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The distribution of ploidy levels and their ecological associations were studied using the genus Lessingianthus 
(Vernonieae, Asteraceae) as a model system. This genus is very complex from a cytogenetic point of view, with 
high cytotype diversity at the interspecific and intraspecific levels and with a continuous distribution throughout 
South America. So far, no previous studies have summarized chromosome count data for Lessingianthus or 
addressed the cytogeography of the genus. In this study, the ploidy levels of Lessingianthus species were deter­
mined by chromosome counts during mitosis and ecological niche modelling (ENM) was used to compare the 
environmental associations of the diploid and polyploid cytotypes. In total, 28 chromosome counts and six ploidy 
levels (2x, 4x, 6x, 8x, 10x, and 11x) were recorded. Among these counts, the chromosome numbers for three 
hexaploids with 2 n = 96 (L. parvifolius, L. vepretorum and L. “bolivianensis” sp. ined.) and one decaploid taxon 
with 2 n = 160 (L. roseus) were reported for the first time. In addition, a new cytotype for L. laniferus (2 n = 6x = 
96) was also reported. The cytogeographic analysis resulted in detecting two geographic zones with high di­
versity of cytotypes and species. The ENMs showed that the areas of climatic suitability of diploids and poly­
ploids are similar in extent, as well as the climatic requirements, showing high values of niche overlap within the 
environmental space. Our findings suggested that polyploidization in Lessingianthus has not caused expansion to 
novel environmental conditions and phylogenetic niche conservatism (PNC) may explain the lack of niche dif­
ferentiation between diploids and polyploids.

1. Introduction

Polyploidy or whole genome duplication (WGD) is a common phe­
nomenon in plants and it has played an important role in their evolution 
(Soltis et al., 2015; Stebbins, 1950; Van de Peer et al., 2017). One of the 
important consequences of WGD is the possibility of evolving duplicated 
copies of genes to fulfil new or slightly varied functions (neo­
functionalisation or subfunctionalisation of genes) (Blanc and Wolfe, 
2004; Cusack and Wolfe, 2007).

Under an adaptive evolutionary scenario such changes can result in 
organisms taking advantage of new ecological opportunities or facing 
new environmental challenges (Fawcett et al., 2013; Ohno, 1970; 
Schranz et al., 2012). Several studies have shown that in species with 
different ploidy, the cytotypes may have different ecological

requirements (Mairal et al., 2018; Rojas-Andres et al., 2020; Solis Neffa 
et al., 2022). However, other studies have not detected any habitat 
differentiation between the cytotypes (Castro et al., 2018, 2019; Glen­
non et al., 2014; Marchant et al., 2016; Via do Pico et al., 2019; Visser 
and Molofsky, 2015). The lack of ecological niche differentiation be­
tween cytotypes may be due to various reasons. Ecological divergence 
may arise over time and new cytotypes may not have had enough time to 
diverge (Godsoe et al., 2013; Schranz et al., 2012). The distribution of 
cytotypes may also depend on their origin either by autopolyploidy 
(intraspecific genomic duplication) or allopolyploidy (interspecific 
amalgamation of genomes through the combined processes of hybridi­
zation and genome duplication) (Soltis and Soltis, 1999, 2012). Allo­
polyploidy may be related to more pronounced niche shifts, because 
allopolyploids (with their fixed heterozygosity) may be more successful
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in colonizing difficult habitats than their parents, leading to latitudinal 
or elevational gradients in polyploid richness (Abbott and Brochmann, 
2003; Brochmann et al., 2004). Alternatively, environmental conditions 
may reduce competition between parents by opening up new niches or 
ranges, allowing immediate colonization with considerable niche 
conservatism between the allopolyploids and their parents (Marchant 
et al., 2016). If we consider that polyploid species are closely related to 
their diploid parents, they may therefore exhibit phylogenetic niche 
conservatism (PNC). PNC implies that phylogenetically related taxa are 
likely to occupy more similar environments (Losos, 2008), which could 
lead to a lack of ecological niche differentiation between different ploidy 
levels. One of the methods used to test PNC is through ecological niche 
modeling (ENM) (Elith et al., 2006; Pyron et al., 2015). From the 
ecological niche models of a set of species, the variation between them 
can be assessed with respect to each other and the available niche vol­
ume where they occur (Pearson and Dawson, 2003). These tests can be 
used to assess PNC in related species in adjacent areas, and to assess the 
ecological divergence across landscapes (Broennimann et al., 2012; Glor 
and Warren, 2011).

ENM is a valuable tool that can be used with different approaches; it 
has been used to assess the niche shift hypothesis in related diploid­
polyploid species (Glennon et al., 2012; McIntyre, 2012; Oberprieler 
et al., 2012; Visger et al., 2016) or in the analysis of different cytotypes 
within a species (Castro et al., 2019; Godsoe et al., 2013). Studies of this 
type are especially interesting in species with multiple ploidy levels, a 
wide distribution, living in adjacent areas, and that occur in heteroge­
neous environments. A good model for studying several of these aspects 
is the South American genus Lessingianthus H.Rob. (Vernonieae, Aster- 
aceae), which includes 133 species (Angulo and Dematteis, 2016), 
characterized by herbaceous perennials or shrubs with xylopodium, 
having medium or large-sized heads grouped in seriate-cymose syn- 
florescences, and pollen type “B” (Angulo and Dematteis, 2010; Rob­
inson, 1999). The species are mainly distributed in Brazil, Paraguay, 
Argentina, and Bolivia, with some species extending into Uruguay, 
Colombia, Venezuela, and Peru (Robinson, 1999). Most species have a 
wide geographic distribution and they live in adjacent areas, although 
there are some endemic taxa, such as L. profusus (Dematt. and Cabrera) 
M. B. Angulo, L. centauropsideus (Hieron.) Dematt. and L. teyucuarensis 
(Cabrera) Dematt.

Lessingianthus species are found in diverse habitats growing mainly in 
campo cerrado (an open scrubland (3–6 m tall) with few trees, according 
to Cardoso Da Silva et al., 2002) and campo rupestres (a mosaic habitat 
characterized by quartzite substrates and supporting grassland and 
scrub, according to Mucina, 2018) (Robinson, 2009). However, some 
species grow in low fields with flooded soils (Dematteis, 2004). In 
addition to all this great ecological variability, polyploidy is one of the 
most prominent characteristics of the genus (Angulo, 2012; Angulo and 
Dematteis, 2009a; b, 2010, 2012a, b, 2015; Dematteis, 1997, 2002, 
2009; Dematteis and Fernandez, 2000; Dematteis et al., 2007). Ploidy 
levels of species ranging from diploid (2 n = 2x = 32) to undecaploid (2 
n = 11x = 176) are all based on x = 16 (Angulo and Dematteis, 2012a).

The genus has the highest proportion of polyploid taxa known (70% 
of a total of 40 taxa analyzed so far, Angulo and Dematteis, 2012a) in the 
tribe Vernonieae. In addition to the large variation in the chromosome 
numbers observed, Lessingianthus also shows chromosome intraspecific 
variation and also has species with different ploidy levels, such as 
L. laniferus (Cristobal & Dematt.) M.B. Angulo, L. rubricaulis (Humb. & 
Bonpl.) H.Rob. and L. sellowii (Less.) H.Rob. (Angulo and Dematteis, 
2009b, 2012a). On the other hand, several "polyploid complexes’’ were 
reported, which are formed by related species that are morphologically 
similar but have different ploidy levels (L. rubricaulis and L. saltensis 
(Hieron.) H.Rob.) (Angulo and Dematteis, 2009a, 2012b), which makes 
their study even more interesting. Therefore, the great diversity of 
cytotypes observed and the wide geographical distribution of the group 
will allow us to assess whether the polyploidization events observed for 
the genus have led to ecological differentiation.

In this scenario, the aims of the present study are: (1) to increase the 
cytological records for the species, by providing unpublished chromo­
some numbers (2) to present a review of all the vouchers of published 
counts (3) to determine the frequencies of different cytotypes of the 
genus (4) to establish the distribution of different ploidy levels in South 
American ecoregions and (5) to determine whether diploid and poly­
ploid cytotypes have different ecological associations that could explain 
their geographical distributions.

2. Materials and methods

2.1. Material

The cytological studies were carried out with seeds collected from 
natural populations from different localities in Argentina, Bolivia, 
Brazil, Paraguay, and Uruguay, during 2005–2019. The specimens 
collected were deposited in the herbarium of the Instituto de Botánica 
del Nordeste (CTES) Corrientes, Argentina.

