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Abstract. Boana is a genus of Neotropical treefrogs that includes seven groups of morphologically similar species with a complex 
and interrelated taxonomic history. Despite recent studies describing the external morphology and phylogenetic history among 
closely related species, their distributional patterns remain poorly understood. In this study, we used present-day environmental 
variables (climate, vegetation, elevation, and rivers distance) and historical presence records to describe the geographic distributions 
of four parapatric closely related species in southeastern South America: Boana curupi, B. stellae, B. semiguttata, and B. joaquini. We 
then assessed whether the distributions of these species are related to environmental gradients determined by climatic and 
topographic parameters. To do this, we used niche similarity tests on the principal components derived from environmental 
variables and on the geographical projection of their niches. Our results showed that 83.3% of the paired comparisons had no or 
very limited overlap (< 0.20 scores) in ecological space. The niche conservatism hypothesis was accepted between B. stellae – B. 
curupi and B. stellae – B. semiguttata. Also, we observed a relatively low geographical overlap of suitable environments among 
species. Analysis of variance showed significant differences among nine environmental variables (related to isothermality, annual 
temperature range, the mean temperature in both wettest and driest quarters of the year, precipitation seasonality, precipitation of 
warmest quarter of year, elevation, and vegetation) that define the suitability conditions for these four species. These results support 
the idea that heterogeneity in the environmental conditions across southeastern South America contributed to the diversification 
and long-term maintenance of the high species richness in Boana. Our novel results allow a better ecological and biogeographic 
interpretation of the geographic distribution of these four closely related species, support their recognition as valid species, and 
provide important data for the development of informed conservation strategies. 
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Introduction 
 
In southeastern South America, several studies have shown 
that the genetic and morphological divergence of species is 
strongly influenced by the spatial structure of the 
ecosystems they inhabit, the presence of barriers to gene 
flow (Haffer 1997, 2008, Montoya-Burgos 2003, Bauermann 
et al. 2009, Thomé et al. 2010), and the Pleistocene climatic 
oscillations (Haffer 1997, Behling 1998). In fact, a recent 
explosion of divergence has been suggested based on a large 
number of species in each genus observed in phylogenetic 
studies (Faivovich et al. 2005, Pyron & Wiens 2011, 
Vasconcellos et al. 2020). Although some studies have 
demonstrated that different ecological variables influence 
the genetic and morphologic variation of fish (e.g., Costello 
et al. 2002, Hubert & Renno 2006) and mammals (e.g., 
Pickles et al. 2011, Hernández-Romero et al. 2018) inhabiting 
hydrological systems across this region, these patterns 
remain unclear for several species of amphibians (Thomé et 
al. 2010). Therefore, it is important to conduct studies to test 
whether or not niche divergence accompanies evolutionary 
differentiation within these taxa, as suggested by previous 
studies in other regions in the Neotropics (e.g., Ortega-
Andrade et al. 2015). 

The frog’s genus Boana Gray 1825 (Anura, Hylidae) is 
one of the most striking, relatively species-rich, and 
understudied groups in the Neotropics. Currently, the genus 
contains more than 97 small to large treefrogs distributed 
from Nicaragua to Argentina and the islands of Trinidad 
and Tobago (Duellman et al. 2016, Frost 2016, Faivovich et 

al. 2021). These species have indirect development (i.e., 
tadpole phase) associated with lentic or lotic aquatic 
habitats, which could occur in different biomes, such as 
lowland rainforests and dry shrublands between 0 to 2,000 
m a.s.l. (Faivovich et al. 2005, Duellman et al. 2016). The 
diversity of this genus is organized into seven groups of 
morphologically similar species (Faivovich et al. 2021): B. 
albopunctata, B. benitezi, B. faber, B. pellucens, B. pulchella, B. 
punctata, and B. semilineata. Although the taxonomic identity 
of various members of Boana has been an important point of 
discussion (e.g., Garcia et al. 2007, Faivovich et al. 2005, 
Antunes et al. 2008, Köhler et al. 2010), recent morphological 
and phylogenetic analyses showed that in southern South 
America - a hotspot for medium-sized hylids - there are at 
least 10 species within the B. pulchella’ group that are closely 
related but well-differentiated (seven on very close 
phylogenetic branches, with uncorrected genetic pairwise 
distances ranging from 2.1 – 4.9%; see Widholzer (2016) and 
Vasconcellos et al. (2020)). 

Five species of the B. pulchella group are ecologically 
associated with lotic environments in Southeastern South 
America: Boana caingua (Carrizo 1992), B. curupi (Garcia et al. 
2007), B. joaquini (Lutz 1968), B. stellae (Kwet 2008), and B. 
semiguttata (Lutz 1925). These species are expected to have 
very similar niches, especially considering their relatively 
short evolutionary times. Since species tend to retain their 
niche over time, those species with the greatest phylogenetic 
approximation are less distinguishable from each other 
within the multidimensional niche (Prinzing et al. 2016), 
while more distant species tend to have greater niche 
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divergence (de Oliveira & Eterovick 2010). However, 
molecular studies have indicated considerable population 
structure, which allowed the detection of apparent 
mismatches between morphological patterns (including 
larval morphology and advertisement calls) and sequence-
based phylogenetic analyses (Widholzer 2016). These results 
suggest that each species could be restricted to a single 
habitat range related to the complex history of the region’s 
mountain chains and watersheds (see Vasconcellos et al. 
2020). Therefore, the species within the B. pulchella group are 
a suitable model to analyze the potential roles of niche 
conservatism/differentiation and environmental overlap in 
populations' divergence, as suggested by previous studies 
within other Boana groups (Peloso et al. 2018, Vasconcellos et 
al. 2020). 

