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ABSTRACT
Bioregionalizations constitute an important tool to synthesize biodiversity knowledge, essential for conservation 
planning. Bioregions currently recognized in the Neotropics have been delineated using different methods and biological 
groups, frequently suggesting conflicting results. This study aimed to reevaluate the circumscription of bioregions 
using the distribution of angiosperm species. Angiosperm records were compiled from online herbaria and filtered for 
taxonomical and geographical accuracy according to Flora e Funga do Brasil. A network analysis was performed with 
InfoMap Bioregions and similarity amongst recognized bioregions was evaluated with an Unweighted Pair Group Method 
with Arithmetic Mean. Beta diversity patterns were modelled using Generalized Dissimilarity Modelling (GDM) and five 
climatic variables. A conservation overview was constructed comparing sampling, conservation coverage, deforestation 
and fire occurrence across bioregions. Seven bioregions were identified and hierarchically clustered: Brazilian subregion 
(subdivisions not recovered in our analysis); Chacoan subregion, comprised of the Chacoan dominion (four provinces) 
and the Paraná dominion (two provinces). GDM recognized other heterogeneous areas within these bioregions. The 
Paraná dominion presented the largest historical anthropization, the Chacoan dominion presented the highest density 
of fire spots, and the Brazilian subregion had the highest coverage of conservation units while encompassing unknown 
biodiversity.
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Introduction

Since Augustin de Candolle (1820) proposed 
the first world regionalization, multiple other 
bioregionalization proposals have been published 
with varying biological models, geographical scope 
and methods (e.g., Morrone, 2014; Nelson, 1978). 

The primary goal of these publications was to 
document nature and its distribution patterns 
across space, representing abstractions of how 
biodiversity is organized in response to history 
and ecology, but numerous other uses have been 
recognized since (Kreft & Jetz, 2010; Morrone, 
2009). Regionalization is a potentially useful 
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framework for addressing questions regarding 
ecology, evolutionary biology and systematics, 
providing a useful tool for the study of specific 
lineages and assisting the construction of a “grand 
synthesis” to set priorities for conservation 
(Bergamin et al., 2017; Kreft & Jetz, 2010; 
Morrone, 2017; Whittaker et al., 2005). Such 
a grand synthesis can also be used to guide 
sampling efforts to provide more geographically 
comprehensive measures of biodiversity and thus 
improve future synthesis (Ahrends, Burgess, et 
al., 2011; Ahrends, Rahbek, et al., 2011).

At present, the identification of bioregions 
constitutes a challenge; different organisms, 
types of distributional data and grid sizes render 
different patterns (Hausdorf & Hennig, 2003; 
Morrone, 2018). While bioregions have been 
proposed using different methods and model 
systems, circumscription of bioregions is often 
based on methods that are not fully explicit, 
precise or repeatable (Cabrera & Willink, 1973; 
Olson et al., 2001; Wallace, 1876). A major 
drawback of early regionalizations, for instance, 
is the lack of tightly defined and repeatable criteria 
to recognize and delineate biogeographical units 
(Kreft & Jetz, 2010; Viloria, 2005). However, as 
applications of bioregions have grown, methods 
and available datasets to recognize bioregions 
have also expanded, as well as the emergence 
of a better nomenclature for naming bioregions 
(Ebach et al., 2008; Morrone, 2018).

In the last few decades, multiple regionalization 
schemes have been proposed for the Neotropics 
with different scopes and methods (e.g., Amaral 
et al., 2017; DRYFLOR et al., 2016; Olson et 
al., 2001; Reginato & Michelangeli, 2020). The 
regionalization scheme compiled by Morrone 
(2014) is the most geographically comprehensive, 
recognizing and naming the main neotropical 
bioregions according to multi-taxa distribution 
patterns and is periodically updated to incorporate 
new evidence (Morrone, 2017; Morrone et al., 
2022). Although integrating patterns from 
different model groups is one of the ultimate 
goals of global regionalization efforts (Morrone, 
2018; Procheş & Ramdhani, 2012), the bioregions 

recognized by Morrone et al. (2022) are a 
compilation of patterns rendered by a multitude 
of different methods. Since different methods 
and model groups usually render different 
biogeographical patterns (Amaral et al., 2017; 
Morrone, 2018; Procheş & Ramdhani, 2012) and 
the use of few taxonomic groups might not be 
sufficient to identify relevant areas for biodiversity 
(Oliveira et al., 2019), a comprehensive analysis 
with an explicit methodology and a comprehensive 
biological model could shed light on which patterns 
are expressive in a broader geographical scale.

Parallel to work on regionalization, Brazilian 
plant taxonomists and herbaria have committed 
since 2015 through such programs as INCT and 
REFLORA to make information from herbarium 
collections more readily accessible and to 
summarize taxonomic information regarding the 
Brazilian flora (Flora e Funga do Brasil, 2020; INCT, 
2024; REFLORA, 2024). As a result, most Brazilian 
collection data are readily available online and the 
majority of plant species occurring in Brazil have 
their taxonomy and known distribution accessible 
on a freely available online platform (Flora e Funga 
do Brasil, 2020), facilitating analysis with large 
amounts of data and putting Brazilian biodiversity 
in a prime spot to reevaluate proposed bioregions 
using a comprehensive taxonomical model. Brazil 
is one of the most biodiverse countries in the 
world, and a reevaluation would provide an 
updated resource for conservation throughout 
the country. Therefore, the main objective of 
the present work is to reappraise the bioregions 
currently recognized by Morrone et al. (2022) 
for Brazil, especially at the hierarchical level of 
dominions and provinces, using flowering plant 
distributions, and to present an overview of the 
spatial distribution of sampling, conservation, 
and deforestation in identified bioregions.

Material and Methods

Every angiosperm record collected in Brazil 
with valid geographical coordinates and taxonomic 
identification at a species level was obtained from 
the online platforms GBIF (https://www.gbif.
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org/), Jabot (http://jabot.jbrj.gov.br/) and Splink 
(https://specieslink.net) and compiled using R. 
Synonyms were transferred to their valid names 
according to Flora e Funga do Brasil (2020). The 
initial dataset was then filtered for geographic 
accuracy through the removal of centroids 
and invalid coordinates using the R package 
CoordinateCleaner (Zizka et al., 2019). Records 
with geographical coordinates placed outside 
the state in which the specimen was collected, 
according to the collector’s description, were 
removed as a second geographic filter. Finally, to 
reduce taxonomical bias, non-native species were 
removed from the dataset and specimens were 
then filtered according to their species distribution 
in different Brazilian states, according to species 
descriptions in Flora e Funga do Brasil (2020), 
following Reginato & Michelangeli (2020).