2.2. Chromosome counts

Mitotic chromosome preparations made from root tips of germi­
nating seeds were pretreated in 0.002 M 8-hydroxyquinoline for 4–5 h, 
then fixed in acetic acid: absolute alcohol (3:1) overnight and stored in 
70% aqueous ethanol. The root tips were stained according to the 
Feulgen technique and the meristems were macerated and squashed in a 
drop of lacto-propionic orcein (Dyer, 1963). Permanent microscope 
slides were prepared using Euparal. Chromosome numbers were based 
on the counts from an average of 20 cells from five different individuals 
of each species. A conventional microscope was used to analyze the 
mitotic preparations and the photographs were taken with a Zeiss Axi- 
oplan microscope equipped with a Canon Power Shot A640 camera.

2.3. Geographic distribution of cytotypes

For the map-based presentation of the data, 144 populations of Les- 
singianthus species have been considered, including chromosome counts 
(28 counts) carried out here together with previous published counts 
(116 previous counts). The identity of the species was corroborated and 
the geographical coordinates or detailed descriptions of the collection 
sites were taken into account. Thus, chromosome counts of 
L. bardanoides (Jones, 1979; Turner et al., 1979), L. glabratus, L. linearis, 
L. pumillus, L. rubricaulis (Jones, 1979), L. lorentzii (Galiano and Hun­
ziker, 1987), L. rugulosus (Dematteis, 2002) and L. sellowii (Dematteis, 
1997, 1998) were not considered for the cytogeographic analysis and 
ENM, since these specimens have a different basic chromosome number 
from that typical of the genus (x = 16). However, the contribution of 
these authors was considered and the chromosome counts are listed in 
the table of previously published data (Supplementary Table S1).

Maps were made using the QGis 3.4.2-Madeira software (QGIS 
Development Team, 2018), which were recorded for ecoregions and 
biomes of South America sensu Olson et al. (2001). For this, the 
geographic coordinates of each sampling site of the populations 
analyzed in this study were recorded by GPS. In addition, the co­
ordinates of other populations published in previous studies were 
incorporated (Supplementary Table S1). In cases that were not geore­
ferenced, the coordinates of the municipalities were recorded following 
the guidelines and tools for georeferencing (Guide to Best Practices for 
Georeferencing available at https://www.gbif.org/) proposed by 
Chapman and Wieczorek (2020).

2.4. Ecological niche modeling (ENM) and niche overlap

To estimate the niche difference between diploids and polyploids, we 
used a geographical approach (ENM) and an environmental approach 
(PCA).
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The abiotic environmental associations (climatic and edaphic) of 
diploids and polyploids (4x, 6x, 8x, 10x and 11x) were evaluated using 
ecological niche modeling (ENM) with the maximum entropy algorithm 
implemented in MaxEnt ver. 3.4.1 software (Phillips et al., 2006). 
Although polyploids represent lineages with multiple origins, we fol­
lowed the same grouping of cytotypes proposed in the genera Solanum L. 
(Hijmans et al., 2007) and Fosterella L.B. Sm. (Paule et al., 2017). The 
Lessingianthus locality records were obtained from the collections of the 
working group and from previous studies that reported ploidy levels 
(Supplementary Table S1). The records were compiled and checked 
rigorously for duplicate data. To avoid a spatial autocorrelation bias, the 
occurrence points were filtered, keeping only one every 5 km. Thus, 46 
geo-referenced points corresponding to the diploids and 98 
geo-referenced points corresponding to the polyploids were used for the 
analysis. Climate data were downloaded from the CHELSA database 
(Karger et al., 2017) with a resolution of 2.5'. Edaphic data were ob­
tained from ISRIC-World Soil Information database (Hengl et al., 2017) 
(Supplementary Table S2). For the edaphic data we calculated a 
weighted mean from five depths (0-5, 5-15, 15-30, 30- 60, 60-100 cm) 
to generate a single value for the first meter of soil for each layer, and 
then we resampled the data to 2.5'' resolution to match the CHELSA 
dataset, using QGis 3.4.2-Madeira (QGIS Development Team, 2018).

Correlations between all the variables were evaluated by Pearson’s 
pairwise correlation analysis (r > 0.8). The CONABIO’s Niche ToolBox 
platform was used for this analysis (Osorio-Olvera et al., 2018). 
Following this analysis, 18 environmental (eight climatic and ten 
edaphic) variables were selected (Supplementary Table S2). To assess 
the preferences of ploidy levels (diploid vs. polyploid) for these selected 
climatic and edaphic variables, the non-parametric Wilcoxon rank-sum 
test (= Mann-Whitney U-test) was performed, as the variables did not 
fulfil the normality assumption (Shapiro- Wilk test). The data were 
visualized using box plots.

In addition, a principal component analysis (PCA) with these cli­
matic and edaphic variables were performed. All statistical analyses 
were performed in R 4.0.2 software (R Core Team, 2020) with the 
package “FactoMineR” v. 2.4 (Le et al., 2008) and additional tools from 
the “factoextra” v. 1.0.7 package (Kassambara and Mundt, 2020).

The ENMs were made considering diploids and polyploids. The pa­
rameters used to run MaxEnt were calibrated through the R-based 
Wallace platform (Kass et al., 2018). The three best models were 
selected based on the lowest values of the corrected Akaike information 
criterion (AICc) and the number of parameters. The final ENM was 
performed when the optimal parameters of the different models were 
defined. For the diploids, MaxEnt was run using the following settings 
replicates= 10; hinge features; maximum number of iterations= 500; 
regularization multiplier= 2; logistic output format and maximum 
number of background points = 10,000. For the polyploids: replicates= 
10; linear, quadratic, hinge features; maximum number of iterations= 
500; regularization multiplier= 3; logistic output format and maximum 
number of background points= 10,000. To evaluate the model perfor­
mance statistically, the area under the curve (AUC) of the receiver 
operating characteristic (ROC) plot (Phillips et al., 2006) was used. The 
AUC is a threshold-independent measure of model performance and 
varies from 0 to 1; 0.5 means no predictive ability or randomness and 1.0 
shows perfect predictive ability (Fielding and Bell, 1997). The final 
models were converted into a binary format to calculate the suitable 
habitat of each cytotype and assess the niche overlap between diploids 
and polyploids. To generate these binary maps, the minimum predicted 
suitability value for an occurrence location used to build the model was 
used as the threshold values.

The niche overlap was tested with ENMTools v 1.4.4 (Warren et al., 
2010) to examine the niche divergence between diploids and polyploids. 
Schoener’s D (Warren et al., 2008) and Hellinger’s-based I (Schoener, 
1968) indexes were calculated based on the habitat suitability com­
parison from ENM. Both indexes range from 0 (complete divergence/ no 
overlap) to 1 (high similarity/complete overlap, niche being equally

suitable for both species) (Warren et al., 2008; Broennimann et al., 
2012). Then, the identity test was performed to validate whether the 
niche-overlap scores obtained exhibited statistically significant values 
(Warren et al., 2008). A pseudo replicated null distribution was gener­
ated with this test with 100 replicates. Finally, Schoener’s D and Hel- 
linger’s I were compared with the generated null distribution. The null 
hypothesis of this test (the observed values of niche overlap do not differ 
from random values) is rejected when the estimated value for D and/or I 
is significantly different from the null distribution.

3. Results

3.1. Chromosome counts

In this study, mitotic chromosome numbers are reported for 28 
populations of 16 species of Lessingianthus. A list of all samples studied, 
their geographic origin, and herbarium voucher information are pro­
vided in Table 1.

Four species were analyzed for the first time (marked with ’’*’’ in 
Table 1), three hexaploids with 2 n = 96 (L. parvifolius, L. vepretorum and 
L .“bolivianensis” sp. ined., Fig. 1D,H,I) and one decaploid taxon with 2 
n = 160 (L. roseus, Fig. 1E). A new hexaploid cytotype with 2 n = 96 
(marked with ’’t” in Table 1) was also found in L. lanatusin a population 
from Pedro Juan Caballero (Department of Amambay, Paraguay) 
(Fig. 1B). In addition, counts of new localities (marked with “◊” see 
Table 1) from Corrientes and Chaco provinces in Argentina are also 
reported for L. glabratus (Fig. 1A), L. niederlinii (Fig. 1C) and L. rubricaulis 
(Fig. 1F,G). The chromosome numbers observed in the remaining taxa 
are in agreement with previous studies.