In recent years, ecological niche modelling (ENM) and 
species distribution modelling (SDM) have received 
increasing attention in different biological fields as tools for 
testing different speciation scenarios and the evolution of 
environmental niches (e.g., McCormack et al. 2010, Moreno-
Contreras et al. 2020). These models rely on correlative 
relationships between field observations (species’ 
occurrences) and environmental factors, allowing us to 
predict the areas that are currently suitable (also named 
Grinnellian niches; Rödder & Engler 2011) in both ecological 
and geographical spaces, as well as the quantification of 
niches overlap between taxa. Speciation studies have 
directly benefitted from ENM/SDM approaches, which may 
help to distinguish the significance of the ecological and 
geographic barriers' role in the divergence process (e.g., 
Salariato & Zuloaga 2017, Hernández-Romero et al. 2018, 
Rodrigues et al. 2018, Moreno-Contreras et al. 2020). This is 
particularly important for poorly known tropical landscapes 
with limited species data, as in our study case.  

In this study, using a set of environmental data in 
conjunction with presence records obtained from museum 
specimens and fieldwork, we assessed the extent to which 
ecological and geographical distribution patterns of four 
species (B. curupi, B. joaquini, B. semiguttata, and B. stellae) 
from lotic environments are (and how much) influenced by 
the same environmental factors across southern South 
America. Because ecological differentiation may result from 
the geographic disruption of the optimal ecological niche for 
the species, leading to ecological niche specialization, we 
hypothesized that these closely related but well-delimited 
morphologic and phylogenetical species would exhibit a 
clear pattern of segregated niches (i.e., null to low 
Grinnellian niche overlap) among them.  
 
 
Material and Methods 
 
Definition of the comparative units selected 
Due to the implicit and indissoluble relationship between niche and 
species in ENM approaches (Soberón & Nakamura 2009), species or 
the units of study must be accurately defined to test the question of 
interest (Funk et al. 2012, Mota-Vargas & Rojas-Soto 2016). In this 
study, we considered the general framework of the unified species 
concept proposed by de Queiroz (2007). Therefore, we evaluated the 
distributional patterns of Boana species as distinct, independent 
evolutionary lineages. To do this, our four comparative units (Fig. 1) 
were defined based on the results of previous integrative analysis 
(including phenotypic differences [diagnostic characters of tadpoles 
and adults, and advertisement calls] and sequence-based 
phylogenetic analyses [mtDNA, 12S, and 16S genes]) of the 
taxonomic identity of morphologically similar species (Widholzer 
2016, Widholzer & Castroviejo-Fisher 2018, Vasconcellos et al. 2020). 
In this sense, we used the distinctive characters and diagnosis 
established by Garcia et al. (2003, 2007), Faivovich et al. (2004, 2005, 
2021), Antunes et al. (2008), Kwet (2008), and Widholzer & 
Castroviejo (2018).  

 
 

 
 

Figure 1. Summary of phylogenetic relationships and distribution records of the four Boana species in the 
southeastern South American landscape included in this study. The pruned phylogenetic tree (left) was 
generated based on genetic data in Widholzer (2016) and estimated based on Bayesian analyses of 
mitochondrial DNA sequences for two genes (12S and 16S). Frogs in the phylogenetic tree depict the 
morph characterizing each species. Maps (right) represent species’ distributional ranges (dotted circles = 
unique distribution localities of the specimens; Polygons = occurrence areas drawn as minimum convex 
polygons for each species based on unique localities). Colors of clades in the phylogenetic tree 
correspond to the colors of polygons and dotted circles on the map. Dashed white lines on the maps 
correspond to the study area based on the four calibration areas or “M” (see Soberón & Peterson 2005, 
Barve et al. 2011) used in the model reconstructions of both E-space and G-space. Photos: Ronaldo 
Libardi Widholzer (B. curupi, B. joaquini, and B. stellae) and Germano Woehl Junior (B. semiguttata) 
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Species’ occurrence records 
Occurrence records of the target species were compiled mainly from 
scientific collections (see Table 1). A total of 205 vouchers (including 
adult males and females as well as tadpoles) of the species within the 
B. pulchella group were examined. Specimens were accessed through 
collection loans or direct visits to the collections. Details of the 
verification and identification processes for museum specimens are 
explained in Widholzer (2016). These data were complemented with 
information from: (1) fieldworks in four localities in the Brazilian 
states of Santa Catarina and Rio Grande do Sul, performed by the 
first author (November 2014 – January 2016); and (2) data available 
in the literature (Garcia et al. 2007, Kwet 2008, Iop et al. 2009, Lucas 
& Garcia 2016, Fontana et al. 2017). During fieldwork, nocturnal 
acoustic (using Marantz PMD670 digital recorder and a directional 
microphone) and visual searches were conducted along streams for 
adults. The same streams were searched during the day with dip 
nets for tadpoles (Widholzer 2016). All collected specimens were 
deposited in the amphibian collection at the Pontifícia Universidade 
Católica do Rio Grande do Sul (PUCRS) in Porto Alegre, Brazil. In 
addition, to avoid problems with misidentified specimens, we 
considered only the type locality and literature information after 
2007, which correspond to the period when all species were already 
known. We did not include in our analyses species records available 
in GBIF for which we could not verify species identity because 
previous work with Boana species showed an important number of 
misidentifications in the museums reviewed (Escalona et al. 2017). 
For B. semiguttata, which is included on the Red List of Threatened 
Brazilian Fauna as an “Endangered species” (MMA, 2014) and which 
has scarce localities information, we included a new record by Woehl 
(2020) from a non-scientific publication.  

