeling limits and with the same number of occurrence data for each 

species). These data were partitioned into 70% for training and 30% for tests. This partition was 

randomly made to reposition the sample (bootstrap) for each algorithm and for each species, 

being realized 10 times. For each species, 40 models were predicted for the current scenario (4 

algorithms x 10 replicates) and 960 models were predicted for the future scenario (4 algorithms 

x 10 replicates x 2 periods x 2 scenarios x 6 GCMs). The test data (occurrence and 

pseudoabsence) were used to calculate the area under the curve (AUC), based on the ROC 
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(Receiver Operating Characteristic) curve and True Skill Statistic (TSS, Allouche et al. 2006) 

for the maximization of the sum of sensitivity and specificity (Liu et al. 2013), considering 

well-adjusted models when they had values above 0.5 (Lawson et al. 2014). The AUC considers 

the rate of the correct and incorrect forecast (30% of presence and pseudo absence) with several 

suitability thresholds. To assess the accuracy of predictive distribution models, the AUC values 

are generally classified in: (1) random forecast (<0.5), (2) poor forecast (0.5 to 0.7); (3) 

reasonable forecast (0.7 to 0.9); and (4) excellent forecast (>0.9) (Elith et al. 2006; Peterson et 

al. 2011). 

After obtaining the models, we used the ensemble technique for each algorithm and 

for each GCMs, from the weighted average of the standardized values for each algorithm, using 

only the models of each replicate and of each algorithm with AUC values higher than 0.75. 

Models with values higher than their limit are considered as reasonable forecasts (Elith et al. 

2006; Peterson et al. 2011). The last step was calculating the threshold values of maximization 

of the sum of sensitivity and specificity (Liu et al. 2013) to generate models for binary outcomes 

and consider higher pixels as presence (1) and minor as absence (0) potential values for each 

species, being 0.44 for C. alba and 0.35 for C. prunifera. 

Lastly, to evaluate the climate change impacts on the species distribution, we used 

binary maps to identify areas potentially suitable in the present and the future. Thus, we 

observe: (1) Areas potentially stable, suitable in the present and the future for both periods 

(Stable [2050 & 2070]); (2) Areas of potential habitat gain that are not suitable in the present 

but will be in the future for both predicted periods (Gain [2050 & 2070]); (3) Areas of potential 

habitat gain that are not suitable in the present but will be in the future for at least one of the 

periods (Gain [2050 | 2070]); (4) Areas of potential habitat loss, which are not suitable in for 

both predicted periods (Loss [2050 & 2070]); (5) Areas of potential habitat loss, which are not 

suitable in for at least one of the periods (Loss [2050 | 2070]). We also analyzed the protected 

areas overlap from Protected Planet (UNEP-WCMC and IUCN 2020, 

www.protectedplanet.net.), filtered for the IUCN categories of protected areas ("Ia", "Ib", "II", 

"III", "IV", "Not Applicable", "Not Assigned" and "Not Reported"). 

All the models were generated in the GeoTiff format, with the geographical 

coordinate system (“lat/lon”), Datum WGS-84 and spatial resolution of 2.5 arc minutes (~5 

km), using R (R Core Team, 2019), “bioclim” and “maxent” functions of the dismo package 

(Hijmans et al. 2012), “randomForest” of the randomForest package (Liaw and Wiener 2002), 

http://protectedplanet.net/
http://protectedplanet.net/
http://protectedplanet.net/
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and “svm” of the e1071 package (Meyer et al. 2019). Besides, for managing the data and 

performing the ensembles, we used the sf (Pebesma 2018), raster (Hijmans 2016) and tidyverse 

packages (Wickham, 2019). All the maps and figures were generated by the ggplot2 package 

(Wickham 2016). From the models proposed in different scenarios based on known and 

projected environmental parameters, we indicate strategies for conservation of two evaluated 

palm tree species. 

The climatic niche overlap 

To extrapolate the climatic niche overlap between palm tree analyzed species, we 

used Schoener’s model (Schoener 1970; Warren et al. 2010), as proposed by Broennimann et 

al. (2012). First, we reduced the environmental space, based on the 19 bioclimatic variables 

(only for current scenarios), using the ordination technique (PCA-env sensu Broennimann et al. 

2012). The PCA-env was calibrated using the combination of the climate information of all the 

modeling limits. The two first PCA-env axles were gridded into 100 x 100 cells, covering the 

maximum and minimum values of the data, using the “ecospat.grid.clim.dyn” function of the 

ecospat package (Broennimann et al. 2018). The first and the second PCA axles captured ~57% 

and ~17% of the data variation, respectively, totalizing around ~74% of the explanation (Fig. 

S2). Lastly, we performed the similarity tests for the Schoener D index using the 

“ecospat.niche.similarity.test” function for analyzing the niche conservatism (alternative = 

"greater", i.e., the niche overlap is more equivalent/similar than random) between the two 

studied species, with 999 bootstraps, using the ecospat package (Broennimann et al. 2018). 

These values range from 0 to 1; values close to 0 indicate low climatic niche overlap (niche 

differentiation) and values close to 1 indicate higher climatic niche overlap (niche 

conservatism) (Broennimann et al. 2012).  

3 Results 

Ecological niche models (ENMs) 

The ENMs showed reliable results regarding to the evaluation values. The mean 

values and standard deviation of AUC were (0.96+0.02) for C. alba and (0.92+0.04) for C. 

prunifera, as well as the mean values and standard deviation of TSS were (0.83+0.05) C. alba 

for and (0.76+0.08) for C. prunifera, indicating a good prediction of model replicas. We 

highlight the Random Forest model as the best performance, with 0.962 for C. alba and 0.969 

for C. prunifera (Table S5, Fig. S3 and S4) (Elith et al. 2006; Peterson et al. 2011). The models 
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predicted distribution areas for both species that matched the rate distribution patterns. (Fig. 1). 

The generated maps revealed the Chaco, considered the central area for C. alba occurrence, as 

the most suitable region for its species, especially in Argentina, Bolivia, and Paraguay. In 

Brazil, the C. alba distribution is restricted to the Mato Grosso and Mato Grosso do Sul States. 

For C. prunifera, the potential distribution area was the Brazilian Northeast, a dry area with 

high temperatures and seasonal water deficit. Therefore, the distribution in the current period 

can be an essential aid for the reforestation programs of the Copernicia species.  

 

Fig. 1 Occurrences and current potential distribution of C. alba (panel a) and C. prunifera (panel 

b) species. 

The climatic niche overlap 

The PCA-env graphic showed the C. alba occurrence area has low isothermality 

and high-temperature seasonality, while C. prunifera occurrence area showed lower values 

regarding to the seasonality of precipitation. In all simulations, the precipitation variables were 

the most important to determine the potential areas for the Copernicia species (Fig. 2a). We 

observed a direct influence of the climate factors in the distribution and abundance of both 

species.  
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The climatic niche overlap values found in our work indicate low overlap (D = 

0.103) (Fig. 2b). We did not observe significant differences in the niche similarity tests of the 

species. The C. alba and C. prunifera similarity found was Dsim = 0.132 and p = 0.12 (Fig. 

2c), and C. prunifera and C. alba similarity found was Dsim = 0.04 and p = 0.35 (Fig. 2d). 

Thus, the observed climatic niche overlap is less than expected and the climatic areas occupied 

by palm trees are divergent. 

 

Fig. 2 Environmental niche of C. alba (green) and C. prunifera (red). a: Biplot represents the 

first factorial design, which explains 73.95% of the variance. The dots represent the 

occurrences, and the circles encompass 95% of them. The black arrows indicate the variable 

direction in the first factorial design. The name of the variables follows the Bioclimatic variable 

patterns of Hijmans et al. (2005). b: The niche overlap between C. alba and C. prunifera in the 

climate space. The green area represents the C. alba niche, while the red area represents the C. 

prunifera niche. The magenta area represents the overlap of C. alba and C. prunifera niches. 