The filtered dataset was then used to delineate 
bioregions with Infomap Bioregions 2 (Edler et 
al., 2017). Infomap Bioregions is a tool that uses 
network analysis to extract biotic associations 
from species occurrences and recognize highly 
interconnected groups of localities, incorporating 
presence-absence data instead of similarity 
measures and minimizing the problems of species 
turnover (Edler et al., 2017; Vilhena & Antonelli, 
2015). Bioregions were delineated using 0.25º 
grid cells and a minimum of 100 data points per 
cell. This approach, while more conservative to 
avoid clustering subsampled localities, rendered 

multiple areas without information. To incorporate 
less sampled localities in the regionalization, a 
secondary analysis was performed with the same 
grid size and a minimum of 10 data points per 
cell. This second analysis, although more spatially 
comprehensive, is more susceptible to sampling 
artifacts, and, for that reason, its results were 
used solely to attribute less-sampled locations 
to circumscribed bioregions, instead of guiding 
the circumscription itself. Results were exported 
and compiled in QGIS software, and bioregions 
were delineated manually by drawing polygons 
connecting clustered grid cells (Fig. 1). The 
resultant boundaries depicted in Fig. 2 therefore 
represent abstractions of the Infomap Bioregions 
results (Fig. S1-S2) and subsequent assessments 
using this scheme. A presence-absence matrix 
was compiled for each delineated bioregion and 
their similarities were investigated using the 
Unweighted Pair Group Method with Arithmetic 
Mean (UPGMA).

Recognized units and their similarity patterns 
were then compared to previously recognized 
bioregions, including Morrone et al. (2022) (a 
compilation of multi-taxa distributional patterns) 
and IBGE (2019) (classification patterns based 
on climate and vegetation physiognomy). These 
classifications are somewhat congruent and 
are widely used for conservation assessments, 
delineation of conservation policies within Brazil 
and reconstruction of the biogeographical history 

Figure 1. Delineation of bioregions according to InfoMap Bioregions outputs of the primary and secondary analysis.
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Figure 2. Bioregions recognized from InfoMap Biorregions and their similarity patterns according to UPGMA results. Provinces not 
recognized by Morrone et al. (2022) are highlighted with asterisks (*).

and biodiversity patterns of specific lineages in 
the Neotropics (e.g. Fortes et al., 2025; Lopes et 
al., 2024; Magri et al., 2025). Therefore, while we 
also compare our results with other published 
classifications (e.g. Cabrera & Willink, 1973; 
Reginato & Michelangeli, 2020), we primarily 
paralleled our results with these two classifications. 

To investigate beta diversity patterns, we used 
the primary dataset in a Generalized Dissimilarity 
Modelling (GDM) (Ferrier, 2002; Ferrier et al., 
2007). The method uses maximum likelihood and 
modelled I-splines to predict the best-supported 
function between climatic variation, geographical 
distance and floristic dissimilarities between pairs 
of sites (Ferrier et al., 2007). Nineteen climatic 

variables were compiled from CHELSA (Karger 
et al., 2017) and elevation was retrieved from 
WorldClim (Fick & Hijmans, 2017), the median 
of each was measured for the grid cells analyzed, 
and these metrics were compiled in a matrix of 
explanatory variables using QGIS software (version 
3.6.2). Colinearity in GDM is still underexplored, 
but it could potentially be problematic, as the 
analysis combines elements of generalized linear 
modelling and matrix regression (Leathwick et al., 
2006). For that reason, environmental variables 
were dropped based on biological knowledge (e.g., 
removal of variables not previously related to 
turnover in literature; Zuur et al., 2010) and on 
the Variance Inflation Factor (VIF). The VIF was 

https://creativecommons.org/licenses/by/4.0/deed.en


A Brazilian bioregionalization reappraisal

Template: Editora Letra1 | www.editoraletra1.com.br

Acta Botanica Brasilica, 2025, 39: e20240279  |  5

measured in R with the package usdm (Naimi, 
2023) and variables with a VIF higher than 10 were 
progressively excluded following Montgomery & 
Peck (1992). The final GDM was performed with 
five non-collinear variables (Annual Precipitation, 
Elevation, Precipitation Seasonality, Temperature 
Annual Range and Temperature Seasonality). In 
addition to environmental predictors, geographical 
distance between grid cells was included as an 
additional predictor. Dissimilarities between 
locations according to the fitted model were then 
plotted using the RGB color spectrum. All GDM 
procedures were performed in R using the package 
gdm (Fitzpatrick, 2022).

To map conservation efforts in each of the 
recognized bioregions, the spatial distribution 
of conservation units (UC) was obtained from 
TerraBrasilis (Assis et al., 2019). Conservation 
units in Brazil are differentiated into two groups 
according to their objectives and permitted 
activities: sustainable use UCs restrict human 
activities with the main goal of regulating the 
sustainable use of natural resources; while the 
natural resources in full protection UCs are 
only available through indirect use, to preserve 
nature (Brasil, 2000). Since these fundamental 
differences might alter theconservation of natural 
landscapes, conservation units were differentiated 
into sustainable use UCs (UC-US) andfull 
protection UCs (UC-PI). Also, since indigenous 
territories (TI) are positively associated with 
natural landscapes,the distribution of these was 
obtained from TerraBrasilis as a type of indirect 
conservation unit (Assis et al., 2019; Garnett et al., 
2018).

The MapBiomas landcover classification of 2022 
was used to delineate anthropogenic landscapes, 
such as crops, pastures, urban perimeters, and 
mining (MapBiomas, 2022; Souza et al., 2020). 
The percentage of the territory attributed to 
natural vegetation or anthropogenic landscapes 
was determined using Google Earth Engine 
(Gorelick et al., 2017). Although fire might be a 
natural occurrence in some Brazilian vegetation 
(Pivello, 2011), the occurrence of fire spots is 
highly correlated with economic objectives and 

the rising demand for land clearing and land use 
associated with agriculture and cattle grazing 
(Arima et al., 2007). For that reason, we used the 
occurrence of fire spots in 2023-2024 (obtained 
from the TerraBrasilis dataset; INPE, 2024) 
as a proxy for current deforestation. Fire spot 
density in each of the recognized bioregions and 
the percentage of territory within conservation 
units were calculated in QGIS software.