All 144 populations studied cytogeographically had basic chromo­
some number x = 16. The chromosome numbers ranged from 
2 n = 32-2 n = 176 and the cytotypes observed were 2x, 4x, 6x, 8x, 10x 
and 11x. Almost all the species showed one ploidy level (Supplementary 
Table S3) with the exception of four taxa: L. laniferus, L. rubricaulis and 
L. sellowii, which had diploid and tetraploid cytotypes, whereas 
L. lanatus had a diploid and a new hexaploid cytotype. Among the 
cytotype diversity observed in cytogeographically analyzed populations, 
tetraploid was the most frequent ploidy level (38.88%), followed by the 
diploids (32.63%), hexaploids (12.5%), octoploids (10.41%), decaploids 
(4.16%) and finally by undecaploids (1.38%) (Table 2).

3.2. Geographic distribution of cytotypes

The geographic distribution of the cytotypes is apparently random, 
occurring in 17 South American ecoregions (Fig. 2A). Among the cyto- 
types, the diploids have the largest distribution area, occupying 13 
ecoregions (see map), whereas the tetraploids and hexaploids occur in 
twelve and seven regions, respectively (Fig. 2D and see Supplementary 
Table S4). The remaining cytotypes have more restricted distributions. 
Most of the octoploid populations occur in the southwest of the Alto 
Parana Atlantic forest in Paraguay, and only some populations are found 
in the southwest of the Cerrado, Chiquitano dry forest of Brazil and the 
Humid Chaco of Argentina. Decaploid populations are mainly distrib­
uted in the southwest of the Alto Parana Atlantic forest in Argentina, 
with one population in the west of the Bolivian Yungas (Bolivia) and one 
population in the southeast of the Cerrado (Brazil). The chromosome 
number 11x represents the rarest cytotype and was found in specific 
locations in the Uruguayan savanna (Uruguay).

The Alto Parana Atlantic forest and Cerrado exhibit the highest di­
versity in ploidy levels (Fig. 2D; and see Supplementary Table S4); 
almost all cytotypes were found with the only exception of 11x. The high 
distribution of these cytotypes is consistent with the transition zone 
between these two ecoregions in northeastern Paraguay (Dept. Amam- 
bay) (Fig. 2B) exhibiting numerous 2x, 4x, 6x and 8x populations. Many 
of these populations have overlapping distributions and can be found co­
occurring in the same geographic area, such as in the case of six species,
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Table 1
Mitotic chromosome numbers, ploidy level, locality details, and voucher infor­
mation of 28 populations of Lessingianthus species analyzed in this study. First 
count for the taxon are indicates with ’’* ’’, new cytotype with ’’f’’ and counts 
for new localities with “◊”.

Species 2 n Plody 
level

Locality, 
Voucher 
specimen

Lat. S Long.
W

L. brevifloius (Less.) 32 2x Argentina. -27.27 -55.56
H.Rob.

32 2x

Misiones. Dept. 
San Ignacio. 4 
Km S of San 
Ignacio, road to 
Teyú Cuare 
Park. Dematteis. 
2749 (CTES). 
Argentina. 
Corrientes.
Dept. Saladas. 
Margen of Ayo. 
San Lorenzo. M.
Dematteis et al., 
2767 (CTES).

-28.11 -58.77

32 2x Argentina. 
Corrientes.
Dept. Capital, 
Riachuelo.
Angulo. 76 
(CTES).

-27.56 -58.74

32 2x Argentina.
Misiones. Dept. 
San Ignacio.
Sandy fields to 
3 km de Parque 
Teyú Cuare .
Dematteis et al., 
3050 (CTES).

-27.56 -55.55

L. cataractarum 64 4x Argentina. -26.27 -53.70
(Hieron.) H.Rob.

64 4x

Misiones. Dept. 
San Pedro.
National Park 
Mocona.
Dematteis et al., 
3097 (CTES, 
MBM, G, SI). 
Argentina.
Misiones, Dept. 
San Pedro, 
Mocona 
National Park.
Vega et al., 33 
(CTES).

-27.15 -53.89

L. centauropsideus 96 6x Argentina. -22.31 -64.7
(Hieron.) Salta. Dept.
Dematt.

96 6x

Santa Victoria 
0.3.8 km S of 
Los Toldos, on 
the road to 
Lipeo.
Dematteis et al., 
2936 (CTES). 
Argentina.
Salta. Dept. 
Santa Victoria.
Quebrada 
Honda, 10 km S 
of Los Toldos, 
on the road to 
Lipeo.
Dematteis et al., 
2939 (CTES)

-22.34 -64.72

L. glabratus (Less.) 128 8x Argentina. -28.01 -56.58 ◊

H.Rob. Corrientes, 
Dept. Santo 
Tome , 13 km N 
of Galarza, 
provincial route

Table 1 (continued)

(continued on next page)

Species 2 n Plody Locality, Lat. S Long.
level Voucher 

specimen
W

41. Ea. La 
Palma.
Dematteis et al., 
4272 (CTES)

L. lanatus (Cabrera) 96 6x Paraguay. Dept. -22.58 -55.72 y
Dematt. Amambay, P. J. 

Caballero.
Dematteis and 
Vega, 4290 
(CTES).

L. niederleinii 96 6x Argentina -26.3 -53.69
(Hieron.) H.Rob.

96 6x

Misiones. Dept. 
General Manuel 
Belgrano.
Campina de 
Americo.
Angulo, 82 
(CTES).
Argentina. 
Corrientes.
Dept. Santo 
Tome , 40 km W 
de Virasoro, 
road to 
garruchos.
Dematteis et al., 
4279 (CTES).

-27.99 -55.82 ◊

96 6x Paraguay. Dep.
Canindeyú.
Lagunita, 3 km 
N of route 10, 
road to Monte 
Sinaí .
Dematteis et al., 
2870 (CTES).

-24.49 -55.81

L. parvifolius 96 6x Paraguay. Dept. -22.58 -55.72 *
(Chodat) H.Rob. Amambay, P. J. 

Caballero.
Dematteis and
Vega, 4291 
(CTES).

L. polyphyllus (Sch. 64 4x Argentina. -27.26 -55.55
Bip. ex Baker) H. Misiones. Dept.
Rob. San Ignacio, 4 

km S of San 
Ignacio, house 
of Horacio 
Quiroga.
Angulo, 83 
(CTES).

L. pseudoincanus 64 4x Argentina. -27.46 -56.77
(Hieron.) Corrientes.
Dematteis & Dept. Capital,
Angulo

64 4x

Barrio Molina 
Punta. Angulo, 
76 (CTES). 
Argentina. 
Corrientes.
Dept. Capital, 
Barrio Molina 
Punta. Angulo, 
78 (CTES).

-27.46 -56.7

64 4x Argentina.
Chaco. Dept 1o 

de Mayo.
Colonia Benítez.
Angulo, 81 
(CTES).

-27.41 -58.78

L. pusillus 32 2x Argentina. -27.42 -58.75
(Dematt.) M.B. Corrientes.
Angulo, Dept. Capital, 

Perichón, 3 km 
of river. Angulo, 
79 (CTES)
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Table 1 (continued)

Species 2 n Plody Locality, Lat. S Long.
level Voucher 

specimen
W

L. roseus (Mart. ex 160 10x Brazil, Minas -19.34 -43.62 *
DC.) H.Rob. Gerais, Mun. 

Santana do 
Riacho, Serra do 
Cipo National 
Park, Marques 
and Contro, 544 
(HUFU).

L. rubricaulis 32 2x Argentina. -27.38 -55.11
(Humb. & Misiones. Dept.
Bonpl.) H.Rob.

32 2x

Obera. Campo 
Viera, Dematteis 
et al., 4278 
(CTES).
Argentina.
Chaco. Dept. 1o 

de Mayo.
Colonia Benítez. 
Angulo, 80 
(CTES).

-27.33 -58.95 ◊

L. sellowii (Less.) H. 64 4x Argentina. -27.41 -55.61
Rob. Misiones. Dept. 

Candelaria: road 
to Profundidad, 
5 Km of route 
12. Angulo, 85 
(CTES).

L. teyucuarensis 160 10x Argentina. -27.27 -55.55
(Cabrera) Misiones. Dept
Dematt.

160 10x

San Ignacio. 3 
km of Teyú 
Cuare
Provincial Park. 
Dematteis et al., 
3049 (CTES). 
Argentina.
Misiones. Dept. 
San Ignacio. 3 
km of Teyú 
Cuare
Provincial Park. 
Angulo, 110 
(CTES).