The pixels shading represents the density in the species occurrences per cell; the solid and 
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dotted contour lines illustrate the available environment (second design). c and d panels 

represent the frequency distribution of the overlapped rate of the Schoener’s D niche according 

to the bootstrap analysis between C. alba and C. prunifera, respectively. 

 

Climate change impacts for C. alba 

We verified the climate changes would have significant impacts on the potential 

distribution of C. alba. Our results obtained by the ENMs suggest that climate changes will 

promote variation in the suitable total area in future scenarios and change the ideal climate 

conditions (Fig. 3).  For C. alba, in both RCP 4.5 (optimistic; Fig. 3a) and RCP 8.5(pessimistic; 

Fig. 3b) scenarios, it was possible to identify an area reduction in all the distribution regions, 

with loss more observed in the RCP 8.5 when compared to the RCP 4.5. In RCP 4.5, greenhouse 

gas emissions will peak in 2040 and then decrease. In the RCP 8.5, the emissions keep 

increasing over the XXI century (Representative Concentration Pathways – RCP; Meinshausen 

et al. 2011). 

For both predicted periods under the RCP 4.5 emission scenario, 47.8% of the 

current habitat will keep suitable, while new habitats will increase by 29% (2050 & 2070) and 

7.3% (2050 | 2070), the previous habitats will decrease in 11.5% (2050 & 2070) and 4.2% (2050 

| 2070). The models for the RCP 8.5 scenario predict the total habit of C. alba will decrease 

22.3 % (2050 & 2070) and 13.5% (2050 | 2070); around 28.0% will keep suitable with the 

current weather forecast (Table 1).  

This dynamic boosted by the climate in the boundaries will lead to changes in C. 

alba distribution. The reduction of the population distribution of C. alba is mainly concentrated 

at the central portion and Northeast of Bolivia, South of Mato Grosso, Middle East and South 

of Paraguay, and Northeast of Argentina. Generally, C. alba loses part of its current distribution  

climatic area but will gain few  climatically suitable areas in the future. The observed pattern 

shows that C. alba will possibly suffer negative impacts from climate changes. 

The models indicate that in future scenarios, the climatic suitability of this species 

will occur in distinct regions of its current potential distribution. The new climate changes can 

expose its species to warmer conditions where C. alba is not well adapted. According to the 

climatic models, the C. alba populations can undergo to local extinction in the borders where 
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the climate becomes more severe. When comparing the protected areas, there is a low 

percentage of the potential area of protected distribution for C. alba in both scenarios (Fig. 3a 

and 3b). However, the optimistic scenario is better in stable areas. Gain areas have low 

percentages in the protected areas compared to the total gain in 2050 & 2070, and gain in 2050 

| 2070. Despite being significant, the loss concentrates out of the protected areas for loss in 

2050 & 2070 and in 2050 | 2070. For the pessimistic scenario, there is a general reduction of 

the stable areas (Table 1) 

Climate change impacts for C. prunifera 

The Caatinga, a biome endemic to Brazil that comprehends the semi-arid region, is 

considered an area of climate suitability for C. prunifera in future climate scenarios. This 

climatic suitability gradually increases when compared to the current climate to 2050 until 2070 

(Fig. 3c and 3d). Our model shows potential areas for the establishment and growth of C. 

prunifera, which significantly contributes to the local market. 

In the RCP 4.5 and RCP 8.5 scenarios for C. prunifera, we observed growing trends 

with habitat availability over the years (Fig. 3c and 3d). The RCP 4.5 predicted 61.3% will 

remain as suitable habitat, while the new habitat will increase 24.7% (2050 & 2070) and 10% 

(2050 | 2070); the previous habitats will reduce 1.64% (2050 & 2070) and 2.3% (2050 | 2070). 

For the RCP 8.5, 51% of the predicted climatic suitable area will remain stable. In addition, 

new habitats will increase 23.8% (2050 & 2070) and 26.9% (2050 | 2070) and the previous 

suitable habitats will decrease 2.5% (2050 & 2070) and 5.7% (2050 | 2070) (Table 1).  

Until 2050, we note the emergence of new climatic suitability regions in the Middle 

and South of Guyana, Southwest of Suriname, and the East portion of the Rondônia Brazilian 

State. The model of future projection predicts that in 2070, the Northeast Brazilian region would 

be potentially more suitable than the current scenario. Moreover, Suriname, Guyana and French 

Guyana countries can become regions with high climate suitability for C. prunifera. These areas 

are considered key for C. prunifera preservation because they will have high climatic suitability 

even in the worst-case, reinforcing the idea that until 2070 there may be shifts in the 

geographical distribution of C. prunifera in South America. Most of these suitable areas are dry 

and water deficit regions since the annual precipitation was the variable used to predict its 

occurrence.  
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When comparing the protected areas, there is a great difference for C. prunifera, 

with a lower percentage reduction in protected areas for both climate change scenarios, despite 

a low percentage of the potential distribution in the protected areas (Fig. 3c and 3d). We 

observed a low percentage of stable areas in the optimistic scenario, higher for gain areas in 

2050 & 2070 and 2050 | 2070. The losses are low inside and outside the protected areas for 

2050 & 2070 and 2050 | 2070. For the pessimistic scenario, there general maintenance in the 

climatic stable areas and gain in both 2050 & 2070 and 2050 | 2070 and for the losses in 2050 

& 2070 and in 2050 | 2070 (Table 1). 

 

Fig. 3 Potential binary distribution of: a. C. alba for the optimistic scenario (RCP 4.5); b. C. 

alba for the pessimistic scenario (RCP 8.5); c. C. prunifera for the optimistic scenario (RCP 

4.5); d.  C. prunifera for the pessimistic scenario (RCP 8.5), between 2050-2070. In the maps: 

Stable (2050 & 2070) represents potential areas, current suitable areas that are maintained in 

the future; Gain (2050 & 2070) represents areas of potential habitat gain for both predicted 

periods; Gain (2050 | 2070) represents areas that are current suitable but will be suitable in the 

future 2050 or 2070; Loss (2050 & 2070) represents areas of potential habitat loss, which will 
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be suitable for both predicted periods; Loss (2050 | 2070) current suitable areas but will not be 

suitable in the future 2050 or 2070. 

Table 1. Potential distribution of species for the optimistic (RCP 4.5) and pessimistic (RCP 

8.5) scenarios, between 2050 and 2070, indicating areas of stability, gain and loss in relation to 

protected areas. 

*pa: Protected área (0- outside the protected area; 1- inside the protected area); n: number of 

pixels of the distribution of the present in relation to the scenarios of the future (stable, gain and 

loss); per: percentage of the number of pixels in relation to the total number of pixels in the 

distribution of the present in relation to future scenarios (stable, gain and loss). 
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Discussion 

One important strategy to protect these palm trees biodiversity is to identify suitable 

climate areas that will maintain propitious habitats (Borges and Loyola 2020). According to 

Urban (2015), the geographical distribution of the species can to move under climate changes. 

Thus, the species must adapt, disperse, or extinguish. Modeling the potential distribution of C. 

alba and C. prunifera is an efficient approach to estimate the climate niche dimension and 

predict the potential distribution of these palm trees in South America. In this context, the high 

suitable regions for both species' occurrence are the best places to establish protected areas and 

population reintroduction.  

The ENMs predicted the ongoing climate changes would threaten the C. alba. Especially 

by the exposure to climate conditions to which its species is not well adapted, representing a 

reduction of the climatically suitable areas that can lead to local extinction. Moreover, models 

predict that in both future scenarios, there will be a low percentage of the potential distribution 

of C. alba in the protected areas (Fig. 3a and 3b). In this sense, monitoring these populations is 

essential, mainly because its endemism in Chaco region.  