Results

The compiled dataset encompassed 1,166,285 
angiosperm records and 23,741 species. The 
remaining 12,667 species of angiosperms 
occurring in Brazil (Flora e Funga do Brasil, 2020) 
did not have records with valid geographic data 
and therefore were not included in the network 
analysis. The analysis recovered 38 units based on 
species distribution, of which seven presented over 
10 grid cells and were circumscribed as bioregions. 
The UPGMA clustered these bioregions in broader 
units, here putatively associated with dominions 
and subregions (Fig. 2). The complete list of species 
and endemic species for each recognized bioregion 
is available in the supplementary material (Table 
S1). 

The GDM explained half the variation in 
our dataset (50.2%) and recovered some of the 
bioregions suggested by the network analysis 
(Fig. 3). Amongst the subdivisions not recovered 
is the main structure in three major dominions 
(Brazilian subregion, Chacoan and Paraná), 
suggesting a smooth beta diversity transition 
across these areas. Still, the analysis highlighted 
localities that might be climatically distinct 
within the circumscribed bioregions and thus 
might also contain distinct floristic composition, 
like the northernmost portion of the Brazilian 
subregion in the Roraima state (Fig. 3). In addition 
to geographic distance, the climatic predictors 
most strongly associated with turnover according 
to the model were annual precipitation, elevation, 
temperature seasonality, precipitation seasonality 
and temperature annual range (Fig. S3; Table S2).
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Figure 3. GDM results, indicating modelled beta diversity 
turnover according to climatic predictors. Colors on different 
sides of the spectrum represent higher predicted dissimilarities 
between locations.

Brazilian subregion (Amazon Biome)
The first circumscribed bioregion is largely 

congruent with IBGE delimitation of the Amazon 
Biome and Morrone et al. (2022) Brazilian 
subregion, including its Boreal Brazilian and 
South Brazilian dominions, and the South-eastern 
Amazonian dominion – attributed to the Chacon 
subregion (Fig. 4). The circumscription of these 
dominions was not recovered, and the bioregion 
was highly distinct when compared to other 
circumscribed units. In the secondary analysis 
(with a minimum of 10 records per grid) the 
Carajás and Roraima regions were highlighted 
as the only distinct areas within the Brazilian 
subregion (Fig. 2). The GDM showed yet another 
pattern, highlighting a north/south structure, 
represented by the green/purple transition in 
Fig. 3, and a west/east structure, depicted by the 
darker/lighter green transition. The analysis also 
subtly highlighted the northernmost portion of 
the Brazilian subregion (north Roraima state) as 
a climatically distinct locality, depicted in bright 
green.

The Brazilian subregion included 132,518 
angiosperm records (11% of the dataset) and 
7,625 species, of which 4,479 (59%) are endemic 
(Table 1; Fig. 5). This was the largest circumscribed 
bioregion, encompassing 47.4% of Brazil, although 
grid cells were sparse across its geographical range 
(Fig. 6). Sampling density in the area was the 
lowest across circumscribed bioregions, with 0.03 
records/km² (Table 1). This subregion presents the 
highest percentage of territory within protected 
areas, with 17.9% of its area in Sustainable use 
UCs, 10.3% in full protection UCs, and 23.4% in 
indigenous territories (Fig. 5; Fig. 6). Fire spot 
density was 0.025 units/km², with fire spots 
concentrated in its south and east borders and 
historical anthropization was one of the lowest 
recorded in Brazil, with only 15% of its vegetation 
modified in anthropogenic landscapes (Fig. 5; 
Fig. 6).

Chacoan subregion
The remaining areas investigated were clustered 

in a larger floristic bioregion, putatively associated 
with the Chacoan subregion (Morrone et al., 
2022). This subregion had the highest sampling 
(1,033,767 records, 89% of the dataset) and 
Brazilian diversity (19,262 spp., of which 16,116 
are endemic) and was further subdivided into two 
areas putatively associated with the Chacoan and 
Paraná dominions, being those further subdivided 
into four and two provinces, respectively.

Chacoan dominion
The Chacoan dominion contained 614,186 

records (53% of the dataset) and 14,129 species, 
of which 6,940 (49%) are endemic (Fig. 5). The 
Chacoan dominion encompasses 40.1% of Brazil 
and it was further subdivided into four provinces 
according to the main dataset: Caatinga, Southern 
Espinhaço, Cerrado and Pantanal (Fig. 2). The 
secondary analysis (with minimum 10 records per 
grid) suggested a further division of the Caatinga 
province, segmenting its coastal area from the 
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Figure 4. Dominions recognized from InfoMap Bioregions in contrast with the dominions recognized by Morrone et al. (2022). 
Extension incongruences are highlighted with asterisks (*).

interior, and a separation of the northmost 
area of the Cerrado province (a portion within 
Maranhão state somewhat congruent with the 
Pará province from Morrone et al., 2022). The 
GDM somewhat recovered the circumscribed 
provinces, with Caatinga highlighted in yellow 
and Pantanal in orange in a matrix of pink/purple/
green transition within the main section of the 
Chacoan (associated with the Cerrado province). 
The Southern Espinhaço was the only province 
not highlighted (Fig. 3). 

Sampling in this dominion was heterogeneous 
(Fig. 6), more intensely concentrated in its central 
and eastern portions, coinciding with the state 
of Goiás, coastal states (Pernambuco, Rio Grande 
do Norte and Paraíba) and Chapada Diamantina 
(Bahia). Sampling density in the whole dominion 
was 0.18 records/km², although this parameter 
varied within recognized provinces (Fig. 5). The 

Southern Espinhaço had the highest sampling 
effort with 0.57 records/km², followed by Caatinga 
(0.24 records/km²) and Pantanal (0.18 records/
km²), while the Cerrado presented the smallest 
sampling density (0.12 records/km²).