-27.27 -55.55

L. vepretorum 96 6x Brazil. Minas -18.12 -43.58 *
(Mart. ex DC.) H. Gerais. Mun.
Rob.

96 6x

Diamantina. 
State Park of 
Biribiri.
Marques and 
Contro, 553 
(HUFU).
Brazil. Minas 
Gerais. Mun. 
Diamantina.
State Park of 
Biribiri.
Marques and 
Contro, 554 
(HUFU).

-18.14 -43.61 *

Lessingianthus 96 6x Bolivia. Dept. -18.32 -59.58 *
“bolivianensis” Santa Cruz,
sp. ined. Chiquitos 

Province.
Natural
Reserve of Tuca
Vaca Valley.
Dematteis et al., 
3929 (CTES).

each with a different cytotype, coexisting in the locality of Pedro Juan 
Caballero in Amambay (Paraguay).

On the other hand, another transition zone with a high diversity of 
cytotypes was observed in northeastern Argentina (Fig. 2 C). This

transition zone, occurring in the zone between the Alto Parana Atlantic 
forest and the Southern Cone Mesopotamian savanna in northeastern 
Argentina (Fig. 2 C), also showed a high cytotype diversity with 2x, 4x, 
6x, and 10x populations from eight species.

3.3. Ecological niche modeling (ENM) and niche overlap

The validation metrics (AUC), threshold values and the contribution 
of variables for diploid and polyploid ENMs are detailed in Table 3. The 
AUC values indicate that the models performed well at predicting 
distributions.

The ENM predict suitable localities for diploids and polyploids that 
mostly match their known distributions. However, the models predict 
larger suitable areas in regions where there are no known occurrence 
localities for the genus. The ENMs reveal a high predicted suitability 
(greater than 0.75) for diploids in southern Brazil, central and north­
eastern Argentina, most of Uruguay, eastern Paraguay and Bolivia, and a 
strip bordering the Andean Cordillera from Bolivia to Ecuador (Fig. 3 A). 
For polyploids the area of suitability is similar to that of diploids in 
extension, however the areas of high suitability (greater than 0.75) are 
more restricted, being concentrated in southern Brazil, eastern 
Paraguay, northwestern Argentina and small isolated areas in central 
and northern Argentina and southern Bolivia (Fig. 3B).

The variables that most contributed to both diploid and polyploid 
ENMs were the Bio 18 (Table 3). For diploids, the next most important 
contributing variables were Bio 2, Bio 1, Bio 3, ferrasol soils, Bio 12 and 
pH (between 17.9% and 5.8%). For polyploids, they were Bio 3, Bio 2, 
Ph, Bio 1, and Bio 14 (between 20.2% and 6.1%). The remaining vari­
ables contributed < 3% to the construction of the models.

The results of the non-parametric Wilcoxon rank-sum test for each of 
the variables (used in the ENM) between diploids and polyploids 
revealed no significant differences (with the exception of Bio 3, 13, 14 
and phosphorus content), pointing to a lack of ecological differentiation 
between the two ploidy groups (Supplementary Fig. S1).

Additionally, the climatic niches of diploids and polyploids were 
compared with a PCA on the full set of 18 environmental variables used 
for the ENMs (Fig. 3 C). The results of PCA showed that the first two 
components accounted for 53.1% of the total variance. The direction­
ality of the loadings for components 1 and 2 was quite variable and both 
axes are related with climatic and edaphic variables. Cation Exchange 
Capacity (CECSOL) and available water capacity content (WWP) of the 
soils contributed most to component 1, followed by contributions from 
bulk density (BLDFIE), carbon (ORCDRC) and iron content of soils 
(ferrasol soils) (Supplementary Fig. S2A). Whereas annual precipitation 
(Bio 12), followed by contributions from clay (CLYPPT) content and pH 
of soils are the variables that contributed most to component 2, as well 
as the precipitation in warm (Bio 18) and wet (Bio 13) periods (Sup­
plementary Fig. S2B). The PCA shows that considering the first two 
components, the diploid and polyploid niches overlap, and the poly­
ploids fall almost completely within the diploid niche. Furthermore, it 
can be seen that the diploid niche is larger (greater environmental 
amplitude) than that of the polyploids.

The diploids and polyploids showed high values of niche overlap 
within the environmental space, with a value of D = 0.75 and I = 0.94 
(Fig. 3D), suggesting a high level of niche conservatism between both 
groups.

4. Discussion

4.1. Chromosome counts

The present study summarizes all the known data on the chromo­
some numbers of the Lessingianthus species. Among the species analyzed 
here, different ploidy levels (2x, 4x, 6x, 8x and 10x) were found, and the 
chromosome numbers for four taxa (L. parvifolius, L. roseus, L. vepretorum 
and L. “bolivianensis” sp. ined.) are reported for the first time, as well as
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Fig. 1. Somatic chromosomes of Lessingianthus. A, Lessingianthus glabratus (2 n = 8x = 128); B, Lessingianthus lanatus (2 n = 6x = 96); C, Lessingianthus niederleinii 
(2 n = 6x = 96); D, Lessingianthus parvifolius (2 n = 6x = 96); E, Lessingianthus roseus (2 n = 10x = 160); F-G, Lessingianthus rubricaulis (2 n = 2x = 32); H, Lessin­
gianthus vepretorum (2 n = 6x = 96); I, Lessingianthus “bolivianensis” (sp. ined.) (2 n = 6x = 96). Scale bar: 5 pm.

Table 2
Cytotype diversity found within 144 sampled populations of Lessingianthus. 
Percentages are always calculated relative to the total number of sampled 
populations.

Ploidy levels Number of populations Frequency

2x 47 32.63%
4x 56 38.88%
6x 18 12.5%
8x 15 10.41%
10x 6 4.16%
11x 2 1.38%

a new cytotype for one species (L. lanatus) and counts for populations of 
new geographical localities (L. glabratus, L. niederleinii and L. rubricaulis 
from Argentina). Therefore, with the results of this study presented in 
the form of a review, the cytogenetic complexity previously suggested 
for the genus (Angulo and Dematteis, 2012a) is confirmed.

The chromosome count found in L. glabratus (2 n = 128) disagrees 
with previous counts carried out by Jones (1979) who recorded n = 17, 
ca. 17 +Bs, 51 (51II), 51 (48II+6I), 52, ca. 67 or 68 for the Brazilian 
populations of this species. This disparity in chromosome numbers may 
be attributed to incorrect counts (due to the small size of the chromo­
somes) or to the misidentification of the species (mainly in taxonomi­
cally complex groups) (Guerra, 1988). The taxonomic complexity of 
certain plant groups can create serious problems in specimen identifi­
cation due to their diversity and/or the existence of hybrids and poly­
ploids that create individuals or species with intermediate
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Fig. 2. Map showing the geographical distribution of cytotypes of Lessingianthus throughout South America. A, General view of the study area. The line indicates the 
limit of the ecoregions according to Olson et al. (2001); B, Area show populations in a transition zone between Cerrado and Alto Parana Atlantic Forest in north­
eastern Paraguay; C, Area show populations in a transition zone between Alto Paraná Atlantic Forest and Southern Cone Mesopotamian savanna in northeastern 
Argentina; D, Distribution of cytotypes of Lessingianthus in relation to ecoregions (according to Olson et al., 2001).

Table 3
Validation metrics (AUC), threshold values used for binary maps, and variables 
contribution for diploid and polyploid ENMs. For variable codes see Supple­
mentary Table S2.

Diploids Polyploids

AUC 0.887 0.924
Threshold 0.287 0.091
Variables Percent contribution
Bio 18 31.9 29.4
Bio 2 17.9 15.1
Bio 1 17.2 7.2
Bio 3 8.9 20.2
Ferrasol soils 8 2.4
Bio 12 6.4 1.1
pH 5.8 13.2
CLYPPT 1.9 0.6
CECSOL 0.7 1.2
CRFVOL 0.6 0.3
Bio 10 0.4 0.8
NITROGEN 0.4 0
WWP 0 1.5
PHOSPHORUS 0 0.4
ORCDRC 0 0
Bio 13 0 0.4
Bio 14 0 6.1
BLDFIE 0 0

morphological characters (Stace, 1989). Any of these could be the causes 
for the mismatching of chromosome counts in some species in this study.