We highlight that the rate of deforestation in the Chaco region is higher when compared 

to the subtropical seasonal dry forests in the world, reinforcing the urgency to develop strategies 

at conserving of its ecosystem (Basualdo et al. 2019). Although Chaco is considered an 

important socioeconomic area, because of its unique diversity resulting from paleoclimate 

changes and vicariant events (Vallejos et al. 2015), it is not a protected area probably because 

of the lack of scientific knowledge. Therefore, it is urgent to develop ecological and 

conservational studies of the Chaco endemic and/or living species. 

Moreover, the current protected areas network is ineffective (and will continue to be) to 

protect C. alba area under current and future conditions due to considerable loss of its 

distribution within the conservation units caused by climate change. The low protection degree 

and the losses caused by climate changes will lead to C. alba vulnerability extinction, reflecting 

the negligence of protecting the Pantanal and Chaco regions. 

Therefore, it is necessary, to develop a systematic conservation planning for the creation 

and maintenance of great forest extensions of C. alba in protected areas, besides the designing 

and implementation of ecological corridors, which seek to maintain the species through time. 

Furthermore, palm trees conservation should be carefully planned to avoid a lack of 
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regeneration under high grazing pressures, as these protected areas allow sustainable 

management and usage of natural resources (Calambáz-Trochez et al. 2021). 

For C. prunifera, we observed an expansion of potential distribution in South America, 

suggesting its species adaptation to global climate changes. This increase in potential climatic 

distribution can reflect its species adaptation to low precipitation and drought areas globally. 

Besides, the climatic niche expansion for new regions can result from the adaptative plasticity 

of C. prunifera due to its occurrence in different biomes. Moreover, C. prunifera can adapt to 

disturbed environments (with vegetation removal) known as ruderal. It implies the species 

potential to develop in distinct environments, well adapting to soils with different textures and 

chemical composition. 

The expansion of the climatic distribution of C. prunifera calls attention to the favorable 

areas for the development of commercial plantations due to the great economic and social 

importance of its species. The main product of exploration and commercialization is the wax 

powder extracted from their leaves (Silva et al. 2017; Fajardo et al. 2018). Thereby, the climate 

changes can positively impact the regional productivity of C. prunifera, short-term improving 

the yield for the regions with more suitability, as the Brazilian semi-arid region. Otherwise, 

promoting C. prunifera can help raise awareness of its multiple usages and its historical and 

cultural significance. Additionally, incentives could increase the demand and create local 

markets for commercial products derived from its species. However, the C. prunifera 

cultivation in uninhabited areas should be carefully performed. Its successful application will 

depend on the species’ adaptation to a new environment.  

Although climate seasonality is a driver of palm species distribution (Eiserhardt et al. 

2011), the physical and nutritional quality of the soil, together with the availability of water, 

also shapes plant species distribution in future scenarios (Emílio et al. 2021; Velazco et al. 

2021). Therefore, studies using both climate and edaphic are also essential to generate ENMs 

with higher predictive power, which adds helpful information for plant distribution. 

Regarding niche overlap analysis, the C. alba and C. prunifera palm trees present 

disjunct distribution, with low niche overlap. Moreover, previous studies indicate the historical 

factors related to climate and geological events can modify the habitat suitability, the 

establishment or persistence of species, contributing to the endemism and disjunct distribution 

(Hewitt 2000; Fahrig 2003; Bacon et al.  2012; Carvalho et al. 2017). 
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According to Jaime et al. (2015), niche conservatism occurs with sympatry species, not 

with species that grow in allopatry or peripatry. This pattern suggests an adaptation of new 

climate niches followed by the colonization of the Copernicia species in South America. Our 

results corroborate their hypothesis since we found low values of climatic niche overlap 

between C. alba and C. prunifera. Therefore, niche differentiation is more common than niche 

conservatism, indicating the taxonomic differentiation within the Copernicia species is related 

to adapting to different climates. 

Allopatric speciation has probably occurred during the diversification of both species. 

Allopatry, the most common type of speciation, begins with the emergence of natural barriers 

or physical limitation that shares the geographical distribution of one species, resulting in 

geographic isolation, frequently stopping, or decreasing the gene flow (Benítez‐Benítez et al. 

2018). 

As suggested by Bacon et al. (2016), when two or more taxonomic related groups are 

widely separated geographically, they present a high degree of climate divergence. Thus, the 

climate differences may have played a fundamental role in the potential distribution of C. alba 

and C. prunifera. These palm trees will hardly experience some ecological interaction, as the 

competitive exclusion. C. alba shows low tolerance to dry and high-temperature environments 

when compared to C. prunifera. Consequently, the heat and dry stresses are the limiting factors 

that reduce the C. alba distribution under current and future scenarios.  

Our work observed that these palm trees show different responses to climate 

changes in current and future scenarios. Our models clearly show a reduction in C. alba 

distribution, with higher suitability in the Chaco region. For C. prunifera, we observed an 

increase in the climatically suitable areas. For C. prunifera, we observed an increase in the 

climatically suitable areas. These areas comprehend the Tropical Dry Forests (TDFs), 

drastically affected by agribusiness expansion, fire forests and desertification. Climate changes 

can accentuate the loss of the TDFs ecosystems caused by desertification because of the dry 

weather and land-use practices with no adequate management (Silva et al. 2019; Lucas et al. 

2021). Nevertheless, we identified a low potential distribution in the protected areas in future 

for both species. In this context, our maps provide a detailed comprehension of the climate 

change impacts over both Copernicia species. Our results will supply additional aids that will 

help the management and conservation national policies, as the creation and maintenance of the 
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PAs and the development of in situ conservation banks, enabling the genetic conservation of C. 

alba and C. prunifera species.  
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Supplementary data 

Additional Supporting Information may be found in the online version of this article. 

 

 

 

Fig. S1. Scatter plot of non-related variables, their frequency distribution and Spearman 

correlation coefficients.   
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 Fig. S2. Screen plot with the explanation percentage of each axis of PCA-env based on the 

occurrence of C. alba and C. prunifera. Only 10 axes are showed in the figure. 
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Fig. S3. Graphical representation showing the AUC values of all the generated models for C. 

alba. The red lines represents the cut-off value considering the ensemble models (AUC > 0.75 

and TSS > 0.5). 

 

Fig. S4. Graphical representation showing the AUC values of all the generated models for C. 

prunifera. The red lines represents the cut-off value considering the ensemble models (AUC > 

0.75 and TSS > 0.5). 
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Table S1. List of species on the Global Names Resolver used as taxonomy filters. 

  

User supplied name Submitted name Matched name Data source title Score 

Copernicia prunifera Copernicia prunifera Copernicia prunifera NCBI 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera Freebase 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera Encyclopedia of Life 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera CU*STAR 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera uBio NameBank 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera Arctos 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera Open Tree of Life 

Reference Taxonomy 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E.Moore 

Catalogue of Life 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E. Moore 

ITIS 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H. E. Moore 

GRIN Taxonomy for 

Plants 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

Mill. 

Union 4 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Miller) H. Moore 

The Interim Register of 

Marine and Nonmarine 

Genera 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E.Moore 

H.E.Moore (Mill.) 