Each locality was verified and georeferenced (when necessary 
and with a precision no greater than ±100 m) using Google Earth Pro 
and LONGITUDE (http://www.longitudemaps.com/). Then, to 
avoid biases derived from spatial autocorrelation in areas heavily 
represented in the data, we removed duplicate records and retained 
only information corresponding to localities that were separated by 
at least 1km2 (i.e., environmental variables spatial resolution). All 
geographic coordinates were converted to decimal degrees in the 
WGS 84 datum (Table 1).  

 
Environmental data and defining the accessibility areas 
To estimate the climate niches for the species included in the study, 
we obtained bioclimatic data from the CHELSA climate database 
(Karger et al. 2017), which includes 19 variables that summarize 
aspects of precipitation and temperature with 30” of resolution (~1 
km2 cell size at the equator) and spanning an approximately 30-year 
period (1979–2013). To avoid collinearity among variables and 
overfitting of the models (see Peterson et al. 2011), we reduced the 
number of variables based on Pearson’s correlation tests, looking for 
relationships with rank correlation coefficients above 0.8 and a 
Variance Inflation Factor < 10 (Montgomery et al. 2012). This last 
step was performed using environmental information from the 
occurrence records, as implemented in the “corrplot” (Wei & Simko 
2017) and “vegan” (Oksanen et al. 2016) libraries in R 4.1.2 (R Core 
Team 2021).  

Considering that habitat preferences have been suggested as 
important drivers of speciation in the tropics (e.g., Warren et al. 2008, 
Hernández-Romero et al. 2018), CHELSA bioclimatic variables were 
complemented with elevation (see USGS 2001), dissimilarity of the 
enhanced vegetation index (see Tuanmu & Jetz 2015), and river 
distance variables. All these variables, in continuous values format, 
were used at 30” resolution (the same as the bioclimate variables). 
We built the rivers distance raster using the “Euclidean distance” 
function in ArcMap 10.2. (ESRI 2010), based on the hydrography 
information provided by ORNL-DAAC (Dobson & Pierce 2012) and 
TerraBasilis (Assis et al. 2019) websites. Although these variables are 
not commonly used in correlative modelling studies, we decided to 
include them for the following reasons: 1) altitude influences  
 

anurans’ body temperatures and oxygen consumption during 
locomotor exercise (including Boana’ species; see Brattstrom 1968, 
Navas et al. 2008), but at the same time works as a potential  driver 
of isolation (Medina et al. 2021);  and 2)  since they are species 
associated   with lotic environments, the vegetation type/condition 
and water  availability are important ecological  requirements, 
especially  during the breeding season  (e.g.,  Moser et al.  2019, 
Linause et al. 2020,  Tavares-Junior et al. 2020,  dos Santos et al. 
2021). 

In addition, to establish the area where ecological niches are 
projected on both the environmental (i.e., E-space) and geographic 
spaces (i.e., G-space), we delimited the accessible areas (or “M” 
according to the BAM diagram; see Soberón & Peterson (2005) and 
Barve et al. (2011)) for the four Boana species (Fig. 1). This assumed 
that the defined region (in practice a GIS polygon) is closer to the 
regions that could have been explored by a species and involve the 
historical and ecological barriers to its dispersal (Soberón & Peterson 
2005). To do this, we used a simulation-based method for selecting 
calibration areas for ENM and SDM, as implemented in the 
“Grinnell” R library (Machado-Stredel et al. 2021). After performing 
several tests surveying the arguments of the “Grinnell” library, we 
used the following settings: dispersal_kernel = “normal”; 
kernel_spread = 5; max_dispersers = 4; dispersal_events = 50; 
access_threshold = 5; and replicates = the number of independent 
occurrence records by species. 
 
Niche overlap in E‑space and background similarity test 
We analyzed the role of ecological conditions in the species’ 
divergence within the B. pulchella’ group by quantifying the 
ecological niche overlap among them. We used a PCA-env 
approximation and niche background similarity test (applying 
Schoener’s D index) as suggested by Broennimann et al. (2012). The 
values for the observed niche overlap among groups were classified 
according to Rödder & Engler (2011): no or very limited overlap (0–
0.2 scores), low overlap (0.2–0.4), moderate overlap (0.4–0.6), high 
overlap (0.6–0.8), and very high overlap (0.8–1.0).  

The background similarity test was performed using the R 
package  “ecospat” (Di Cola et al. 2017), which consists of three main 
steps: (1) calculating the density of occurrences and environmental 
factors (the same environmental variables described above) along the 
environmental axes of a multivariate analysis (Principal Component 
Analysis or PCA-env); (2) evaluating niche overlap along the 
gradient of multivariate analysis; and (3) performing statistical tests 
to compare the empirically observed distributions of Schoener’s D 
with 1,000 randomly generated simulated values (see Warren et al. 
2008, Broennimann et al. 2012). We visualized niche overlap among 
the four species using the “niceOverPlot” function for R (Fernández-
López 2017). Hypotheses of niche similarity (i.e., niche conservatism 
between species) were accepted when the observed D values were 
significantly greater than values expected from the 1,000 pseudo-
replicated data sets allowing random shifts (rand.type = 1, “greater” 
option) (Warren et al. 2008, Broennimann et al. 2012). 