The chromosome counts carried out here together with the previous

counts (Angulo, 2012; Angulo and Dematteis, 2009a; b, 2012a, 2012b, 
2015, 2016; Dematteis, 1998, 2002; Dematteis and Fernandez, 2000; 
Dematteis et al., 2007; Oliveira et al., 2012), agree that x = 16 is the 
basic chromosome number of the group. Although all the species 
examined in the present study present x = 16, some previous studies 
have reported other base chromosome numbers for some species, such as 
L. lorentzii, (Hieron.) H.Rob. (Galiano and Hunziker, 1987), L. pumillus 
(Vell.) H.Rob. (Jones, 1979) and L. rugulosus (Sch.Bip. ex Baker) H.Rob. 
(Dematteis, 2002). However, these taxa have all the diagnostic features 
of Lessingianthus, including the distinctive ‘‘type B’’ pollen (Angulo and 
Dematteis, 2010), so further cytological studies should be carried out on 
these species to confirm their chromosome numbers, as has been done in 
other species of the group (L. bardanoides, L. glabratus, L. linearis, 
L. niederleinii, L. rubricaulis, see Supplementary Table S1).

The first chromosome counts were reported for L. parvifolius, 
L. roseus, L. vepretorum, and L.“bolivianensis” sp. ined. The latter species 
is hexaploid with 2 n = 96, which appears to be closely related to the 
octoploid L. scabrifoliatus (Hieron) H.Rob. with 2 n = 128. In addition to 
the chromosome number, these species can also be distinguished by 
their morphology, such as leaf apices, head size and cypsela indu­
mentum. Therefore, the combination of cytogenetical and morpholog­
ical features support the treatment of both taxa as different species 
(Dematteis and Angulo, in preparation).

In addition, a new hexaploid cytotype (2 n = 96) was reported for a 
population of L. lanatus from northeastern Paraguay at Pedro Juan Ca­
ballero (Amambay). A prior analysis of this species reported a diploid 
cytotype (2 n = 32) but for a population from the south of Paraguay 
(Dept. of Paraguarí) (Angulo and Dematteis, 2012a). We consider that
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Fig. 3. Maps of the ecological niche 
models generated with Maxent for each 
cytotype: A, diploids and B, polyploids 
of Lessingianthus; C, PCA ordination plot 
of diploid (red circles) and polyploid 
(blue squares) cytotypes of Lessingian- 
thus in the plane of the first two prin­
cipal component axes based on the 
selected bioclimatic and soil data. Bio 
10 = temperatures of the warmest 
quarter; Bio 12 = annual precipitation; 
Bio 13 = precipitation of the wettest 
month; Bio 14 = precipitation of the 
driest month; Bio 18 = precipitation of 
warmest quarter; BL= bulk density; 
CE= cation exchange capacity; CL= clay 
particles; CR= coarse fragments; 
Dim= dimension; FS= probability of 
ferrasol soils; N = total nitrogen; 
OR= organic carbon content; 
P = phosphorus content; PH= soil pH; 
WWP= available soil water capacity; D, 
Niche overlap evaluated by the identity 
test. D= Schoener’s D index and 
I= Hellinger’s-based I index.
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both cytotypes (2x and 6x) belong to the same species (L. lanatus) 
because they share morphological features that are distinctive for this 
taxon (disposition of leaves on the stem, leaf shape and head size). It is 
essential to highlight that, according to the Flora of Paraguay, this 
species was only previously known from southern Paraguay (Depts. of 
Cordillera, Guaira and Paraguarí) (Cabrera and Dematteis, 2009), 
therefore a new record for this taxon for northeastern Paraguay (Dept. of 
Amambay) is presented here for the first time. In addition to L. lanatus, 
other species (L. laniferus, L. rubricaulis and L. sellowii) with ploidy 
variation (2x and 4x) at the intraspecific level were also observed in the 
genus (Angulo and Dematteis, 2009b, 2012a).

Lessingianthus rubricaulis and L. laniferus together with L. pusillus and 
L. pseudoincanus grouped in a polyploid complex named the 
“L. rubricaulis complex” (Dematteis, 2004). These species are very 
similar morphologically but they are distinguished by their habit, un­
derground system, indumentum type, and the size and shape of the 
leaves (Dematteis, 2004). Results of the present survey add several 
chromosome counts for L. pusillus, L. pseudoincanus and L. rubricaulis and 
together with previous studies (Angulo and Dematteis, 2009a, 2012a, 
2012b, 2015; Dematteis, 2002, 2004), show that these taxa are 2x 
(L. pusillus), 4x (L. pseudoincanus) or 2x and 4x (L. laniferus and 
L. rubricaulis). Polyploid complexes are very frequent in nature and have 
been the subject of much research into the mechanisms involves in their 
evolutionary dynamics (origin, establishment and persistence of poly­
ploids) and in the ecological differentiation of polyploids (Afonso et al., 
2021; Flatscher et al., 2015; Morales et al., 2020; Stuessy et al., 2004; 
Tomasello and Oberprieler, 2017). Many of these complexes have been 
attributed an autopolyploid origin through sexual polyploidization that 
involve gametic ’’non-reduction’’ (Lazaroff et al., 2016; Solís Neffa 
et al., 2022).

Sexual polyploidization is considered the most common mechanism 
of origin and evolution of polyploids in flowering plant species through 
fertilizations involving unreduced gametes, i.e. gametes that, as a result 
of modified gametogenesis, have the same number as the somatic 
chromosomes (Bretagnolle and Thompson, 1995; Ramsey and 
Schemske, 1998). In particular, it has been suggested that autotetra- 
ploids are formed through a pathway involving the union of two unre­
duced gametes produced by diploids, resulting in the production of 
tetraploids in a single step (bilateral polyploidization). Alternatively, 
tetraploids can arise in two steps (unilateral polyploidization), from the 
pairing of triploids resulting from the union between a reduced and a 
non-reduced gamete produced by diploids (Ramsey and Schemske, 
1998). It is likely that this mechanism is responsible for the origin of 
species with different ploidy levels both in the “L. rubricaulis complex” 
and in other species of the genus with more than one cytotype.

Among the Vernonieae, Lessingianthus is the genus with the highest 
ploidy levels, the most extreme case being L. macrocephalus with 
2 n = 11x = 176 (Angulo and Dematteis, 2012a). This species grows in 
southern Brazil and northeastern Uruguay (Bayon and Dematties, 2008) 
and so far, only two populations from Uruguay (Dept. of Rivera) have 
been counted (Angulo and Dematteis, 2012a). The high ploidy levels 
combined with odd chromosomal complements suggest irregular 
meiotic behavior and possible sterility of individuals.

Apomictic reproduction is very common in plants with these char­
acteristics and it is a natural process that result in clonal reproduction by 
means of seeds, avoiding meiosis and fertilization, which creates 
offspring genetically identical to the maternal plant (Nogler, 1984). 
Recent reviews document the high frequency of apomictic species in 27 
genera of the Asteraceae family (Hojsgaard et al., 2014, Pegoraro et al., 
2020). Therefore, the occurrence of the very high and odd ploidy levels 
observed in L. macrocephalus might suggest that this species would also 
have apomictic reproduction. Polyploidy and apomixis can co-occur, 
since they share common developmental pathways. Both phenomena 
can be induced after a hybridization event and involve the production of 
unreduced gametes, restoring fertility after hybridization (Husband 
et al., 2013). Therefore, two possible scenarios could be explain the

origin of L. macrocephalus: 1) a hybrid from an inter-cytotypic cross with 
reduced gametes from both 10x and 12x (unsampled), or 2) a hybrid 
between a reduced gamete from 10x with a non-reduced gamete from 
6x. This hybrid (whatever its origin) could have been ephemeral in 
nature or could have stabilized in populations through reproduction by 
apomixis. Although there are no studies on hybridization in Lessingian- 
thus, it is known that hybridization is possible in the tribe Vernonieae 
(Jones, 1977). Therefore, hybridization could not be ruled out as 
another reproductive mechanism within the genus.

4.2. Geographic distribution of cytotypes

Polyploidy is an important genetic determinant of a species 
geographic range (Husband et al., 2013). Botanists usually consider that 
(1) polyploid ranges will differ from those of the diploids, and (2) 
polyploid species will have wider geographic ranges (Husband et al., 
2013). Our results, however, are not consistent with these assumptions. 
Both diploids and polyploids occupy the same geographic ranges and 
they have wide ranges of distribution. Diploid populations showed the 
largest range, occurring in 13 neotropical ecoregions (see map). Many of 
these ecoregions were also occupied by other cytotypes, and therefore, 
populations with different ploidy levels can be found co-occurring in the 
same area. Only four diploid populations occur exclusively in a partic­
ular ecoregion without any polyploids. Such is the case of L. coriarius and 
L. membranifolius, which are only found in the Bolivian montane dry 
forest (Bolivia), whereas one 2x population of L. rubicaulis inhabits the 
interior forests of Bahia (Brazil) and two populations of L. brevifolius in 
the Humid Pampas (Argentina). However, the latter two species have a 
wide distribution and were also found in other ecoregions. Thus, we can 
establish that the diploid cytotypes of the genus occupy large distribu­
tion areas and, in many cases, may occupy the same distribution ranges 
as the polyploid populations.