Known diversity also varied within provinces 
(Fig. 5), with more species allocated in Caatinga 
(7,673 spp.) and Cerrado (7,594 spp.), while 
the Southern Espinhaço included 5,554 species 
and Pantanal had the lowest species richness, 
with 2,817 species. Endemism also varied, 
proportionally highest in Caatinga (31%; 2,375 
spp.), Southern Espinhaço (22%; 1,204 spp.) and 
Cerrado (20%; 1,494 spp.). The Pantanal province 
included 276 endemic species, accounting for 
10% of its flora. Despite the low endemism, it 
holds a remarkable concentration of biodiversity – 
including large populations of threatened species 
(Harris et al., 2005).

https://creativecommons.org/licenses/by/4.0/deed.en


Lucresia et al.

8

Template: Editora Letra1 | www.editoraletra1.com.br

Acta Botanica Brasilica, 2025, 39: e20240279

Table 1. Sampling, diversity and conservation overview across recognized bioregions.

Bioregions Diversity and Sampling Conservation Units
Fire spots 
(unit/km²)

Anthropogenic 
landscapes (%)Records Species Endemic Spp. Sampling density 

(records/km²) UC-US (%) UC-PI (%) TI (%) Total

1. Brazilian subregion 132518 7625 4479 0,032 17,93% 10,28% 23,43% 51,64% 0,025 15,04%

2. Chacoan subregion 1033767 19262 16116 0,238

2.1. Chacoan dominion 614186 14129 6940 0,181 4,90% 2,37% 2,61% 9,88% 0,025 25,99%

2.1.1. Caatinga province 258520 7673 2375 0,240 6,98% 2,16% 0,52% 9,66% 0,025 13,87%

2.1.2. Southern Espinhaço province 76216 5554 1204 0,567 3,74% 3,99% 0,03% 7,75% 0,012 88,89%

2.1.3. Cerrado province 238797 7594 1494 0,121 4,04% 2,32% 3,88% 10,25% 0,025 17,08%

2.1.4. Pantanal province 40653 2817 276 0,183 3,07% 2,86% 3,12% 9,05% 0,034 36,36%

2.2. Paraná dominion 419581 10844 5091 0,441 5,90% 2,48% 0,39% 8,78% 0,008 64,51%

2.2.1. Central Atlantic province 137113 6430 1494 0,891 5,85% 2,34% 0,19% 8,38% 0,010 71,89%

2.2.2. South Atlantic province 282468 8088 2695 0,354 5,92% 2,51% 0,43% 8,86% 0,008 63,14%

Anthropogenic 
landscapes (%)

11,79% 2,55% 2,16%

https://creativecommons.org/licenses/by/4.0/deed.en
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Figure 5. (a) Sampling density, species richness and endemism; and (b) conservation overview of the recognized bioregions.

The Chacoan dominion included 26% of 
anthropogenic landscapes and a fire spot density 
of 0.025 units/km² (Table 1). The provinces with 
a higher proportion of anthropogenic landscapes 
were Southern Espinhaço (88.9%) and Pantanal 
(36.3%), while the Cerrado and Caatinga had 17% 
and 13.8%, respectively. Fire spot density, on the 
other hand, was higher in Pantanal (0.03 units/
km²), followed by Cerrado and Caatinga (0.025 
and 0.024 units/km², respectively) (Fig. 5; Fig. 6). 
The Southern Espinhaço, although presenting the 
largest proportion of anthropogenic landscapes, 
had one of the smallest fire spot densities, with 
0.01 units/km².

Conservation units make up 9.8% of the 
Chacoan dominion (Fig. 5; Fig. 6), with 4.9% 
in sustainable use UCs, 2.3% in full protection 
UCs and 2.6% in indigenous territories. This 
coverage also varied amongst provinces: Cerrado 
had the highest coverage of conservation units 
(10.2%), followed by Caatinga (9.6%) and Pantanal 
(9%), while southern Espinhaço had the lowest 

coverage (7.7%), although presenting the highest 
proportion of its territory under full protection 
conservation units (4%).

Paraná dominion
The Paraná dominion included 419,581 records 

(36% of the dataset) and 10,844 species, of which 
5,091 (47%) are endemic (Fig. 5). The Paraná 
dominion was the smallest dominion identified, 
encompassing 11.2% of Brazil. It was further 
segmented into two provinces according to the 
main analysis: Central and South Atlantic. The 
secondary analysis (with minimum 10 records per 
grid) also suggests a subdivision of the Central 
Atlantic province, segmenting a small portion 
in the coast of Rio de Janeiro state from a larger 
area within Espírito Santo and Minas Gerais 
states (Fig. 2). The GDM did not suggest a strong 
dissimilarity structure within this dominion, with 
a small variation north/south – represented by 
the transition from light pink/yellow (north) to 
dark pink/red (south) (Fig. 3).

https://creativecommons.org/licenses/by/4.0/deed.en
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Figure 6. Spatial distribution of (a) conservation units, (b) sampling, (c) anthropogenic landscapes, and (d) fire spots in the recognized 
bioregions.

Sampling was heavily concentrated in the 
coastal portion, with large sampling gaps in 
areas closest to the Chacoan dominion (Fig. 6). 
Average sampling density was 0.44 records/km², 
although the Central Atlantic province presented 
a record density of 0.89 records/km² - the highest 
across all the recognized bioregions, while the 
South Atlantic province presented an average of 
0.35 records/km². Diversity also varied within 
provinces (Fig. 5), with more species richness and 

endemism occurring in the South Atlantic, with 
8,088 spp., of which 2,695 are endemic (33%), 
compared to the Central Atlantic, with 6,430 
species, of which 1,494 (23%) are endemic.

Historical anthropization in the Paraná 
dominion was the highest across recognized 
bioregions, with an average of 64.5% of 
anthropogenic landscapes (Fig. 5; Fig. 6). The 
Central Atlantic province included a proportionally 
higher amount of these, with 71.9%, while the 
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South Atlantic province had 63.1% of its territory 
anthropized. Fire spot density was low across 
the entire dominion (0.008 units/km²), but far 
more concentrated in the Central Atlantic (0.01 
units/km²) than in the South Atlantic (0.007 
units/km²). Conservation units comprise 8.8% 
of the dominion (Table 1; Fig. 5), with 5.9% in 
sustainable use UCs, 2.48% in full protection 
UCs and only 0.39% in Indigenous territories. 
This coverage varied little amongst recognized 
provinces: South Atlantic presented 8.36% of its 
territory in UCs while Central Atlantic had 8.38%.