 
Species distribution modelling and environmental profiles for 
species 
To evaluate the geographical variation of environmental conditions 
throughout the distribution of the four Boana species, we used the 
maximum entropy algorithm implemented in Maxent ver. 3.4.3 
(Phillips et al. 2017), modelling their potential environmental 
suitability areas. This software calculates the suitability for each pixel 
given a sample of the background as a function of the occurrence 
localities and environmental variables - under the assumption that 
the expected value must be equal to the empirical average value of 
presence points for the species (Phillips et al. 2006).  We decided  to 
use  Maxent  because  of  its  good  overall  performance for 
presence-only data (Elith et al. 2006, 2011) and because it allows a 
calibration protocol to assess model complexity by selecting the best 
modelling parameters (see Merow et al. 2014, Muscarella et al. 2014). 
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Table 1. New and previous unique locality records analyzed for the four Boana species (Anura, Hylidae) across the southeastern South 
American landscape (including Argentina [Ar], Brazil [Br], and Paraguay [Pr]). Geographic coordinates are provided based on the WGS 84 
datum. Acronyms correspond to: Laboratorio de Genética Evolutiva-Instituto de Biologia Subtropical at Universidad Nacional de Misiones 
[LGE];  the Universidade Federal de Minas Gerais [UFMG Anf];  the Museu de Ciência e Tecnologia of Pontifícia Universidade Católica do 
Rio Grande do Sul [MCP]; the Universidade Federal de Santa Maria [ZUFSM]; the Universidade Federal do Rio Grande do Sul [UFRGS]; 
Museu de Ciencias Naturais (MCN); the Museu Nacional do Rio de Janeiro [MNRJ]; the Coleção de Anfibios da Universidade de Passo 
Fundo [CAUPF]; the Muzeu zoologia da USP[MZUSP], the Museo Nacional de Historia Natural del Paraguay [MNHNP]; and the Museo 
Argentino de Ciencias Naturales [MACN]. Abbreviation: a.s.l. = above sea level. (*Correspond to locality type for the species;  
++ Correspond to a new locality record for the species in this study) 

 

State/Department: Locality Latitude Longitude 
Elevation 
a.s.l. (m) 

Source (voucher: ranges are represented with a dash]) 

Boana stellae    
Misiones: Dos de Mayo (Ar) -25.871 -54.134 327 LGE 18038 
Misiones: Tubuna (Ar) -26.471 -53.886 601 LGE 18071 
Misiones: Vila Bonita (Ar) -26.192 -54.065 525 LGE 3302 
Rio Grande do Sul: Arvorezinha (Br)++ -28.855 -52.298 569 MCP8064, MCP 8631 
Rio Grande do Sul: Caxias do Sul (Br)++ -29.033 -50.998 732 MCP11490 
Rio Grande do Sul: Dois Lageados (Br)++ -28.942 -51.775 257 MCP9887 

Rio Grande do Sul: Ibarama (Br)++ -29.409 -53.223 106 
ZUFSM 2316, ZUFSM 2348-2350, ZUFSM2390-2391, 
ZUFSM2809, ZUFSM3391-3394, ZUFSM3778-3783, ZUFSM3808-
3809, ZUFSM7189 

Rio Grande do Sul: Lagoa Vermelha (Br)++ -28.238 -51.399 812 MCP 11977-11978 

Santa Catarina: São Domingos (Br) -26.561 -52.534 645 
CFBH 9558, MCP 13202, MCP 04946, MCP 04957, MCP 05620-
05621, MCP 06529-06531, MCP 07556-07559, MCP 07601, MCP 
11490, MCP 13201, MCP 13216, MCP 6751, MCP 06543 

Rio Grande do Sul: Sinimbu (Br)* -29.564 -52.567 154 MCP 11319 
Boana semiguttata    

Paraná: Piraquara (Br) -25.443 -49.063 904 CFBH 242- 243, CFBH 252, CFBH 3364, CFBH 3579-3581, CFBH 
3704-3707, CFBH 5000, CFBH 5407-5408 

Paraná: Palmeira (Br) -25.426 -50.003 895 CFBH 3195-3197, CFBH 3365-3373 
Santa Catarina: Itaiópolis (Br) -26.564 -49.943 839 Whoel (2020) 
Santa Catarina: Joinville (Br) -26.283 -48.845 7 UFMG-G 2385 
Santa Catarina: São Bento do Sul (Br)* -26.250 -49.384 856 UFMG-G 2384-B 

Santa Catarina: Lebon Regis (Br) -26.876 -50.721 1,041 ROL 2392, MCP 8794-8796, MCP 8935, MCP 8937, MCP 9585-
9586, MCP 9588 

Boana curupi    
Misiones: Gral. Manuel Belgrano (Ar) -27.556 -54.839 177 LGE 22883, MCP 12969, MCP 12971-12973, MCP 13213-13214 

Misiones: San Vicente (Ar)* -26.918 -54.431 518 MACN 34949, ZUEC 24444, CFBH 3444-3445, CFBH 5409, 
CFBH 4908-4909 