Our results showed that the Alto Parana Atlantic forest and Cerrado 
were the ecoregions with the highest diversity of ploidy levels. These 
neotropical ecoregions have been recognized as biodiversity hotspots 
due to the remarkable species richness and endemism of several groups 
of organisms (Ceballos and Ortega-Baes, 2011; Mohebalian et al., 2022; 
Myers et al., 2000), which may be caused by environmental heteroge­
neity, together with polyploidization and hybridization as suggested in 
several studies (Echternacht et al., 2011; Schley et al., 2022). Our 
geographic analyses revealed two transition zones with a high diversity 
of ploidy levels and species. One between the Alto Parana Atlantic forest 
and the Cerrado on in the border between the southeast of Brazil and 
northeastern Paraguay, and another between the Alto Parana Atlantic 
forest and the Southern Cone Mesopotamian Savanna (neotropical 
ecoregions that encompass extensive natural grassland and savanna 
communities, Bilenca and Minarro, 2004) in northeastern Argentina.

In both transition zones, most of the populations with different 
ploidy levels belonging to related species were found co-occurring in the 
same area (Pedro Juan Caballero in Amambay, Paraguay and the border 
between Corrientes and Misiones, Argentina). Both zones were recog­
nized as extremely rich in terms of their flora (Zuloaga et al., 2008, 
Zanotti et al., 2020). Via do Pico et al. (2019), also found a high diversity 
of cytotypes and species in the Pedro Juan Caballero area (Amambay, 
Paraguay), but for the genus Chrysolaena (Vernonieae, Asteraceae). 
These authors suggested that hybridization and polyploidization events 
occurred in this geographically small area, which would have given rise 
to certain hybrid species such as C. cristobaliana Dematt. (a heptaploid 
taxon and its probable parents could be C. cognata (Less.) Dematt., 8x 
and C. platensis (Spreng.) H. Rob., 6x). There is no doubt that the cyto- 
type diversity (2x, 4x, 6x, 8x) observed in this small area is also high for 
Lessingianthus. However, so far, no cytotypes of local origin or showing 
morphological differences (due to their independent origin) to the cor­
responding cytotypes sampled elsewhere were found to assume that 
hybridization events could be occurring in these areas. However, the 
high cytotype and species diversity in these transition zones is
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undeniable and further research in these areas would be of great 
interest.

Angulo et al. (2021) evaluated the effect of climate change on the 
current and future suitable habitat distribution of threatened Lessin- 
gianthus species from the Brazilian Cerrado showing a tendency for most 
climatically stable areas to be located in the transition zone between the 
Cerrado and the Alto Parana Atlantic forest (limit between the southeast 
of Brazil and northeastern Paraguay). In the present study, we also 
observed that much part of the cytotype diversity in the genus was found 
in these transition zones. However, these regions have been subject to 
serious habitat deterioration mainly caused by human activities, in 
addition to having a low number of Protected Areas (IPBES, 2019). 
Therefore, the need to conserve these areas with a significant diversity of 
species of different ploidy levels together with the greater biotic stability 
observed for future scenarios becomes more evident; as they could act as 
important refuges that ensure the long-term persistence of biodiversity.

4.3. Ecological niche modeling (ENM) and niche overlap

Contemporary climate (i.e. temperature, precipitation and climate 
seasonality) and past climate change have been widely recognized as 
determinants of species diversity patterns (Currie, 1991; Hawkins et al., 
2003; Montoya et al., 2007; Svenning and Skov, 2007). However, the 
species diversity–climate relationship (the correlation between species 
diversity pattern and climate) varies significantly across clades (e.g. 
animals, Buckley et al., 2010, plants, Hawkins et al., 2011), which is one 
of the reasons why consistent mechanisms underlying large-scale pat­
terns of species diversity have not been found (Wang et al., 2021).

Our results reveal that there are few differences in both the 
geographic distribution and the environmental niche between the 
diploid and polyploid cytotypes of Lessingianthus. The assumption that 
polyploidization results in changes in environmental preference with the 
establishment of polyploids in different environmental niches than 
diploids is one of the hypotheses considered when addressing environ­
mental niche modelling studies in different cytotypes (Laport et al., 
2013; Manzaneda et al., 2012; Godsoe et al., 2013; Castro et al., 2019). 
However, this assumption is not always true and shared environmental 
preferences between diploids and polyploids have been observed in 
many taxa (Castro et al., 2019; McIntyre, 2012). Most of these ecological 
studies have focused on a single species with different cytotypes and few 
studies have studied multiple species (Glennon et al., 2014; Martin and 
Husband, 2009; Visser and Molofsky, 2015). Therefore, our results 
provide further information to deepen this assumption.

In Lessingianthus we can observe that niche overlap is high between 
diploids and polyploids, indicating similar climatic niches for both 
ploidy levels. If we consider that polyploid species arose from diploids, 
phylogenetic niche conservatism (PNC) could explain our results. PNC 
occurs when phylogenetically related taxa would be likely to occupy 
more similar environments, its occurrence suggests that some process is 
limiting divergence between closely related species (Losos, 2008). PNC 
is based on the hypothesis of the allopatric speciation model, which 
states that there is a general tendency among species to remain in 
ecologically similar areas to those occupied by the ancestral species 
(Peterson et al., 1999). Phylogenetically close species are more likely to 
inhabit environments that have some similarity, thus, to some extent, 
niches are being conserved (Peterson et al., 1999). However, niches 
cannot be conserved indefinitely, as few sister species can share iden­
tical or equivalent niches completely (Wiens and Graham, 2005; Warren 
et al., 2008). Somewhere along the evolutionary scale, niche evolution 
or innovation would have to emerge. Based on these assumptions, the 
Lessingianthus diploids and polyploids would be at a time in their evo­
lution in which their niches have not yet diversified.

Although the phylogenetic relationships between diploids and 
polyploids of Lessingianthus have not been established, PNC justifies the 
comparison of polyploids with diploid congeners, even if the specific 
diploid parents of the polyploid species are not known. There are studies

that have analyzed PNC without explicitly identifying diploid parents 
(Martin and Husband, 2009), and it has been reported in several taxa of 
the Asteraceae (Kantar et al., 2015; Suarez-Mota et al., 2015). Therefore, 
the high similarity between the niches of diploids and polyploids in 
Lessingianthus would indicate the presence of PNC in the group.

The PCA results based on the bioclimatic and edaphic data reinforce 
the niche overlap analysis, showing that the niches of diploids and 
polyploids are very similar. In general, diploids and polyploids grow 
under similar conditions in terms of annual precipitation (Bio 12, mean 
1500 mm), soils with similar carbon (ORCDCR) and clay (CLYPPT) 
content, and bulk density (BLDFIE), showing that there are no signifi­
cant ecological differences between the two ploidy groups. Although 
some trends were observed for polyploids to occupy areas with higher 
precipitation in the wet period (Bio 18) and soils with higher mineral 
(higher cation exchange capacity, CECSOL) content and higher values 
pH than diploids, the differences in these variables were not significant 
for either ploidy levels. Few environmental variables showed a signifi­
cant relationship with the distribution of both cytotypes, such as the 
presence of diploids in areas with the highest precipitation in the wettest 
months (Bio 13) and isothermality (Bio 3), and polyploids to occupy 
areas with the highest precipitation in the driest months (Bio 14) and 
soils with high values of phosphorus content. Many authors believe that 
polyploidy may result in greater adaptability (Doyle et al., 2008; Te 
Beest et al., 2012) and could result in polyploids inhabiting more 
extreme environments. The idea that polyploids inhabit colder and drier 
habitats than their diploid relatives (Gunn et al., 2020; Te Beest et al., 
2012) was partially observed among Lessingianthus cytotypes, as certain 
trends were observed in some variables related to temperature (Bio 3) 
and precipitation (Bio 13 and 14). However, as diploids and polyploids 
can co-exist in the same area, this habitat differentiation was not 
observed between the two ploidy levels.