Discussion

Congruence among recognized bioregions
The subregions, dominions and provinces 

recovered were overall congruent with the ones 
currently recognized by Morrone et al. (2022) and 
IBGE (2019) and reflect some patterns previously 
documented by other authors. The segmentation 
of Brazil into three main sectors (Brazilian 
subregion/Amazon, Chacoan dominion/Dry 
diagonal and Paraná dominion/Atlantic Forest), 
for instance, has been previously documented 
(Cupertino‐Eisenlohr et al., 2021; Morrone et al., 
2022). The floristic similarity patterns supported 
by our results have also been suggested by these 
authors, with the Brazilian subregion (Amazon) 
presenting greater affinity with Mesoamerica 
and the Andes while the Chacoan and Paraná 
dominions are more floristically related to each 
other, despite the Amazon and the Atlantic Forest 
presenting the same dominant biome (Olson 
et al. 2001). Still, a few assessments highlight 
past or current connections between these two 
massifs (Ledo & Colli, 2017) and illustrate such 
connections through the number of shared 
species between them – so far 757 spp. reported 
by Cupertino‐Eisenlohr et al. (2021), now updated 
to 1.668 spp., from which most also occur in the 
dry diagonal (97.5%; 1.626 spp.) (Table S1).

The combination of dominions related to the 
Brazilian subregion in one cohesive bioregion, on 
the other hand, is the largest incongruence when 

comparing our results with the circumscription 
proposed by Morrone et al. (2022) and other 
authors that have found internal structure within 
the Amazon (Luize et al., 2024; Silva‐Souza & 
Souza, 2020). This result can be a consequence 
of the scale used in the present analysis, as 
the internal structure within the Amazon has 
been recovered when its diversity is assessed 
individually using data from local assemblages 
(Luize et al., 2024; Silva‐Souza & Souza, 2020). 
Still, the high cohesiveness of the Brazilian 
subregion has been previously documented and 
hypothesized to be linked to the absence of major 
ecological and physical barriers to dispersal and 
establishment of plants (Cupertino‐Eisenlohr et 
al., 2021; Dexter et al., 2017). The model group 
used can also be another source of disagreement, 
as those authors have worked exclusively with 
woody species patterns. Analysis that includes 
all angiosperm species mix ecological groups with 
distinct functions in the ecosystem (e.g., terrestrial 
herbaceous, epiphytes and woody) and different 
biological models are known to render different 
biogeographical patterns (Amaral et al., 2017).

Nonetheless, our findings could also be a 
reflection of low sampling effort and data scarcity, 
a known limitation of InfoMap Bioregions and 
biodiversity assessments in general (Edler et al., 
2017; Yang et al., 2013). The Amazon currently 
represents the biggest sampling gap in Brazil 
(Hopkins, 2007; Oliveira et al., 2016; Oliveira 
et al., 2019; Sousa-Baena et al., 2014), which is 
reinforced by our dataset (Fig. 6). This knowledge 
gap includes not only distributional data of known 
species (Wallacean shortfall) but also many 
uncatalogued species (Linnean shortfall): two of 
the more severe biodiversity shortfalls, as they 
represent a lack of basic knowledge that affects 
other aspects of biodiversity information (Hortal 
et al., 2015). This Wallacean shortfall is illustrated 
through the comparison of the total number of 
angiosperm species we recorded for the Brazilian 
subregion (7,625 spp.) and the number found by 
combining floristic lists (10,655 spp.; Cardoso 
et al., 2017). The Linnean shortfall, on the other 
hand, could be illustrated through the comparison 
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of the total number of arboreal species found by 
combining floristic lists (7,005 spp.; Cardoso et 
al., 2017) with tree species richness estimates 
for the Amazon (over 15,000 spp.; Ter Steege et 
al., 2020).

It is possible that, as a result of this knowledge 
gap, known heterogeneous areas within the 
Amazon, like the Pantepui region and its 
ferruginous outcrops, are homogenized within 
a matrix of ombrophilous forests despite known 
floristic and ecological differences and high volume 
of endemic species (Cabrera & Willink, 1973; Rull 
& Vegas-Vilarrúbia, 2020; Viana et al., 2016). This 
heterogeneity could be indicated in the cluster 
performed with the secondary dataset through 
the circumscription of the Carajás and Roraima 
regions (Fig. 2), but other localities known to 
have somewhat similar floras to this area were 
not included in the regionalization (Barbosa-
Silva et al., 2022) – therefore indicating these 
circumscriptions might represent artifacts of 
punctual high sampling in few floristically distinct 
areas.

Within the Chacoan dominion, the 
circumscription of the Caatinga and Cerrado 
provinces agrees with every bioregionalization 
scheme proposed so far (Amaral et al., 2017; 
Dryflor et al., 2016; Morrone et al., 2022; Reginato 
& Michelangeli, 2020). The circumscription of the 
Pantanal province within the Chacoan dominion 
and Chacoan subregion, on the other hand, has 
not been a pattern consistently reported. The 
area has been identified according to climate and 
vegetation physiognomy as a distinct unit (IBGE, 
2019; Olson et al., 2001); classified by Morrone 
et al. (2022) as a part of the Rondonia province 
(attributed to the South Brazilian dominion and 
the Brazilian subregion); and included within the 
Cerrado province according to floristic similarity 
patterns of woody species (Dryflor et al., 2016; 
Ratter et al., 2003; Silva-Souza & Souza, 2020). 
Although highlighted by Silva-Souza and Souza 
(2020) as a distinct subunit within Cerrado, 
the authors also highlight at least seven other 
subregions according to compositional data and 
in that assessment, the two Pantanal subregions 

were not clustered as cohesive or distinct areas 
apart from Cerrado.

Alternatively, our results suggest the area is 
a province of the Chacoan dominion and most 
closely related to the Cerrado province. The high 
similarity between the Pantanal and Cerrado 
provinces concurs with previous assessments 
using woody species compositional data and 
ecological similarities between these localities, 
since they share a dominant cover of savanna 
vegetation (Cole, 1960; Silva & Bates, 2002). 
Still, we highlight that different biological models 
render wildly different biogeographical patterns 
and our results are more congruent with what 
has been retrieved for woody species (e.g., Dryflor 
et al., 2016; Ratter et al. 2003; Silva-Souza & 
Souza, 2020), while biogeographical assessments 
targeting herbs suggest the Pantanal to be most 
closely related to Southeast Cerrado and the 
Paraná dominion (Amaral et al., 2017).