Rio Grande do Sul: Bom Progresso (Br) -27.610 -53.864 470 MCP12302, MCP 12299-12301 
Rio Grande do Sul: Casca (Br) -28.612 -51.958 608 CAUPF 2985 

Rio Grande do Sul: Derrubadas (Br) -27.233 -53.942 274 

ZUFSM 4366-4367, ZUFSM 4487-4490, ZUFSM4534-4535, 
ZUFSM4543, ZUFSM4545, ZUFSM4562, ZUFSM4602, 
ZUFSM4618, ZUFSM8136, ZUFSM8140-8141, ZUFSM8148, 
ZUFSM8150, ZUFSM8152, ZUFSM8155, ZUFSM8158 

Santa Catarina: Caxambú do Sul (Br) -27.161 -52.881 323 UFMG 3216 
Santa Catarina: Ponte Serrada (Br) -26.874 -52.018 977 CAUC 0869 
Santa Catarina: São Miguel do Oeste (Br) -26.726 -53.516 661 UFMG3220 
Caazapá: Arroyo Tava-y (Pr) -26.110 -55.623 291 MNHNP 6992 
Itapúa: Arroyo Tangazú (Pr) -26.420 -55.331 333 MNHNP 9659 
Itapúa: Arroyo Tarumá (Pr) -26.584 -55.633 291 MNHNP 3618-9 
Boana joaquini    
Rio Grande do Sul: Bom Jesus (Br)++ -28.681 -50.418 1,047 MCP 9863-9870, MCP 9876 

Rio Grande do Sul: Cambara do Sul (Br) -29.163 -50.076 941 

CFBH 3082-3083, CFBH 3089, CFBH 3099-3103, CFBH 3107-
3135, CFBH 3137-3138, CFBH3294-3301, MCN 2927-2928, MCN 
2930-2940, MCN 9688-9693, MCN 9721-9723, MCN 9745-9751, 
MCN 11304, MCP 15002 

Rio Grande do Sul: Caraá (Br)++ -29.698 -50.296 762 MCP 12965, MCP 12978, MCP 13212, MCN 14310, UFRGS 4794-
4796 

Rio Grande do Sul: São José dos Ausentes 
(Br) -28.672 -49.965 1,206 MCP12930 

Santa Catarina: Urubici (Br) -28.070 -49.501 1,346 CFBH 3136, CFBH 3243, CFBH 3280 
Santa Catarina: Bom Jardim da Serra (Br) -28.337 -49.628 1,351 MZUSP 35511 
Santa Catarina: São Joaquim (Br)* -28.306 -49.924 1,359 MNRJ 4033 

 
 
We explored different parameters for our models, considering 
different combinations of response types (i.e., combinations of linear 
[L], quadratic [Q], product [P], and threshold [T]), regularization 

multiplier [RM] (i.e., 0.2 to 2, by increments of 0.2, and also RM of 3, 
5, 7 and 9), and the environmental variables described within the 
Maxent modelling framework. To do this, we used the “ENMeval” R 
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package (Kass et al. 2021). The best models were chosen based on a 
leave-one-out approach (i.e., Jackknife method; Pearson et al. 2007; 
Shcheglovitova & Anderson 2013, Galante et al. 2018), calculating the 
values of the Akaike Information Criterion (AICc; see Merow et al. 
2014, Muscarella et al. 2014) and the omission error (Anderson et al. 
2003) as a measure of performance. We created the final models with 
the selected parameter values, 500 iterations, and cloglog output 
(Phillips et al. 2017). These final models were built using a partition 
of the localities into training and test sets by the n-fold cross-
validation option, as implemented in the “partition_type” function of 
the “ENMeval” package (Kass et al. 2021). Next, we created presence-
absence maps from the logistic values of the suitability maps (i.e., 
continuous probability from 0 to 1; Phillips et al. 2006), using as the 
threshold value the “minimum training presence (MTP)” (Liu et al. 
2013). For each species, we calculated P-values for the binary model 
using the software PvalueCompute.exe provided by Pearson et al. 
(2007). 

To understand the role of geographical drivers of species 
diversification in the B. pulchella group across southeastern South 
America, we used these binary maps to test their inter-prediction 
power (i.e., degree of geographical matching) as the value of 
environmental equivalence for the geographical distribution patterns 
among the species. In this sense, if the environmental niche is similar 
among species, models should forecast similar potential distribution 
ranges (despite barriers to dispersal) among them (see Mota-Vargas 
& Rojas-Soto 2016).  Finally, for each species, we described the 
environmental profiles that defined the potential areas for each 
species. To do this, we calculated the value ranges for each of the 10 
variables considered in sites where models predicted areas that are 
currently suitable for the species.  We used a one-way ANOVA and 
post-hoc Tukey HSD in R software to assess whether the conditions 
defining the suitability areas differed among species.  
 
 
Results 
 
Historical occurrence data 
A total of 222 specimens were accounted during this study: 
B. curupi (n = 45), B. joaquini (n = 100), B. stellae (n = 48), and 
B. semiguttata (n = 29). However, it is important to note that 
we found a significant number (ca. 49%) of 
misidentifications in the museum specimens reviewed. 
Herein, we included new information on the distribution 
from three countries (Argentina, Brazil, and Paraguay) and 
new localities quite far outside the recognized geographic 
distribution ranges of B. joaquini and B. stellae (Table 1). A 
total of eight new localities (i.e., not previously reported in 
the literature) were recorded for the first time in Brazil for B. 
semiguttatus (Itaiópolis), B. joaquini (Caraá and Bom Jesus), 
and B. stellae (Ibarama, Dois Lajeados, Caxias do Sul, Lagoa 
Vermelha, and Arvorezinha), extending their geographic 
distribution ca. 65 km southwest and 190 km east, 
respectively, from the closest known locality (Table 1). After 
the steps to remove repeated records and reduce the effects 
of sampling bias, we had 36 unique geographic records of 
occurrence of the target species separated by a distance of at 
least 1 km (Fig. 1; Table 1): B. curupi (n = 11), B. stellae (n = 
10), B. joaquini (n = 7), and B. semigutatta (n = 6). 
 