GBIF Backbone 

Taxonomy 

0.988 
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Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H. E. Moore 

Catalogue of Vascular 

Plant Species of Central 

and Northeastern Brazil 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.Moore 

Wikipedia in EOL 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E. Moore 

USDA NRCS PLANTS 

Database 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Miller) H. Moore 

BioLib.cz 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E. Moore 

Tropicos - Missouri 

Botanical Garden 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E.Moore 

nlbif 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H.E.Moore 

The International Plant 

Names Index 

0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Mill.) H. E. Moore 

uBio NameBank 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

Mill. 

uBio NameBank 0.988 

Copernicia prunifera Copernicia prunifera Copernicia prunifera 

(Miller) H. Moore 

uBio NameBank 0.988 

Copernicia alba Copernicia alba Copernicia alba NCBI 0.988 

Copernicia alba Copernicia alba Copernicia alba Freebase 0.988 

Copernicia alba Copernicia alba Copernicia alba Encyclopedia of Life 0.988 

Copernicia alba Copernicia alba Copernicia alba CU*STAR 0.988 

Copernicia alba Copernicia alba Copernicia alba uBio NameBank 0.988 

Copernicia alba Copernicia alba Copernicia alba Arctos 0.988 



107 

 

 

 

Copernicia alba Copernicia alba Copernicia alba Open Tree of Life 

Reference Taxonomy 

0.988 

Copernicia alba Copernicia alba Copernicia alba Morong Catalogue of Life 0.988 

Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

ITIS 0.988 

Copernicia alba Copernicia alba Copernicia alba Morong GRIN Taxonomy for 

Plants 

0.988 

Copernicia alba Copernicia alba Copernicia alba 

Morong, 1893 

Union 4 0.988 

Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

The Interim Register of 

Marine and Nonmarine 

Genera 

0.988 

Copernicia alba Copernicia alba Copernicia alba Morong GBIF Backbone 

Taxonomy 

0.988 

Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

Catalogue of Vascular 

Plant Species of Central 

and Northeastern Brazil 

0.988 

Copernicia alba Copernicia alba Copernicia alba 

Morong. 

Wikipedia in EOL 0.988 

Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

USDA NRCS PLANTS 

Database 

0.988 

Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

BioLib.cz 0.988 

Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

Tropicos - Missouri 

Botanical Garden 

0.988 

Copernicia alba Copernicia alba Copernicia alba Morong nlbif 0.988 

Copernicia alba Copernicia alba Copernicia alba Morong The International Plant 

Names Index 

0.988 

Copernicia alba Copernicia alba Copernicia alba Morong uBio NameBank 0.988 
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Copernicia alba Copernicia alba Copernicia alba Morong 

ex Morong & Britton 

uBio NameBank 0.988 

Copernicia alba Copernicia alba Copernicia alba 

Morong, 1893 

uBio NameBank 0.988 

Table S2. Occurrences used for predicted model adjustments. The abbreviations mean: GBIF 

(Global Biodiversity Information Facility) and MO (Tropical Specimen Data) 

 

Species Longitude Latitude Year Base 

Copernicia alba -56.91666 -25.5 1978 MO 

Copernicia alba -65.5 -14 1979 GBIF 

Copernicia alba -66.4 -14.13333 1979 GBIF 

Copernicia alba -58.898027 -23.443197 1980 GBIF 

Copernicia alba -59.2 -23.2 1980 GBIF 

Copernicia alba -58.85 -23.46667 1980 GBIF 

Copernicia alba -57.66666 -25.91666 1982 GBIF 

Copernicia alba -58.5 -23.8 1985 MO 

Copernicia alba -57 -19.666667 1985 GBIF 

Copernicia alba -57.43333 -25.18333 1987 GBIF 

Copernicia alba -57.333333 -16.183333 1987 GBIF 

Copernicia alba -57.616666 -19.166666 1987 speciesLink 

Copernicia alba -60.58 -17.25 1987 GBIF 

Copernicia alba -60.48333 -19.53333 1989 GBIF 

Copernicia alba -57.43333 -25.13333 1989 GBIF 
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Copernicia alba -57.25 -25.13333 1989 MO 

Copernicia alba -62.88333 -17.7 1989 MO 

Copernicia alba -59.6 -18.43 1989 GBIF 

Copernicia alba -61.51666 -25.38333 1990 MO 

Copernicia alba -57.3 -25.13333 1990 MO 

Copernicia alba -63.4666667 -20.25 1992 MO 

Copernicia alba -57.56666 -25.6 1992 MO 

Copernicia alba -57.6533 -19.0092 1992 speciesLink 

Copernicia alba -57.4 -25.61666 1992 GBIF 

Copernicia alba -57.33333 -23.23333 1993 GBIF 

Copernicia alba -57.5 -25.75 1993 GBIF 

Copernicia alba -56.24 -16.23 1993 GBIF 

Copernicia alba -57.61666 -25.63333 1993 MO 

Copernicia alba -57.18333 -23.26666 1993 MO 

Copernicia alba -58.46666 -23.86666 1993 MO 

Copernicia alba -62.41666 -18.91666 1993 MO 

Copernicia alba -56.6228 -16.2567 1993 speciesLink 

Copernicia alba -62.38 -18.87 1993 GBIF 

Copernicia alba -57.34138 -22.6725 1994 MO 

Copernicia alba -58.17833 -24.92805 1994 MO 
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Copernicia alba -57.4 -22.9 1994 GBIF 

Copernicia alba -57.316667 -19.2 1994 GBIF 

Copernicia alba -57.92111 -25.03222 1994 MO 

Copernicia alba -57.38333 -22.96666 1994 MO 

Copernicia alba -58.55 -16.65 1994 MO 

Copernicia alba -57.83333 -25.08333 1995 GBIF 

Copernicia alba -57.8333333 -28.7833333 1995 MO 

Copernicia alba -59.13111 -22.98527 1996 MO 

Copernicia alba -57.991 -20.704 1997 GBIF 

Copernicia alba -58.167 -20.155 1997 GBIF 

Copernicia alba -58.104 -20.307 1997 GBIF 

Copernicia alba -57.917 -21.467 1997 GBIF 

Copernicia alba -58.31666 -26.05 1998 MO 

Copernicia alba -57.8075 -18.94472 1998 MO 

Copernicia alba -58.85 -27.38333 1998 GBIF 

Copernicia alba -57.448333 -22.285833 2000 GBIF 

Copernicia alba -57.5189 -22.1744 2000 GBIF 

Copernicia alba -59.16805 -16.85055 2000 GBIF 

Copernicia alba -64.226667 -23.286111 2001 GBIF 

Copernicia alba -58.30264 -24.15467 2002 GBIF 
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Copernicia alba -58.580833 -23.937778 2003 GBIF 

Copernicia alba -58.199444 -25.972778 2004 GBIF 

Copernicia alba -64.0822223 -20.9758334 2005 MO 

Copernicia alba -40.33 -9.349444 2007 GBIF 

Copernicia alba -57.043194 -19.487833 2007 GBIF 

Copernicia alba -57.003247 -19.483528 2007 GBIF 

Copernicia alba -57.018611 -19.576667 2009 GBIF 

Copernicia alba -57.3722545 -28.3325998 2009 iNaturalist 

Copernicia alba -58.20718 -26.334566 2012 GBIF 

Copernicia alba -56.994366 -19.579887 2013 GBIF 

Copernicia alba -56.9557 -19.496693 2013 GBIF 

Copernicia alba -56.992577 -19.712526 2013 GBIF 

Copernicia alba -56.974068 -19.484476 2013 GBIF 

Copernicia alba -58.8892691308 -27.4239242033 2015 iNaturalist 

Copernicia alba -59.846134 -26.602495 2015 iNaturalist 

Copernicia alba -57.520123 -25.101083 2015 iNaturalist 

Copernicia alba -58.263674 -24.296227 2015 iNaturalist 

Copernicia alba -57.2109724961 -28.541668769 2016 iNaturalist 

Copernicia alba -57.761372 -17.802539 2016 iNaturalist 

Copernicia alba -57.2199254099 -28.5929293327 2016 iNaturalist 
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Copernicia alba -58.732021266 -27.2491986826 2016 iNaturalist 