The circumscription of the Maranhão region 
by the secondary analysis, on the other hand, 
concurs with biogeographical assessments 
based on herbs, which suggest the area has a 
greater floristic similarity with others within the 
Brazilian subregion (Amaral et al., 2017). The 
Maranhão region has also been circumscribed 
by Morrone et al. (2022) as a part of the Boreal 
Brazilian dominion (Brazilian subregion) and 
highlighted by Silva-Souza and Souza (2020) as 
the most dissimilar subunit within the Cerrado 
dominion. Still, primary analysis classified the 
region within the Chacoan subregion and Cerrado 
provinces. This incongruence might reflect the 
different biological models used in each dataset, 
but these results suggest further biogeographical 
structures that should be examined in the future. 
Another large incongruence when comparing our 
results with prior bioregionalizations (Moro et al., 
2024; Morrone et al., 2022) is the circumscription 
of the Caatinga province, including both the 
Chapada Diamantina province and the Northern 
portion of the Paraná dominion. The Chapada 
Diamantina is a well-sampled location within 
the Caatinga province and, although described 
as a campo rupestre province within the Chacoan 
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dominion, was incorrectly attributed to the Paraná 
dominion in Morrone et al. (2022). In the original 
manuscript of this circumscription (Colli-Silva 
et al., 2019), the area is easily distinguished 
when using rock outcrop endemics but harder to 
detect when analyzing all angiosperms occurring 
in the area, dissolving within Caatinga when 
improving analysis cluster cost. Therefore, our 
results reinforce Chapada Diamantina’s floristic 
affinity with Caatinga. This floristic link might 
be related to the specific climatic conditions 
within the Semiarid and Caatinga unit, allowing 
characteristic species from Caatinga that are 
adapted to xeric conditions to penetrate Chapada 
Diamantina (Harley, 1995; Queiroz et al., 2005); 
or it might be possible that the grid size used to 
assess floristic composition is too wide and it 
does not reflect accurately the heterogeneity of 
highly fragmented landscapes such as Chapada 
Diamantina (Harley, 1995; Lucresia et al., 2021).

We also highlight that our results suggest 
modifications in the geographical extent of the 
Southern Espinhaço province, another Campo 
Rupestre province (Colli-Silva et al., 2019; Morrone 
et al., 2022). Our results suggest the province 
should also include the Mantiqueira and Canastra 
Ranges, concurring with Reginato & Michelangeli 
(2020). The Southern Espinhaço province was 
recognized by Colli-Silva et al. (2019) with a campo 
rupestre dataset, therefore limited to records 
occurring in quartzite outcrops. Although Azevedo 
et al. (2024) have highlighted the role of edaphic 
predictors in assessing species composition 
in rock outcrops, our results suggest that the 
Southern Espinhaço province is not limited 
to quartzite outcrops, including neighboring 
montane environments. Nonetheless, these 
broadly defined floristic units do not refer to the 
biogeographical history of a single vegetation but 
instead represent the combined identity of the 
region. Therefore, this result may reflect the mixed 
biogeographical signal of rock outcrops and other 
types of vegetation. We suggest that these areas 
should be explored with other datasets, grid sizes 
and methods to understand how biodiversity is 

structured, especially given their conservation 
relevance (Martinelli, 2007).

The division of the Paraná dominion into 
north/south sectors here recovered has been 
reported previously (e.g., Brown et al., 2020; 
Peres et al., 2020; Reginato & Michelangeli, 
2020) and putatively linked to climatic differences 
between these sectors (Peres et al., 2020). Other 
assessments have further subdivided the area into 
smaller subunits (Brown et al., 2020; Cantidio 
& Souza, 2019), although those vary according 
to the method and model group assessed. Our 
results are the first assessment that includes 
the northern and central sectors sensu Peres et 
al. (2020) within the Caatinga province (here 
referred to as North Atlantic; Fig. 2) and that 
further subdivides the southern portion of the 
Paraná dominion in Central and South Atlantic. 
This subdivision somewhat coincides with multi-
taxa phylogenetic turnover patterns (Brown et 
al., 2020) but has never been formally proposed 
at this scale. On a finer scale, on the other hand, 
Cantidio & Souza (2019) suggest the strongest 
secondary subdivision of the Atlantic Forest to 
be a coastal/mainland subdivision, which could 
be associated with the segmentation of the coast 
of Rio de Janeiro, suggested by our secondary 
analysis.

These circumscriptions might represent 
sampling artifacts rather than real patterns. We 
hypothesize the inclusion of the North Atlantic 
in the Caatinga might be a result of its high 
fragmentation, as most of the vegetation cover 
in this area has been lost (Rezende et al., 2018). In 
that regard, it is possible that: (1) sampling within 
fragments of natural vegetation is very low; or (2) 
that the original biodiversity and biogeographical 
footprint of the area has already been lost at this 
scale, as it has been severely disturbed for years 
(Silva & Tabarelli, 2000). While the Atlantic Forest 
today represents the most well-sampled location 
in Brazil (Sousa-Baena et al., 2014), its sampling 
might reflect known biases for biodiversity 
sampling, like proximity to urban centers and 
research institutes, therefore favoring sampling 
in its southern portion (Oliveira et al., 2016).
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The regionalization of the Rio de Janeiro 
coast by the secondary analysis might represent 
a similar artifact to the recognition of the Carajás 
region – an artifact of punctual high sampling in a 
floristically distinct, yet underexplored, bioregion. 
The north/south and east/west patterns suggested 
by the GDM for the Brazilian subregion somewhat 
reflect the tree beta diversity patterns recovered 
for the Amazon by Luize et al. (2024). The model 
estimates beta diversity turnover, and despite 
explaining a high proportion of variance (50%), 
it does not include other environmental variables 
known to be relevant for plant distribution, 
such as edaphic properties (Higgins et al., 2011; 
Luize et al., 2024). Still, the results highlight 
climatic patterns that might suggest interesting 
opportunities to improve sampling. Although 
others have highlighted sampling priorities 
based on sufficient knowledge of biodiversity 
and vegetation fragmentation (e.g., Oliveira et 
al. 2019), the GDM results might indicate areas 
that could be prioritized as expected to contain 
a distinct assemblage of species.