Niche overlap in E‑space 
PCA-Env, based on occurrence records for each Boana 
species, showed strong shifts in environmental space (i.e., 
environmental niche) and relative expansion among the 
species. Overall, on average, the first two principal 

components explained ~56% of the total variance observed 
among groups (PC1 = 32.5% and PC2 = 23.7%). According to 
the observed niche overlap values among the four species 
(using the first two PCA-env approaches) throughout their 
distribution in southeastern South America, we found that 
five paired comparisons (83.3% of cases) had null or very 
limited overlap (< 0.20 scores). In fact, only one pair (B. 
curupi and B. stellae) showed niche overlap categorized as 
moderate (0.46). In addition, the background similarity tests 
indicated that there was overall little niche similarity among 
the four Boana species (Fig. 2). The ordination null tests of 
similarity showed that the environmental niches were not 
more similar than random expectations in the eighth (66.7%) 
of the paired comparisons; therefore, the null hypothesis 
(niche conservatism) was not accepted. We accepted the null 
hypothesis only for comparing B. stellae–B. curupi and B. 
stellae–B. semiguttata since their observed D values were 
significantly (P < 0.05) greater than random expectations 
(Fig. 2).  
 
Species distribution modelling and overlapping in G‑space 
Generally, the models obtained for the four species showed 
high performance and were better than random 
expectations. The final parameter settings (feature classes 
and regularization multiplier values) used and statistical 
values for each model are detailed in Table 2. We observed 
that values of the MTP threshold were statistically 
significant (P < 0.05) for all cases. Based on this performance 
assessment, we assumed that our models were statistically 
acceptable to describe the ecological niche and potential 
distribution pattern of these species (Fig. 3). The smallest 
geographic range for potential distribution area was 
estimated for B. joaquini (24,769 km2, representing 28.7% of 
M calibration area used), while the largest range extent was 
estimated for B. curupi (232,316 km2, 70.9% of calibration 
area). Models for B. stellae and B. semigutatta showed values 
of 186,684 km2 (71.1% of calibration area) and 63,460 km2 
(84.2% of calibration area), respectively.  

The geographic overlap patterns among models showed 
that suitable areas for the four species to live in sympatry 
were null or zero. Most of the geographic range considered 
in our analyses (ca. 270,000 km2, 69.6%) was predicted as 
suitable for only one of the four Boana species, while 114,591 
km2 (29.62%) were defined as areas suitable for the 
occurrence of at least two of the studied species. Only 2,885 
km2 (0.8% of the total area predicted as suitable for 
individual species occurrence) corresponded to sites 
predicted by models of at least three species. These areas 
that were predicted to contain suitable environmental 
conditions for at least three species were located mainly 
across the central-southern State of Paraná and in 
northeastern Rio Grande do Sul. The highest values of 
geographic overlap were observed between B. stellae–B. 
curupi (44.1%) and B. stellae–B. joaquini (6.7%). The smallest 
overlapping areas were estimated between B. joaquini–B. 
semiguttata (0.0%) and B. joaquini–B. curupi (1.3%). The 
percentage areas predicted to be exclusively suitable for a 
single species (dark colors in Fig. 3) ranged from 36.3% (for 
B. joaquini) to 85.4% (for B. semiguttata). Models for B. stellae 
and B. curupi had a percentage of exclusive areas of 40.6% 
and 52.4%, respectively.  
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Figure 2. Summary of pairwise comparisons (based on Schoener’s D index and similarity test) of the 
niche characteristics for the four Boana’ species along the first two axes of the PCA-env. Dark shading 
in the plots depicts the density of the occurrences of each lineage by cell in the ecological space; the 
solid and dashed lines indicate 100%, 50%, and 10% of the available (background) environment, 
respectively. In all plots, the black numbers show the observed values of niche overlap (i.e., Schoener’s 
D index) and their significant values (ns = non-significant; and ** =significant in both directions [P < 
0.05]) expected from the 1,000 pseudoreplicates. 

 
 

Table 2. Summarized parameter settings and statistical performance values obtained for individual 
models of the four Boana species (Anura, Hylidae) across the southeastern South American landscape 
analyzed herein. 