Copernicia alba -57.19652585 -28.5464891 2017 iNaturalist 

Copernicia alba -56.2621450424 -19.9392453443 2017 iNaturalist 

Copernicia alba -56.8504283333 -16.7408916667 2017 iNaturalist 

Copernicia alba -57.224634 -25.752912 2017 iNaturalist 

Copernicia alba -57.4111099243 -28.6318435669 2018 iNaturalist 

Copernicia alba -58.3665665406 -19.0366907105 2018 iNaturalist 

Copernicia alba -58.67872 -27.5500216667 2018 iNaturalist 

Copernicia alba -57.7594 -16.6925 2018 speciesLink 

Copernicia alba -57.4323366667 -19.5049333333 2019 iNaturalist 

Copernicia alba -57.0658 -19.4328 NA NeoTropTree 

Copernicia alba -57.4419 -19.0297 NA NeoTropTree 

Copernicia alba -57.83470154 -21.59939957 NA DryFlor 

Copernicia alba -58.8778 -24.4058 NA NeoTropTree 

Copernicia alba -56.92470169 -17.19330025 NA DryFlor 

Copernicia alba -58.2647 -22.9683 NA NeoTropTree 

Copernicia alba -56.3664 -21.4133 NA NeoTropTree 

Copernicia alba -57.46 -26.3511 NA NeoTropTree 

Copernicia alba -57.7708 -19.015 NA NeoTropTree 

Copernicia alba -58.03 -25.34 NA GBIF 
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Copernicia alba -58.1611 -20.2703 NA NeoTropTree 

Copernicia alba -57.36667 -25.63333 NA GBIF 

Copernicia alba -56.17169952 -19.49749947 NA DryFlor 

Copernicia alba -62.41999817 -19.07999992 NA DryFlor 

Copernicia alba -59.93000031 -18.25 NA DryFlor 

Copernicia alba -63.2075 -19.7753 NA NeoTropTree 

Copernicia alba -63.33060074 -25.62700081 NA DryFlor 

Copernicia alba -58.6481 -27.5369 NA NeoTropTree 

Copernicia alba -57.4831 -16.8269 NA NeoTropTree 

Copernicia alba -64.9836 -14.8678 NA NeoTropTree 

Copernicia alba -57.56667 -22.28333 NA GBIF 

Copernicia alba -56.9714 -16.7483 NA NeoTropTree 

Copernicia alba -58.1689 -23.2025 NA GBIF 

Copernicia alba -57.5394 -27.2731 NA NeoTropTree 

Copernicia alba -60.555 -19.4164 NA NeoTropTree 

Copernicia alba -57.56000137 -26.34000015 NA DryFlor 

Copernicia alba -57.28333 -25.31667 NA GBIF 

Copernicia alba -55.8972 -16.0536 NA NeoTropTree 

Copernicia alba -60.70069885 -28.79870033 NA DryFlor 

Copernicia alba -57.2744 -24.9756 NA NeoTropTree 
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Copernicia alba -59.1375 -27.5 NA NeoTropTree 

Copernicia alba -56.39250183 -18.60110092 NA DryFlor 

Copernicia alba -58.115 -26.02 NA NeoTropTree 

Copernicia alba -57.73333 -23.03333 NA GBIF 

Copernicia alba -57.8578 -21.6514 NA NeoTropTree 

Copernicia alba -57.6364 -19.1781 NA NeoTropTree 

Copernicia alba -65.3011 -13.6622 NA NeoTropTree 

Copernicia alba -55.7847 -16.5319 NA NeoTropTree 

Copernicia alba -56.3767 -16.5075 NA NeoTropTree 

Copernicia alba -60.6225 -29.9181 NA NeoTropTree 

Copernicia alba -61.3036 -24.3133 NA NeoTropTree 

Copernicia alba -57.53279877 -21.41749954 NA DryFlor 

Copernicia alba -61.9367 -20.7025 NA NeoTropTree 

Copernicia alba -60.8239 -18.5131 NA NeoTropTree 

Copernicia alba -58.15000153 -19.06999969 NA DryFlor 

Copernicia alba -57.8261 -22.5258 NA NeoTropTree 

Copernicia alba -57.7561 -16.2008 NA NeoTropTree 

Copernicia alba -57.5814 -27.7153 NA NeoTropTree 

Copernicia alba -59.0217 -16.4147 NA NeoTropTree 

Copernicia alba -58.5 -24.83333 NA GBIF 
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Copernicia alba -66.0819 -11.5486 NA NeoTropTree 

Copernicia alba -59.60020065 -28.92480087 NA DryFlor 

Copernicia alba -57.6444 -24.4075 NA NeoTropTree 

Copernicia alba -65.6489 -11.6075 NA NeoTropTree 

Copernicia alba -59.3786 -29.7994 NA NeoTropTree 

Copernicia alba -58.7597 -27.9811 NA NeoTropTree 

Copernicia alba -57.5142 -22.0336 NA NeoTropTree 

Copernicia alba -58.4597 -16.44 NA NeoTropTree 

Copernicia alba -60.5617 -25.5411 NA NeoTropTree 

Copernicia alba -57.6414 -19.1075 NA NeoTropTree 

Copernicia alba -57.62250137 -17.77249908 NA DryFlor 

Copernicia alba -61.9722 -17.1344 NA NeoTropTree 

Copernicia alba -62.6953 -21.2817 NA NeoTropTree 

Copernicia alba -60.13380051 -29.32559967 NA DryFlor 

Copernicia alba -57.88359833 -21.49810028 NA DryFlor 

Copernicia alba -62.95000076 -17.21999931 NA DryFlor 

Copernicia alba -61.5458 -13.9561 NA NeoTropTree 

Copernicia alba -64.6281 -15.4331 NA NeoTropTree 

Copernicia alba -59.13 -27.7 NA GBIF 

Copernicia alba -61.8817 -22.8472 NA NeoTropTree 
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Copernicia alba -57.9381 -26.5086 NA NeoTropTree 

Copernicia alba -56.14279938 -20.16110039 NA DryFlor 

Copernicia alba -58.77000046 -23.62999916 NA DryFlor 

Copernicia alba -60.2886 -23.9019 NA NeoTropTree 

Copernicia alba -58.8914 -19.1983 NA NeoTropTree 

Copernicia alba -66.6469 -14.7686 NA NeoTropTree 

Copernicia alba -62.81999969 -15.52999973 NA DryFlor 

Copernicia alba -63.4517 -26.4692 NA NeoTropTree 

Copernicia alba -58.5 -16.5 NA DryFlor 

Copernicia alba -58.93 -28.46 NA GBIF 

Copernicia alba -66.1792 -14.5047 NA NeoTropTree 

Copernicia alba -59.77700043 -27.10770035 NA DryFlor 

Copernicia alba -59.2217 -21.7475 NA NeoTropTree 

Copernicia alba -56.7678 -20.6664 NA NeoTropTree 

Copernicia alba -60.48 -28.93 NA GBIF 

Copernicia alba -63.20000076 -18.93000031 NA DryFlor 

Copernicia alba -62.3025 -20.5844 NA NeoTropTree 

Copernicia alba -57.5807991 -19.02779961 NA DryFlor 

Copernicia alba -59.0181 -26.7758 NA NeoTropTree 

Copernicia alba -57.3764 -25.2261 NA NeoTropTree 
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Copernicia alba -60.52999878 -19.43000031 NA DryFlor 