Conservation across recognized bioregions
The recognized bioregions are subjected 

to distinct threats and are heterogeneously 
anthropized and conserved. The Brazilian 
subregion, largely congruent with the Amazon, 
has the most recent history of anthropization. 
Deforestation in the area began in 1970 with 
the inauguration of the Transamazon Highway, 
reached its maximum by 2004 and was 
significantly reduced by 2012 in compliance with 
the Brazilian government’s Action Plan for the 
Prevention and Control of Deforestation in the 
Legal Amazon. Deforestation in the area started 
to rise again from 2016 to 2020 (Fearnside, 2005; 
Silva Junior et al., 2020), which is illustrated by 
the number of fire spots. The small amount of 
historical anthropogenic landscapes in the area 
(Fig. 5; Fig. 6) also reinforces that deforestation 
in the Brazilian subregion is recent, concurring 
with other global assessments suggesting its 
high conservation status (Dinerstein et al., 
2017). The main activities driving the last 50 

years of anthropogenic expansion in the area are 
cattle grazing, agriculture, logging, and mining, 
especially in its southern and eastern portions, 
an area known as the ‘arc of deforestation’ (Fig. 6) 
(Fearnside, 2005; Ometto et al., 2011). The spatial 
distribution of anthropogenic landscapes is 
correlated with the distribution of access routes, 
which are scarce (Fearnside, 2015; Garnelo et al., 
2020; Silva et al., 2023).

The overall lack of access routes, while possibly 
correlated with the small historical deforestation 
in the area, also poses a challenge for human 
occupation (Garnelo et al., 2020) and severely 
biases sampling of the area (Hughes et al., 2021; 
Oliveira et al., 2016). Therefore, while the area is 
historically preserved and encompasses a high 
coverage of conservation units, its biodiversity 
is severely miscomprehended, with a sampling 
density of 0.03 records/km². Our data reflects 
known patterns of Amazon subsampling (Oliveira 
et al., 2016), whereas Oliveira et al. (2019) highlight 
a few well-known locations within the Brazilian 
subregion as high priority for conservation and 
most of its territory as gaps where evidence-based 
conservation decisions are not possible yet. The 
recognition of conservation priorities that led 
to the circumscription of current conservation 
units in the Amazon were mostly delineated 
using phytogeographic regions available at the 
time (e.g. Ducke & Black, 1953; Prance, 1973), 
vegetation types and the concept of Pleistocene 
refugia (Mittermeier et al., 2005) – although 
most of these authors recognize data scarcity as 
a limitation of their conclusions.

Despite the high coverage of conservation 
units, fire spot density in the Amazon is high 
(Fig. 5). Recent anthropogenic activity and fire 
occurrences pose an irreversible threat to the 
vegetation in the area, as documented by Ducke & 
Black (1953) – forested areas within the Amazon, 
after burning, are converted into different 
phytophysiognomies with smaller diversity that 
often never returns to its original state. The 
occurrence of periodic fires also reduces canopy 
cover, drastically changes vegetation structure 
along forest edges, sharply increases the density 
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of vines, lianas and ruderal species and enhances 
the likelihood of new fires, starting an ecological 
cascade that renders immense biodiversity loss 
(Tabarelli et al., 2004).

In the Chacoan dominion, exploration of 
natural resources started earlier, with the gold 
rush in the 18th century, especially in the Southern 
Espinhaço province (Costa & Rios, 2022; Derby, 
1906). This area, while highlighted as the most 
anthropized of all provinces recognized, was 
circumscribed based on the species composition 
of highlands, while most of its anthropogenic 
landscapes are placed in the surrounding lowlands 
(Fig. 6). The area has been consistently highlighted 
for its immense biodiversity and endemism in rock 
outcrops (Colli-Silva et al., 2019; Echternacht et 
al., 2011), and its conservation units are placed 
within these well-sampled localities (Fig. 6). The 
greatest threat for the well-sampled highlands 
is mining and intensive farming (Castro Pena 
et al., 2017) and the areas set as conservation 
priorities within this province were designated 
based on these phytophysiognomies (Monteiro et 
al., 2018). The surrounding lowlands, on the other 
hand, do not have their biodiversity catalogued 
or threats mapped.

Similar to the Brazilian subregion, the Chacoan 
dominion had most of its destruction carried out 
in the past 50 years through the construction of 
highways and expansion of agriculture (Ratter 
et al., 1997). Estimates of deforestation between 
1990-2010 within the Cerrado and Caatinga 
provinces show that historically Cerrado had a 
more intensive history of deforestation (Beuchle 
et al., 2015), which is reflected in the higher 
percentage of anthropogenic landscapes (Fig. 5). 
The area was largely devastated by agriculture 
and cattle grazing, with its aluminum-rich and 
acidic soils being modified by heavy applications 
of lime and fertilizer (Ratter et al., 1997). Other 
global assessments found the Caatinga as the 
most threatened province within the Chacoan 
dominion, highlighting it as one of the Nature 
Imperiled global ecoregions (Dinerstein et al., 
2017). Both Caatinga and Cerrado are here 
reported with similar fire densities, demonstrating 

they still face significant vegetation loss; although 
fire in these areas might also occur naturally 
in lower frequencies, especially in savanna 
phytophysiognomies (Martins et al., 2024; 
Miranda et al., 2009).

Despite the high anthropization in these 
provinces, sampling is still very low – indicating 
that biodiversity might be lost without ever 
having been catalogued. Conservation in these 
provinces is also insufficient: the highest gaps in 
conservation units in Brazil are in the Chacoan 
dominion, specifically in Caatinga, Cerrado 
and Pantanal (Fonseca & Venticinque, 2018). 
The Pantanal province, while highlighted as a 
conservation gap by Fonseca & Venticinque 
(2018), presented one of the highest percentages 
of anthropogenic landscapes (36.36%) and the 
highest concentration of fire spots amongst all the 
evaluated units (0,033 units/km²). The greatest 
conservation threats in the province include cattle 
grazing and the introduction of invasive grass 
species (Harris et al., 2005). Additionally, the 
anthropization of neighboring Cerrado has led 
to severe erosion and the deposition of pesticides 
in the lowlands of the Pantanal, modifying the 
environment and threatening its aquatic biota 
(Harris et al., 2005). Therefore, our results 
suggest the Pantanal province might be the most 
threatened environment under the Chacoan 
dominion.