Dawson et al. (2011) have proposed some general responses of spe­
cies to climate change: environmental tolerance (e.g. phenotypic plas­
ticity, changes in phenology, changes in habitat preferences or 
migratory timing), shifting ranges and abundance, distribution shift, and 
extinction. When the climatic tolerance ranges of a species are wide 
enough to encompass the new conditions resulting from climate change, 
then they could potentially adapt (Holt, 1990). Conversely, if narrow 
tolerance ranges and strong niche conservatism are assumed, then spe­
cies would have to shift their geographic distributions in response to 
global warming (Wiens et al., 2010). Previous research has shown that 
niche conservatism could be a danger to the global biota (Wiens and 
Graham, 2005), as niche evolution rates have been seen to be much 
slower than projected climate changes (Jezkova and Wiens, 2016). 
Considering the speed at which climate scenarios are currently changing 
around the world, this could be a disadvantage for those groups with 
PNC. An essential and vital part of generating effective and climate 
change-sensitive conservation strategies is being able to anticipate these 
evolutionary changes. Considering the areas with high species diversity 
and ploidy levels of Lessingianthus found in this study, the need to 
conserve those areas of high climatic suitability for the species of the 
genus is evident. In addition, accelerated climate change and the high 
degree of niche conservatism between diploids and polyploids reinforce 
the need to conserve these areas of high diversity and/or anticipate the 
potential risk that these species may face.

5. Conclusions

This study shows once again that the genus Lessingianthus is a very 
complex group from a cytogenetic point of view. Our results comple­
ment currently available data and underline the importance of poly­
ploidy in the evolution of this genus.

Our findings indicate that the diploid and polyploid populations of 
Lessingianthus can occupy the same geographical areas and have wide 
distribution ranges. Our analysis of the cytogeographic distribution 
revealed two areas with both high cytotype and species diversity: in the
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department of Amambay (central-eastern Paraguay) and on the border 
between Corrientes and Misiones (Argentina), regions that are also 
transition zones between biogeographic regions. In these areas, the 
currently protected areas are insufficient, so the design of possible 
conservation strategies (e.g., implementation of protected areas, sus­
tainable management and restoration) is highly necessary to ensure 
their long-term persistence. Regarding the ENMs, our findings reveals 
that the diploid and polyploid niches overlap, and the polyploids fall 
almost completely within the diploid niche, indicating that poly- 
ploidization in Lessingianthus has not caused expansion to novel envi­
ronmental conditions. PNC may explain the lack of niche differentiation 
between the diploids and the polyploids.

CRediT authorship contribution statement

MBA, JEF and GVdP planned the study; MBA carried out chromo­
some counts; GVdP conducted the maps of geographic distribution of 
cytotypes and ecological niche modeling analysis, MBA and JEF per­
formed the statistical analyses; and all authors wrote the manuscript and 
approved the final manuscript.

Declaration of Competing Interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data Availability

Data will be made available on request.

Acknowledgments

We are deeply indebted to Massimiliano Dematteis for his collabo­
ration during the fieldwork. We are also thankful to Rosemary Scoffield 
for her revision of the English manuscript. Financial support was pro­
vided by the Supports by the Universidad Nacional del Nordeste and 
Consejo Nacional de Investigaciones Científicas y Tecnológicas 
(CONICET).

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.ppees.2023.125719.

References

Abbott, R.J., Brochmann, C., 2003. History and evolution of the arctic flora: in the 
footsteps of Eric Hulten. Mol. Ecol. 12, 299–313. https://doi.org/10.1046/j.1365- 
294X.2003.01731.x.

Afonso, A., Loureiro, J., Arroyo, J., Olmedo-Vicente, E., Castro, S., 2021. Cytogenetic 
diversity in the polyploid complex Linum suffruticosum sl. (Linaceae). Bot. J. Linn. 
Soc. 195, 216–232. https://doi.org/10.1093/botlinnean/boaa060.

Angulo, M.B., 2012. Estudios biosistematicos en el genero sudamericano Lessingianthus 
(Vernonieae, Asteraceae). (Unpublished doctoral). Universidad Nacional de 
Córdoba, Argentina.

Angulo, M.B., Dematteis, M., 2009a. Caryological analysis of South American species of 
Vernonia (Vernonieae, Asteraceae). Pl. Biosystems 143, 20–124. https://doi.org/ 
10.1080/11263500802633204.

Angulo, M.B., Dematteis, M., 2009b. Karyotype analysis in eight species of Vernonia 
(Vernonieae, Asteraceae) from South America. Caryología 62, 81–88. https://doi. 
org/10.1080/00087114.2004.10589672 .

Angulo, M.B., Dematteis, M., 2010. Pollen morphology of the South American genus 
Lessingianthus (Vernonieae, Asteraceae) and its taxonomic implications. Grana 49, 
12–25. https://doi.org/10.1080/00173130903435192 .

Angulo, M.B., Dematteis, M., 2012a. Cytotaxonomy of some species of the South 
American genus Lessingianthus (Asteraceae, Vernonieae) PI. Syst. Evol. 298, 
277–285. https://doi.org/10.1007/s00606-011-0542-z .

Angulo, M.B., Dematteis, M., 2012b. Taxonomy of the Lessingianthus saltensis 
(Vernonieae, Asteraceae) species complex. Ann. Bot. Fenn. 49, 239–247.

Angulo, M.B., Dematteis, M., 2015. Karyotypes of some species of the genus 
Lessingianthus (Vernonieae, Asteraceae) and its taxonomic implications. Nord. J. Bot. 
33, 239–248. https://doi.org/10.1111/njb.00639.

Angulo, M.B., Dematteis, M., 2016. Lessingianthus concepcionis (Asteraceae, Vernonieae), 
a new octoploid species endemic to northern Paraguay. Phytotaxa 265, 267–272. 
https://doi.org/10.11646/phytotaxa.265.3.7 .

Angulo, M.B., do Pico, Via, Dematteis, M, G., 2021. Impact of climate change on the 
current and future distribution of threatened species of the genus Lessingianthus 
(Vernonieae: Asteraceae) from the Brazilian Cerrado”. An. Acad. Bras. Cien. 93, 
e20190796 https://doi.org/10.1590/0001-3765202120190796.

Bayón, N.D., Dematteis, M., 2008. Asteraceae: Vernonieae. In: Zuloaga, F.O., 
Morrone, O., Belgrano, M.J. (Eds.), Catalogo de las Plantas Vasculares del Cono Sur 
(Argentina, Sur de Brasil, Chile, Paraguay y Uruguay), 107. Monograph Syst. Bot. 
Missouri Bot. Garden, pp. 1154–1565.

Bilenca, D., Minarro, F., 2004. Identificación de .Areas Valiosas de Pastizal (AVPs) en las 
Pampas y Campos de Argentina. Uruguay y sur de Brasil., Programa Pastizales. 
Fundacion Vida Silvestre Argentina. Buenos Aires, Argentina.

Blanc, G., Wolfe, K.H., 2004. Functional divergence of duplicated genes formed by 
polyploidy during Arabidopsis evolution. Plant Cell 16, 1679–1691. https://doi.org/ 
10.1105/tpc.021410.

Bretagnolle, F., Thompson, J.D., 1995. Gametes with the somatic chromosome number: 
mechanisms of their formation and role in the evolution of autopolyploid plants. 
N. Phytol. 129, 1–22.

Brochmann, C., Brysting, A.K., Alsos, I.G., Borgen, L., Grundt, H.H., Scheen, A.C., 
Elven, R., 2004. Polyploidy in arctic plants. Biol. J. Linn. Soc. 82, 521–536. https:// 
doi.org/10.1111/j.1095-8312.2004.00337.x.

Broennimann, O., Fitzpatrick, M.C., Pearman, P.B., Petitpierre, B., Pellissier, L., 
Yoccoz, N.G., Thuiller, W., Fortin, M.J., Randin, C., Zimmermann, N.E., Graham, C. 
H., Guisan, A., 2012. Measuring ecological niche overlap from occurrence and 
spatial environmental data. Glob. Ecol. Biogeogr. 21, 481–497. https://doi.org/ 
10.1111/j.1466-8238.2011.00698.x.

Buckley, L.B., Davies, T.J., Ackerly, D.D., Kraft, N.J.B., Harrison, S.P., Anacker, B.L., 
Cornell, H.V., Damschen, E.I., Grytnes, J.A., Hawkins, B.A., McCain, C.M., 
Stephens, P.R., Wiens, J.J., 2010. Phylogeny, niche conservatism and the latitudinal 
diversity gradient in mammals. Proc. R. Soc. B 277, 2131–2138. https://doi.org/ 
10.1098/rspb.2010.0179.

Cabrera, A.L., Dematteis, M., 2009. Compositae. IV. Tribu Vernonieae. In: Ramella, L., 
Perret, P. (Eds.), Flora del Paraguay. Conservatoire et Jardin botaniques de Geneve 
& Missouri Botanical Garden, Geneve & St. Louis, pp. 65-268.