Copernicia alba -58.17 -25.17 NA GBIF 

Copernicia alba -58.0775 -28.0233 NA NeoTropTree 

Copernicia alba -63.2222 -18.915 NA NeoTropTree 

Copernicia alba -57.05 -28.52 NA GBIF 

Copernicia alba -59.9328 -18.2525 NA NeoTropTree 

Copernicia alba -58.2794 -27.2969 NA NeoTropTree 

Copernicia alba -58.0336 -21.0297 NA NeoTropTree 

Copernicia alba -58.18 -27.99 NA GBIF 

Copernicia alba -57.6728 -16.4631 NA NeoTropTree 

Copernicia alba -58.8114 -26.3044 NA NeoTropTree 

Copernicia alba -60.0122 -26.2561 NA NeoTropTree 

Copernicia alba -65.01999664 -14.11999989 NA DryFlor 

Copernicia alba -63.33 -17.8 NA GBIF 

Copernicia prunifera -42.766667 -11.016667 1977 GBIF 

Copernicia prunifera -42.7 -10.833333 1984 GBIF 

Copernicia prunifera -51.75 -11.283333 1985 GBIF 

Copernicia prunifera -43.833333 -11.333333 1988 GBIF 

Copernicia prunifera -44.475833 -11.618611 1988 GBIF 

Copernicia prunifera -38.228056 -6.759444 1992 GBIF 
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Copernicia prunifera -41.520278 -3.458056 2004 GBIF 

Copernicia prunifera -40.591111 -9.691667 2007 GBIF 

Copernicia prunifera -43.233333 -11.683333 2007 GBIF 

Copernicia prunifera -43.133333 -11.083333 2007 GBIF 

Copernicia prunifera -41.279103 -9.613661 2008 speciesLink 

Copernicia prunifera -47.483055 -7.3438888 2008 speciesLink 

Copernicia prunifera -42.3015 -10.0012 2009 GBIF 

Copernicia prunifera -42.188333 -9.526667 2009 GBIF 

Copernicia prunifera -40.6525 -9.562222 2009 GBIF 

Copernicia prunifera -38.898333 -3.679167 2009 GBIF 

Copernicia prunifera -39.368167 -8.192722 2010 speciesLink 

Copernicia prunifera -39.330278 -8.307222 2010 speciesLink 

Copernicia prunifera -38.5925 -8.012056 2012 GBIF 

Copernicia prunifera -40.387439 -9.362231 2012 GBIF 

Copernicia prunifera -40.333575 -9.274358 2012 GBIF 

Copernicia prunifera -38.211111 -6.996667 2012 GBIF 

Copernicia prunifera -40.597789 -9.471692 2012 GBIF 

Copernicia prunifera -40.728778 -9.434 2013 GBIF 

Copernicia prunifera -38.434814 -7.163875 2013 GBIF 

Copernicia prunifera -38.140939 -6.981106 2013 GBIF 
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Copernicia prunifera -40.673611 -9.458583 2013 GBIF 

Copernicia prunifera -38.998389 -7.700667 2013 speciesLink 

Copernicia prunifera -37.783056 -5.65 2014 GBIF 

Copernicia prunifera -37.919444 -6.095556 2014 GBIF 

Copernicia prunifera -42.696033 -7.0104 2014 GBIF 

Copernicia prunifera -38.255 -6.370833 2014 GBIF 

Copernicia prunifera -38.637222 -4.039722 2014 GBIF 

Copernicia prunifera -36.720278 -5.580278 2014 GBIF 

Copernicia prunifera -36.720278 -5.939722 2014 GBIF 

Copernicia prunifera -37.8575 -5.464722 2014 speciesLink 

Copernicia prunifera -41.69875 -3.372167 2015 GBIF 

Copernicia prunifera -42.83558333 -2.73373333 2015 iNaturalist 

Copernicia prunifera -44.8122496499 -3.5153573541 2016 iNaturalist 

Copernicia prunifera -45.116556 -2.421333 2017 GBIF 

Copernicia prunifera -40.294972 -9.184583 2017 GBIF 

Copernicia prunifera -41.495453 -5.062361 2017 GBIF 

Copernicia prunifera -41.866944 -3.175 2017 GBIF 

Copernicia prunifera -45.1059830556 -2.3653197222 2017 iNaturalist 

Copernicia prunifera -39.397083 -3.61325 2017 speciesLink 

Copernicia prunifera -41.773875 -3.367925 2017 speciesLink 
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Copernicia prunifera -41.879583 -3.166611 2017 speciesLink 

Copernicia prunifera -37.7828916 -4.8378331 2018 iNaturalist 

Copernicia prunifera -35.9729959723 -8.2648044219 2018 iNaturalist 

Copernicia prunifera -43.380003 -2.519996 2018 speciesLink 

Copernicia prunifera -44.280178 -10.079572 2018 speciesLink 

Copernicia prunifera -39.240258 -4.9479 2018 speciesLink 

Copernicia prunifera -45.077111 -3.175675 2018 speciesLink 

Copernicia prunifera -41.318778 -3.000167 2018 speciesLink 

Copernicia prunifera -38.0867 -6.7844 2018 speciesLink 

Copernicia prunifera -37.3367317021 -5.1944106183 2019 iNaturalist 

Copernicia prunifera -37.0472221375 -6.76222229 2019 iNaturalist 

Copernicia prunifera -43.1575 -10.9797 NA NeoTropTree 

Copernicia prunifera -41.4997 -3.4328 NA NeoTropTree 

Copernicia prunifera -38.8608 -6.2547 NA NeoTropTree 

Copernicia prunifera -37.5558 -9.1392 NA NeoTropTree 

Copernicia prunifera -41.6389 -2.9397 NA NeoTropTree 

Copernicia prunifera -43.2278 -12.1039 NA NeoTropTree 

Copernicia prunifera -40.8444 -8.8517 NA NeoTropTree 

Copernicia prunifera -47.92219925 -9.816699982 NA DryFlor 

Copernicia prunifera -47.39110184 -7.187799931 NA DryFlor 
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Copernicia prunifera -40.2517 -9.4197 NA NeoTropTree 

Copernicia prunifera -37.7769 -6.7706 NA NeoTropTree 

Copernicia prunifera -40.825 -3.1403 NA NeoTropTree 

Copernicia prunifera -39.1878 -10.4117 NA NeoTropTree 

Copernicia prunifera -37.59780121 -5.074200153 NA DryFlor 

Copernicia prunifera -37.5578 -5.5025 NA NeoTropTree 

Copernicia prunifera -42.88529968 -10.11830044 NA DryFlor 

Copernicia prunifera -42.22779846 -4.713600159 NA DryFlor 

Copernicia prunifera -37.74250031 -9.646699905 NA DryFlor 

Copernicia prunifera -37.0314 -6.0547 NA NeoTropTree 

Copernicia prunifera -43.2664 -2.4992 NA NeoTropTree 

Copernicia prunifera -42.5036 -3.4475 NA NeoTropTree 

Copernicia prunifera -47.6267 -7.62 NA NeoTropTree 

Copernicia prunifera -43.5431 -4.9031 NA NeoTropTree 

Copernicia prunifera -37.0411 -9.9839 NA NeoTropTree 

Copernicia prunifera -35.8664 -5.7025 NA NeoTropTree 

Copernicia prunifera -37.9586 -5.0192 NA NeoTropTree 

Copernicia prunifera -37.07310104 -5.054999828 NA DryFlor 

Copernicia prunifera -38.9561 -3.735 NA NeoTropTree 

Copernicia prunifera -37.39720154 -9.744999886 NA DryFlor 
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Copernicia prunifera -37.1578 -9.6203 NA NeoTropTree 