Finally, the areas associated with the Atlantic 
Forest, mostly recognized here as the Paraná 
dominion, started its anthropization over 500 years 
ago, intensifying with increased urbanization on 
the coast of Brazil (Morellato & Haddad, 2000). The 
natural vegetation cover of the Paraná dominion 
was drastically reduced by 1990 (Morellato & 
Haddad, 2000; Rezende et al., 2018), coinciding 
with our data, which suggests the highest 
percentage of anthropogenic landscapes in this 
area. Recent estimates of vegetation cover range 
from 10 to 16% of natural vegetation remaining, 
with urban expansion as one of its greatest threats 
and vegetation remnants extremely fragmented 
(Lembi et al., 2020; Seto et al., 2012). Additionally, 
ca. 83% of vegetation fragments are small (under 
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50 ha) and close to forest edges, indicating that 
matrix influences may have strong effects on 
many forests’ ecological processes (Ribeiro et al., 
2009). Still, these fragments persist as the sole 
remnants of an area consistently highlighted for 
its astounding diversity and endemism (Myers et 
al., 2000; Rezende et al., 2018).

The historical exploitation of the Atlantic 
Forest is also reflected in the high density of 
access routes and urban centers, which facilitate 
sampling (Oliveira et al., 2016). This is illustrated 
by the high sampling density observed (0.44), 
especially in the Central Atlantic province (0.89 
records/km²), Still, this area is also highlighted as a 
dark spot of Linnean and Wallacean shortfalls and 
a collection priority in a few scenarios, especially 
when considering its low coverage of conservation 
units (Ondo et al., 2024). Its high sampling is 
probably correlated with the high species richness 
observed in the area (10,844 spp.) despite the 
low geographical extent. Sampling and funding 
are notoriously correlated with perceived species 
richness, as well as proximity to urban centers 
and research institutions, all of which are high 
in the Paraná dominion (Ahrends, Burgess, et al., 
2011; Ahrends, Rahbek, et al., 2011; Hughes et al., 
2021; Oliveira et al., 2016). Since these variables 
play a significant role in documented biodiversity 
and species richness, we do not infer differential 
diversity in recognized bioregions. Although the 
number of species catalogued in each is brought 
as a result, we highlight these numbers to be 
heterogeneously underestimated.

The coverage of conservation units, on the other 
hand, is still overestimated when accounting for 
every type of conservation unit as a conservation 
effort. While the objective of sustainable use UCs 
is not to safeguard native vegetation (Brasil, 
2000), these conservation units are accounted 
for when discussing conservation efforts in the 
country. While most anthropogenic landscapes in 
Brazil were recorded outside conservation units, 
UCs also presented anthropization in various 
degrees. The average deforestation percentage 
of Brazil was 10.9%, while deforestation in full 
protection UCs and indigenous territories was 
2.55% and 2.16%, respectively. Alternatively, 

the percentage of anthropogenic landscapes 
within sustainable-use UCs was higher than the 
national average, with 11.79% (Table 1). These 
values suggest that the sustainable use of UCs 
might not always be effective for the conservation 
of natural landscapes – in accordance with its 
objectives (Brasil, 2000). Extractive reserves, for 
instance, were created to balance the needs of 
local communities with the sustainable use of 
the resources on which they depend (Mittermeier 
et al., 2005). Therefore, while altered landscapes 
might entail partial or full conservation of 
different components of biodiversity (Redford 
& Richter, 1999), their inadvertent inclusion as 
a conservation effort might severely mislead our 
estimates of preserved natural landscapes in the 
country – as this category is the most frequent 
amongst conservation units (Fig. 5; Table 1). 

Finally, sampling in Brazil is still insufficient 
to delineate biodiversity patterns satisfactorily. 
According to Sobral & Stehmann (2009), the 
average sampling density in 2009 for Brazil was 
0.59 records/km². Our dataset, after filtering for 
spatial and taxonomical incongruences, suggests 
an even smaller average sampling density of 0.13 
records/km². Shepherd (2003) indicated that 
values around 1.0 would be sufficient to generally 
inform species richness in an area, although still 
not enough to comprehend the entire biological 
diversity of a determined area. The author also 
suggests values under 0.5 to be widely insufficient 
to comprehend biological diversity and estimate 
species richness.

Our work represents another contribution 
toward mapping areas that could be highlighted 
for future work and widen conservation 
and sampling, in addition to other valuable 
contributions published in the last few years (e.g., 
Oliveira et al., 2016; Oliveira et al., 2019). Still, we 
emphasize that important and complex patterns 
exist at different scales, as has been highlighted 
in the literature mentioned above (e.g., Amaral et 
al., 2017; Brown et al., 2020; Cantidio & Souza, 
2019; Colli-Silva et al., 2019; Luize et al., 2024; 
Moro et al., 2024; Ratter et al., 2003; Silva‐Souza 
& Souza, 2020).
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Given the above, we conclude that recognized 
bioregions are heterogeneously sampled, 
conserved, and modified: While the Paraná 
dominion presents a long history of anthropization 
and the highest coverage of anthropogenic 
landscapes in the country, it also presents the 
highest sampling density and the lowest density 
of fire spots. The Chacoan dominion and the 
Brazilian subregion, on the other hand, have a 
smaller proportion of area anthropized but the 
greatest concentration of fire spots, indicating a 
current threat instead of historical destruction. 
Additionally, these areas hold more heterogeneity 
(climatically and regarding floristic regions 
with unique species compositions) while still 
encompassing smaller sampling.

Giulietti et al. (2005) recommended that future 
work focus on expanding herbarium collections 
and identifying and sampling hotspots in 
regional projects involving multiple institutions 
and specialists. Twenty years later, the same 
recommendation holds true: maintaining and 
growing herbarium collections is still necessary to 
comprehend biodiversity, as well as large projects 
involving diverse teams with different specialists. 
On the other hand, we could redirect our sampling 
priorities to not only cover areas already perceived 
as species-rich and endemic but also focus on 
unknown regions (like the Brazilian subregion) to 
avoid losing areas of underestimated or unknown 
value (Ahrends, Burgess, et al., 2011). 
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