 

Species 
Regularizator  

multiple 
Feature 

Mean value  
for AUC 

AICc 
Threshold  

value 
% Omission  
testing data 

B. stellae 3 LQP 0.770 ± 0.14  249.58 0.521 0.00 (P < 0.01) 
B. semiguttata 2 LP 0.710 ± 0.15 134.76 0.530 0.00 (P < 0.01) 
B. curupi 2.5 QP 0.731 ± 0.07 178.85 0.508 0.00 (P < 0.01) 
B. joaquini 5 Q 0.872 ± 0.08 159.10 0.627 0.00 (P < 0.01) 

 
 
Environmental profiles for the distribution of Boana species 
The environmental variables contributed differently to the 
models for each species (Fig. 3). For instance, for B. curupi, 
the variables that contributed the most to the model were the 
mean temperature of the driest quarter (58.3%), 
isothermality (22.5%) and the annual temperature range 
(18.2%), while for B. joaquini the most important variables 
were the mean temperature of driest quarter (40.4%), 
elevation (32.6%) and vegetation (14.1%). The distance to 
rivers (46.0%) and precipitation of the warmest quarter 
(15.6%) and elevation (5.7%) were the variables that 
contributed most to B. stellae’s model. For B. semigutatta, the 
most important variables within the model were the mean 

temperature of the driest quarter (33.0%), precipitation 
seasonality (8.3%), and mean temperature of the wettest 
quarter (8.3%). This information is consistent with the 
environmental profiles describing the conditions across the 
suitability areas for species. In fact, we observed statistically 
significant differences among values ranges from nine 
environmental variables defining the conditions across the 
Boana species’ distributions (Table 3). 

Overall, we found that B. curupi and B. stellae are 
associated with lower elevational ranges, where the annual 
range of temperatures (i.e., the difference between the 
hottest and coldest months) is high, and precipitation 
seasonality is low (see Table 3). The suitability areas for B. 
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joaquini were located in the highest elevation sites, associated 
with the lowest values of temperature and lowest vegetation 
dissimilarity index, as well as higher precipitation values for 
the coldest and warmest quarters of the year. Finally, B. 

semigutatta is distributed in the middle elevational range, 
with high precipitation seasonality, high isothermality, and 
the highest temperatures in the wettest quarter of the year 
(Table 3). 

 
 

 
 

Figure 3. Projected potential geographical distribution for the four Boana species in the southeastern 
South American landscape.  The bar graph (upper left) shows the contribution values of each 
environmental variable (refer to Table 3 for the codes of variables) of the models for the four analyzed 
species. Potential distribution ranges for the species were constructed based on the minimum training 
presence (MTP) threshold. Colors in maps correspond to clades in the phylogenetic tree, shown in 
Figure 1. Dark colors on estimated surfaces represent each species' non-overlapping (or exclusive) 
areas, while light colors show the areas where suitable conditions overlap among species.  

 
 

Table 3. Environmental description (mean ± standard deviation) of the potential distributional ranges of the four Boana species based on 
their built binary presence-absence models (considering the minimum training presence [MTS] threshold). Interval values for each of 
the variables used for modelling are displayed as follows: Bio 03 – Bio 09 are temperature, Bio 15 – Bio 19 are precipitation, elevation 
is meters a.s.l., EVI is the occurrence probabilities describing the compositional vegetation variability within the area, and river 
Euclidean distances. (* Showed values statistically different among species (letters a-d correspond to the groups identified). 

 

Environmental Variables 
Species 

B. stellae B. semiguttata B. curupi B. joaquini 
Bio 03 = Isothermality* 447.3 ± 16.1a 464.1 ± 23.9b 445.7 ± 18.7a 438.5 ± 13.4a 
Bio 07 = Temperature Annual Range* 179.4 ± 9.1a 157.9 ± 7.5b  180.5 ± 10.5a  169.0 ± 5.1c  
Bio 08 = Mean Temperature of Wettest Quarter* 185.7 ± 28.3a  222.4 ± 17.5b  203.1 ± 26.3c  183.7 ± 25.6a  
Bio 09 = Mean Temperature of Driest Quarter* 176.6 ± 29.7a 161.4 ± 21.7b 161.2 ± 15.0b 142.2 ± 14.6c 
Bio 15 = Precipitation Seasonality* 6.4 ± 5.9a  15.8 ± 7.6b  7.8 ± 3.8a  7.3 ± 3.7a  
Bio 18 = Precipitation of Warmest Quarter* 466.8 ± 78.1a  582.2 ± 138.3b  438.2 ± 75.8a  531.0 ± 90.3c  
Bio 19 = Precipitation of Coldest Quarter* 413.1 ± 70.5a 335.9 ± 57.6b 386.6 ± 79.5c 400.4 ± 59.2a 
Elevation* 528.0 ± 304.2a  675.5 ± 321.3b 478.2 ± 342.9c 1040.7 ± 188.7d 
River distances 0.02 ± 0.02  0.03 ± 0.03 0.04 ± 0.04 0.03 ± 0.02 
EVI = Dissimilarity of the enhanced vegetation index* 21,746 ± 12,935a 17,018 ± 11,902a,b 19,726 ± 13,225a,b 14,985 ± 15,227b,c 

 
 
Discussion 
 
Although the biodiversity of the Neotropics has been the 
focus of scientific studies for centuries, vast portions of the 
region and ecological information on the biota that inhabit it 
are still underexplored. Our results are not definitive; 
instead, they point to a number of weak areas in our 
knowledge of the biogeography and taxonomy of the Boanas 

group. In fact, the recent discovery of new species and 
phylogenetic relationships (e.g., Peloso et al. 2018, 
Vasconcellos et al. 2020, Faivovich et al. 2021), as well as the 
new localities revealed by our results, indicate that the areas 
encompassed by the broad distribution of this species group 
are still far from adequately sampled. Therefore, additional 
studies, including extensive fieldwork and integrative use of 
bioacoustic, genetic, morphological, and ecological data, are 
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urgently needed to unravel the hidden evolutionary history 
of the diversity of these amphibians in South America (e.g., 
Ortega-Andrade et al. 2015, Peloso et al. 2018).   