Copernicia prunifera -38.2881 -4.2169 NA NeoTropTree 

Copernicia prunifera -38.5461 -7.5625 NA NeoTropTree 

Copernicia prunifera -42.9664 -4.3669 NA NeoTropTree 

Copernicia prunifera -37.8119 -4.6858 NA NeoTropTree 

Copernicia prunifera -37.965 -7.5158 NA NeoTropTree 

Copernicia prunifera -38.8375 -7.8731 NA NeoTropTree 

Copernicia prunifera -42.2711 -10.455 NA NeoTropTree 

Copernicia prunifera -42.4264 -11.3372 NA NeoTropTree 

Copernicia prunifera -43.6653 -11.8633 NA NeoTropTree 

Copernicia prunifera -41.2153 -9.0481 NA NeoTropTree 

Copernicia prunifera -43.3242 -13.1167 NA NeoTropTree 

Copernicia prunifera -41.69670105 -4.067200184 NA DryFlor 

Copernicia prunifera -43.68330002 -8.168100357 NA DryFlor 

Copernicia prunifera -36.9394 -5.6244 NA NeoTropTree 

Copernicia prunifera -39.7392 -5.7186 NA NeoTropTree 

Copernicia prunifera -43.84560013 -14.16390038 NA DryFlor 

Copernicia prunifera -38.6556 -5.8039 NA NeoTropTree 

Copernicia prunifera -37.3606 -8.905 NA NeoTropTree 

Copernicia prunifera -36.8283 -5.3378 NA NeoTropTree 
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Copernicia prunifera -37.39360046 -5.144199848 NA DryFlor 

Copernicia prunifera -42.72249985 -12.01080036 NA DryFlor 

Copernicia prunifera -49.7989 -10.8083 NA NeoTropTree 

Copernicia prunifera -38.0767 -7.3228 NA NeoTropTree 

Copernicia prunifera -43.6331 -8.0294 NA NeoTropTree 

Copernicia prunifera -37.8092 -9.4486 NA NeoTropTree 

Copernicia prunifera -40.6003 -9.2342 NA NeoTropTree 

Copernicia prunifera -47.4661 -7.2597 NA NeoTropTree 

Copernicia prunifera -42.455 -12.8133 NA NeoTropTree 

Copernicia prunifera -43.52140045 -14.98219967 NA DryFlor 

Copernicia prunifera -50.7331 -12.3281 NA NeoTropTree 

Copernicia prunifera -37.2417 -5.2081 NA NeoTropTree 

Copernicia prunifera -44.18 -10.1144 NA NeoTropTree 

Copernicia prunifera -42.8358 -2.6708 NA NeoTropTree 

Copernicia prunifera -43.9483 -7.6564 NA NeoTropTree 

Copernicia prunifera -37.2622 -9.8572 NA NeoTropTree 

Copernicia prunifera -40.1611 -3.3314 NA NeoTropTree 

Copernicia prunifera -50.4564 -10.3653 NA NeoTropTree 

Copernicia prunifera -39.1394 -5.3458 NA NeoTropTree 

Copernicia prunifera -43.8683 -13.9311 NA NeoTropTree 
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Copernicia prunifera -38.7781 -3.7053 NA NeoTropTree 

Copernicia prunifera -36.97890091 -5.303899765 NA DryFlor 

Copernicia prunifera -36.6872 -10.2947 NA NeoTropTree 

Copernicia prunifera -35.25439835 -7.177199841 NA DryFlor 

Copernicia prunifera -39.4436 -8.2011 NA NeoTropTree 

Copernicia prunifera -47.8208 -9.8603 NA NeoTropTree 

Copernicia prunifera -38.4294 -5.1161 NA NeoTropTree 

Copernicia prunifera -39.3783 -6.3256 NA NeoTropTree 

Copernicia prunifera -42.9275 -10.0928 NA NeoTropTree 

Copernicia prunifera -50.6792 -11.1703 NA NeoTropTree 

Copernicia prunifera -39.4522 -8.4611 NA NeoTropTree 

Copernicia prunifera -36.66139984 -10.27579975 NA DryFlor 

Copernicia prunifera -36.1742 -7.9397 NA NeoTropTree 

Copernicia prunifera -38.2228 -7.9575 NA NeoTropTree 

Copernicia prunifera -38.92829895 -6.300000191 NA DryFlor 

Copernicia prunifera -42.865 -5.9447 NA NeoTropTree 

Copernicia prunifera -35.1594 -7.0358 NA NeoTropTree 

Copernicia prunifera -36.70080185 -5.251699924 NA DryFlor 

Copernicia prunifera -38.5247 -7.0992 NA NeoTropTree 

Copernicia prunifera -43.0886 -6.7539 NA NeoTropTree 
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Copernicia prunifera -36.7194 -5.2417 NA NeoTropTree 

Copernicia prunifera -48.4944 -16.0992 NA NeoTropTree 

Copernicia prunifera -50.9731 -14.3328 NA NeoTropTree 

Copernicia prunifera -38.8883 -3.5981 NA NeoTropTree 

Copernicia prunifera -38.1764 -6.7183 NA NeoTropTree 

Copernicia prunifera -36.8564 -10.1717 NA NeoTropTree 

Copernicia prunifera -38.5328 -6.8267 NA NeoTropTree 

Copernicia prunifera -42.2194 -9.6569 NA NeoTropTree 

Copernicia prunifera -39.0719 -4.9183 NA NeoTropTree 

Copernicia prunifera -49.985 -9.5883 NA NeoTropTree 

Copernicia prunifera -37.2078 -7.0375 NA NeoTropTree 

Copernicia prunifera -37.9544 -7.0978 NA NeoTropTree 

Copernicia prunifera -42.50719833 -12.76580048 NA DryFlor 

Copernicia prunifera -36.0711 -5.2269 NA NeoTropTree 

Copernicia prunifera -41.3933 -2.9683 NA NeoTropTree 

Copernicia prunifera -43.8286 -11.3383 NA NeoTropTree 

Copernicia prunifera -37.6114 -6.2753 NA NeoTropTree 

Copernicia prunifera -42.2189 -4.7631 NA NeoTropTree 

Copernicia prunifera -50.9228 -12.6369 NA NeoTropTree 
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Table S3. The bioclimatic variables for niche suitability modeling of C.alba e C.prunifera in 

South America. 

 

 

 

 

Variable Description Source  

BIO01 Annual mean temperature Worldclim  

BIO02 Mean diurnal range (mean of monthly (max temp - min temp)) Worldclim  

BIO03 Isothermality (bio2/bio7) (* 100) Worldclim  

BIO04 Temperature seasonality (standard deviation * 100) Worldclim  

BIO05 Max temperature of warmest month Worldclim  

BIO06 Min temperature of coldest month Worldclim  

BIO07 Temperature annual range (bio5-bio6) Worldclim  

BIO08 Mean temperature of wettest quarter Worldclim  

BIO09 Mean temperature of driest quarter Worldclim  

BIO10 Mean temperature of warmest quarter Worldclim  

BIO11 Mean temperature of coldest quarter Worldclim  

BIO12 Annual precipitation Worldclim  

BIO13 Precipitation of wettest month Worldclim  

BIO14 Precipitation of driest month Worldclim  

BIO15 Precipitation seasonality (coefficient of variation) Worldclim  

BIO16 Precipitation of wettest quarter Worldclim  

BIO17 Precipitation of driest quarter Worldclim  

BIO18 Precipitation of warmest quarter Worldclim  

BIO19 Precipitation of coldest quarter Worldclim  
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Table S4. Correlation between the environmental variables in the current scenario for the Neotropics limit proposed by Morrone (2014). 