Interestingly, and despite several studies suggesting that 
niche conservatism is one of the main attributes of allopatric 
and parapatric speciation in a variety of taxonomic groups 
(Peterson 2011, Hu et al. 2016), our results showed that most 
of the evolutionary lineages (species) of the Boana group 
included in this study have low to null climatic niche 
overlap. In addition, the geographic distribution of the four 
species is concordant with the previously detected patterns 
of genetic structure (Widholzer 2016, Widholzer & 
Castroviejo-Fisher 2018, Peloso et al. 2018, Vasconcellos et al. 
2020). These patterns indicate that these lineages have a 
moderate shift of their (Grinnellian) niche preferences over 
time and space due to habitat availability (e.g., Sobel et al. 
2010, Bacon et al. 2017, Rodrigues et al. 2018) across the 
southern South America landscape. This interpretation 
supports the idea that the species’ range limits may have 
been determined by physical barriers that prevented gene 
flow (Kozak & Wiens 2006) and promoted the evolution of 
different climatic tolerances, which may be accumulated 
independently from ancestral tolerances (e.g., Remsen & 
Graves 1995, Moreno-Contreras et al. 2020). In this sense, if 
populations are specialized for a particular type of ecological 
environment, possible barriers to dispersion (e.g., the 
emergence of the Brazilian shield) may have been stronger 
and the dispersion routes more restricted, explaining the 
adaptive changes and evolutionary history of this group. 

From this perspective, the distinctiveness among 
environmental niches was likely promoted by climatic 
oscillations during the Miocene-Pleistocene, which could 
have contributed to the observed genetic patterns –– as 
suggested by other authors (Graham 2011, Vasconcellos et 
al. 2020) – promoting the formation of new lineages with 
particular niches in each case. For example, it has been 
suggested that during the Last Glacial Maximum, many 
species survived in refuge areas; in other words, some taxa 
were able to isolate themselves in non-continuous areas with 
stable habitats during climatic fluctuations, leading to 
greater endemism and isolation due to vicariance and 
selective pressure (Haffer 1969). Another highly significant 
geological event in the biogeography of this group was the 
period of the Miocene marine incursions, during which 
much of the upper Amazon basin to the north and the 
Paraná basin to the south were flooded (del Río et al. 2018).  

Furthermore, our study supports the notion that biome 
or habitat shifts can be a function of exposure to contrasting 
environments over time (Bauermann et al. 2009, Donoghue 
& Edwards 2014). The study group is composed of species 
specialized in open areas (B. joaquini), forested areas (B. 
semiguttata and B. curupi), and adapted to both areas (B. 
stellae). Specifically, differences in temperature, precipitation, 
and elevation throughout the distribution of the species – in 
concert with the morphological differentiation detected 
among them – suggest adaptations to different ecological 
conditions (even without obvious physical barriers) 
throughout ecosystems in southern South America (e.g., 
Ricklefs & Miles 1994, Bauermann et al. 2009, de Oliveira & 
Eterovick 2010, Vasconcellos et al. 2019). This is also 

corroborated by the impact that paleotemperatures exert on 
speciation rates, showing that the vast majority of the range 
shift events for Boana lineages involve splits between a dry 
and a humid region (Vasconcellos et al. 2020).  

The study of niche conservatism is also fundamental to 
the understanding of distributional patterns of biodiversity, 
as well as in the reconstruction of evolutionary trends (Smith 
et al. 2019). However, as our approach suggests, studies 
concerning climatic niche evolution of closely related 
allopatric species and niche conservatism should be 
measured rather than assumed. The degree to which such 
divergence is coupled with changes in the ecological 
variation among lineages differs among those closely related 
allopatric and nearly sympatric populations (see Moreno-
Contreras et al. 2020). Therefore, it would be valuable to test 
whether isolated populations may respond to different 
selective pressures that promote or constrain evolution. This 
study may also be useful in guiding research concerning 
lineage diversification and niche evolution in globally 
threatened ecosystems under systematic conservation 
planning (Vasconcellos et al. 2019, 2020). It is also important 
to note that the species’ current distribution could be 
affected by several other factors not considered here, such as 
biotic associations, micro-climates, and human influence 
(Moser et al. 2019, Linause et al. 2020, dos Santos et al. 2021). 
There are Boana frogs that occur within transformed areas, 
but whether they successfully establish permanent 
reproductive populations in these transformed habitats is 
unknown for most species. More research is needed on these 
ideas because limitations of niche modelling-based 
approaches have some limitations that could preclude the 
identification of species responses (Araújo & Rozenfeld 
2014). For this, the implementation of monitoring programs 
is essential. 

Independent of the taxonomic classification of the B. 
pulchella group, the results of this study showed that the four 
biological groups inhabit distinct geographic regions and 
have followed different evolutionary routes as a result of the 
presence of geographic barriers and environmental 
differences that have promoted their genetic, morphologic, 
and ecological divergence. Such subdivision of genetic 
variation into discrete significant units implies that the loss 
of one of them would be irreversible, making it necessary to 
consider each biological unit as an Evolutionarily Significant 
Unit (Moritz 1994). This represents a challenge for the 
conservation of the species that are currently considered as 
“Least Concern”. Therefore, integrating multiple approaches 
and perspectives, like in this study, is needed to guide future 
ecological studies and efficient conservation efforts. 
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