 

 

  BIO01 BIO02 BIO03 BIO04 BIO05 BIO06 BIO07 BIO08 BIO09 BIO10 BIO11 BIO12 BIO13 BIO14 BIO15 BIO16 BIO17 BIO18 BIO19 

BIO01                                       

BIO02 -0.62                                     

BIO03 0.63 -0.58                                   

BIO04 -0.69 0.61 -0.91                                 

BIO05 0.65 -0.02 0.03 -0.16                               

BIO06 0.95 -0.79 0.75 -0.78 0.45                             

BIO07 -0.73 0.88 -0.87 0.85 -0.05 -0.88                           

BIO08 0.85 -0.4 0.35 -0.39 0.77 0.72 -0.45                         

BIO09 0.96 -0.7 0.7 -0.75 0.53 0.97 -0.8 0.72                       

BIO10 0.89 -0.46 0.36 -0.39 0.82 0.78 -0.48 0.95 0.8                     

BIO11 0.98 -0.66 0.72 -0.79 0.56 0.97 -0.79 0.77 0.98 0.81                   

BIO12 0.65 -0.63 0.65 -0.75 0.21 0.73 -0.71 0.4 0.7 0.43 0.71                 

BIO13 0.7 -0.56 0.65 -0.75 0.3 0.75 -0.69 0.43 0.75 0.47 0.75 0.91               

BIO14 0.26 -0.61 0.36 -0.36 -0.13 0.41 -0.5 0.16 0.31 0.17 0.29 0.67 0.41             

BIO15 0 0.38 -0.06 0.08 0.18 -0.12 0.2 0.03 -0.04 0.02 -0.01 -0.38 -0.05 -0.84           

BIO16 0.7 -0.55 0.65 -0.75 0.31 0.74 -0.68 0.43 0.74 0.47 0.75 0.93 0.99 0.42 -0.07         

BIO17 0.31 -0.63 0.39 -0.41 -0.09 0.45 -0.53 0.18 0.36 0.2 0.34 0.72 0.47 0.99 -0.84 0.48       

BIO18 0.09 -0.16 0.2 -0.24 -0.1 0.11 -0.2 0.12 0.04 0 0.1 0.53 0.38 0.53 -0.37 0.4 0.54     

BIO19 0.59 -0.74 0.55 -0.61 0.15 0.71 -0.7 0.35 0.67 0.45 0.63 0.8 0.68 0.77 -0.53 0.69 0.8 0.26   
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Table S5. Values of AUCs and TSSs mean values and standard deviation for ten replicates of 

each algorithm for C. alba and C. prunifera species. 

Species Algorithm AUC 

average 

AUC 

standard 

deviation 

TSS 

average 

TSS standard 

deviation 

Copernicia alba Bioclim 0.93 0.02 0.78 0.05 

Copernicia alba MaxEnt 0.97 0.01 0.85 0.04 

Copernicia alba Random Forest 0.97 0.01 0.88 0.03 

Copernicia alba SVM 0.95 0.02 0.84 0.04 

Copernicia prunifera Bioclim 0.86 0.04 0.66 0.07 

Copernicia prunifera MaxEnt 0.94 0.02 0.78 0.07 

Copernicia prunifera Random Forest 0.97 0.02 0.83 0.05 

Copernicia prunifera SVM 0.96 0.02 0.82 0.05 

 

 

 

 

 

 

 

 

 

 

 



129 

 

 

 

PERSPECTIVES AND FINAL CONSIDERATIONS 

 

The first two chapters described in this thesis correspond to pioneering studies on the 

population genomics of two palm species of the genus Copernicia (Carandá and Carnaúba) 

using the GBS technique. The third chapter was the first to assess the climatic niches of these 

palms and predict vulnerability to climate change in South America. 

Therefore, this chapter provides a complete overview of the population genomics of 

these species in Brazil, generating information that can help design efficient strategies for the 

conservation and sustainable use of these palms. The genetic diversity levels of Carnaúba 

populations from the Caatinga and Restinga biomes were similar, indicating low to moderate 

level of genetic structuring. Therefore, there is no genetic separation between Carnaúba from 

Caatinga and Restinga or reproductive subdivision. Moderate levels of genetic differentiation 

were observed in the Carandá populations of the Brazilian Chaco region, indicating no 

significant genetic differentiation. In general, the Carandá and Carnaúba populations are 

genetically similar and can be managed as a single unit. Furthermore, the populations of the 

two species are historically connected with high dispersal, preventing the loss of genetic 

diversity. 

Regarding outlier SNPs (under selection), 65 and 84 putatively adaptive loci were 

detected using Fsthet and PCAdapt approaches for Carandá and Caraúba, respectively. For the 

Carandá populations, two outlier loci were present in sequences similar to the annotated 

proteins, whereas six outliers were detected in the Carnaúba populations. The lack of a reference 

genome for the species has limited a more refined characterization of these loci. Therefore, 

further studies using integrative approaches, such as associative mapping, are important for 

understanding the adaptive nature of these loci.  

Importantly, the analyses performed in this thesis were unable to associate generic 

molecular functions or biological processes with adaptive features involved in the 

diversification of Carandá and carnaúba populations. Therefore, phylogeographic studies are 

required to generate information on the evolution and diversification of these palms, given that 

the genus Copernicia is an important group for studying species distribution in the dry diagonal. 

Carnaúba occurs in Caatinga, Cerrado, and Restinga. However, in this thesis populations from 

the Cerrado were not evaluated. 

Ecological niche models (ENMs) predicted that climate change affects the geographic 

distribution of Carandá and carnaúba in Neotropical ecosystems. Furthermore, these palms 

show different responses to future climate change. Therefore, climate projections for 2070 show 
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a reduction in the range of Carandá and increasing habitat availability for carnaúba. However, 

it should be emphasized that this study only analyzed the climatic niche of these species. Thus, 

studies using climate and edaphic data should be developed to generate ENMs with greater 

predictive power, since these palms occur in periodically flooded regions. 

The results obtained in Chapters I, II, and III are promising for the conservation of 

Carandá and Carnaúba populations in Brazil. This information provides subsidies that will 

assist in developing national policies aimed at the management and conservation of genetic 

diversity and reducing the pressure of extractivism and its negative impacts.  

Although the impact of human disturbance was observed in most Carandá and Carnaúba 

populations, they managed to maintain a high degree of genetic diversity and low levels of 

inbreeding. According to conservation genetic principles, habitat fragmentation and 

anthropogenic activities are expected to reduce genetic diversity, increase genetic 

differentiation and inbreeding levels. Although these palms are in an area subject to 

fragmentation and other disturbances, they apparently have mechanisms to maintain genetic 

diversity. According to Lowe et al. (2015) tree species have different strategies for maintaining 

genetic diversity levels in fragmented environments. The first strategy is extensive gene flow 

via pollen and/or seed. The second is due to the long-lived nature of trees and the existence of 

overlapping generations in unique locations that serve to slow the loss of genetic diversity. 

Third is the presence of mobile pollinators such as birds, which tend to buffer the negative 

impact of fragmentation, in the case of Carnaúba the main disperser is birds (Thraupis 

palmarum) 

However, if this level of disturbance persists, it may lead to further population decline 

with unpredictable consequences on future levels of diversity. Therefore, some of the 

conservation actions that should be implemented or established are: (I) creation and 

maintenance of forest protection areas with ecological corridors; (II) development of in situ e 

ex situ conservation banks with the promotion of natural regeneration, avoiding reduction in 

population size and loss of genetic variability; (III) reinsertion of the plantations in the original 

natural populations, increasing the number of herds and preserving genetic diversity; and (IV) 

Development of planted forests (productive Carnaúba forests) to supply the demand by 

producers and reduce the pressure of extractivism on natural populations. 

Finally, this thesis revealed that the Carnaúba populations of Northeastern Brazil and 

the Carandá populations of Brazilian Chaco have high genetic diversity, with low to moderate 
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genetic differentiation between populations. This information should be considered in 

developing a best management practice plan for the sustainable extraction of these palms. 
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