Cardoso Da Silva, J.M., Bates, J.M., 2002. Biogeographic patterns and conservation in 
the South American Cerrado: a tropical savanna hotspot: The Cerrado, which 
includes both forest and savanna habitats, is the second largest South American 
biome, and among the most threatened on the continent. BioScience 52, 225–234. 
https://doi.org/10.1641/0006-3568(2002)052[0225:BPACIT]2.0.CO;2.

Castro, M., Castro, S., Figueiredo, A., Husband, B., Loureiro, J., 2018. Complex 
cytogeographical patterns reveal a dynamic tetraploid–octoploid contact zone. AoB 
Plants 1–18. https://doi.org/10.1093/aobpla/ply012.

Castro, M., Loureiro, J., Serrano, M., Husband, B., Catarina, S., Castro, S., 2019. Mosaic 
distribution of cytotypes in a mixed-ploidy plant species, Jasione montana: nested 
environmental niches but low geographical overlap. Bot. J. Linn. Soc. 190, 51–66. 
https://doi.org/10.1093/botlinnean/boz007.

Ceballos, G., Ortega-Baes, P., 2011. La sexta extinción: la perdida de especies y 
poblaciones en el Neotropico. In: Simonetti, J., Dirzo, R. (Eds.), Conservacion 
biológica: perspectivas de Latinoamerica Chile. Editorial Universitaria, pp. 95-108.

Chapman, A.D., Wieczorek, J.R., 2020. Georeferencing Best Practices. GBIF Secretariat, 
Copenhagen. https://doi.org/10.15468/doc-gg7h-s853 .

Currie, D., 1991. Energy and large-scale patterns of animal- and plant-species richness. 
Am. Nat. 137, 27–49. https://doi.org/10.1086/285144.

Cusack, B.P., Wolfe, K.H., 2007. When gene marriages don’t work out: divorce by 
subfunctionalization. Trends Genet 23, 270–272. https://doi.org/10.1016/j. 
tig.2007.03.010.

Dawson, T.P., Jackson, S.T., House, J.I., Prentice, I.C., Mace, G.M., 2011. Beyond 
predictions: biodiversity conservation in a changing climate. Science 332 (6025), 
53–58. https://doi.org/10.1126/science.1200303.

Dematteis, M., 1997. Números cromosómicos y cariotipos de algunas especies de 
Vernonia (Asteraceae). Bol. Soc. Argent. Bot. 33, 85–90.

Dematteis, M., 1998. Karyotype analysis in some Vernonia species (Asteraceae) from 
South America. Caryologia 51, 279–288. https://doi.org/10.1080/ 
00087114.1998.10797419.

Dematteis, M., 2002. Cytotaxonomic analysis of South American species of Vernonia 
(Vernonieae: Asteraceae). Bot. J. Linn. Soc. 139, 401–408.

Dematteis, M., 2004. Taxonomía del complejo Vernonia rubricaulis (Vernonieae 
Asteraceae). Bonplandia 13, 5–13 https://www.jstor.org/stable/41941255 .

Dematteis, M., Fernóandez, A., 2000. Chromosome studies on nine South American 
species of Vernonia (Vernonieae, Asteraceae). Caryologia 53, 55–61. https://doi.org/ 
10.1080/00087114.2000.10589181.

Dematteis, M., Molero, J., Angulo, M.B., Rovira, A., 2007. Chromosome studies on some 
Asteraceae from South America. Bot. J. Linn. Soc. 153, 221–230. https://doi.org/ 
10.1111/j.1095-8339.2006.00602.x.

Doyle, J.J., Flagel, L.E., Paterson, A.H., Rapp, R.A., Soltis, D.E., Soltis, P.S., Wendel, J.F., 
2008. Evolutionary genetics of genome merger and doubling in plants. Annu. Rev. 
Genet. 42, 443–461. https://doi.org/10.1146/annurev.genet.42.110807.091524.

Dyer, A.F., 1963. The use of lacto-propionic orcein in rapid squash methods for 
chromosome preparations. Stain Technol. 38, 85–90. https://doi.org/10.3109/ 
10520296309061169.

11

https://doi.org/10.1016/j.ppees.2023.125719
https://doi.org/10.1046/j.1365-294X.2003.01731.x
https://doi.org/10.1046/j.1365-294X.2003.01731.x
https://doi.org/10.1093/botlinnean/boaa060
https://doi.org/10.1080/11263500802633204
https://doi.org/10.1080/11263500802633204
https://doi.org/10.1080/00087114.2004.10589672
https://doi.org/10.1080/00087114.2004.10589672
https://doi.org/10.1080/00173130903435192
https://doi.org/10.1007/s00606-011-0542-z
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref7
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref7
https://doi.org/10.1111/njb.00639
https://doi.org/10.11646/phytotaxa.265.3.7
https://doi.org/10.1590/0001-3765202120190796
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref11
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref11
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref11
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref11
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref12
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref12
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref12
https://doi.org/10.1105/tpc.021410
https://doi.org/10.1105/tpc.021410
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref14
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref14
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref14
https://doi.org/10.1111/j.1095-8312.2004.00337.x
https://doi.org/10.1111/j.1095-8312.2004.00337.x
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1111/j.1466-8238.2011.00698.x
https://doi.org/10.1098/rspb.2010.0179
https://doi.org/10.1098/rspb.2010.0179
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref18
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref18
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref18
https://doi.org/10.1641/0006-3568(2002)052%255b0225:BPACIT%255d2.0.CO;2
https://doi.org/10.1093/aobpla/ply012
https://doi.org/10.1093/botlinnean/boz007
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref22
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref22
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref22
https://doi.org/10.15468/doc-gg7h-s853
https://doi.org/10.1086/285144
https://doi.org/10.1016/j.tig.2007.03.010
https://doi.org/10.1016/j.tig.2007.03.010
https://doi.org/10.1126/science.1200303
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref27
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref27
https://doi.org/10.1080/00087114.1998.10797419
https://doi.org/10.1080/00087114.1998.10797419
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref29
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref29
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref30
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref30
https://doi.org/10.1080/00087114.2000.10589181
https://doi.org/10.1080/00087114.2000.10589181
https://doi.org/10.1111/j.1095-8339.2006.00602.x
https://doi.org/10.1111/j.1095-8339.2006.00602.x
https://doi.org/10.1146/annurev.genet.42.110807.091524
https://doi.org/10.3109/10520296309061169
https://doi.org/10.3109/10520296309061169


M.B. Angulo et al. P e rsp ec tive s in Pla n t E co lo gy , E v o lu tio n a n d S ys t em atic s 58 (2023) 125719

Echternacht, L., Yrovo, M., Oliveira, C.T., Pirani, J.R., 2011. Areas of endemism in the 
Espinhaco Range in Minas Gerais. Braz. Flora 206, 782–791. https://doi.org/ 
10.1016/j.flora.2011.04.003.

Elith, J., Graham, C.H., Anderson, R.P., Dudik, M., Ferrier, S., Guisan, A., Hijmans, R.J., 
Huettmann, F., Leathwick, J.R., Lehmann, A., Li, J., Lohmann, L.G., Loiselle, B.A., 
Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y., Overton, J.M., Peterson, A.T., 
Phillips, S.J., Richardson, K., Scachetti-Pereira, R., Schapire, R.E., Soberon, J., 
Williams, S., Wisz, M.S., Zimmermann, N.E., 2006. Novel methods improve 
prediction of species’ distributions from occurrence data. Ecography 29, 129–151. 
https://doi.org/10.1111/j.2006.0906-7590.04596.x.

Fawcett, J.A., de Peer, Van, Maere, S, Y., 2013. Significance and biological consequences 
of polyploidization in land plants. In: Leitch, I.J., Greilhuber, J., Dolezel, J., 
Wendel, J.F. (Eds.), Plant genome diversity, vol 2, Physical structure, behaviour and 
evolution of plant genomes. Springer-Verlag, Wien, pp. 277–293.

Fielding, A.H., Bell, J.F., 1997. A review of methods for the assessment of prediction 
errors in conservation presence/absence models. Environ. Conserv. 24, 38–49. 
https://doi.org/10.1017/S0376892997000088.

Flatscher, R., García, P.E., Hülber, K., Sonnleitner, M., Winkler, M., Saukel, J., 
Schneeweiss, G.M., Schonswetter, P., 2015. Underestimated diversity in one of the 
world’s best studied mountain ranges: the polyploid complex of Senecio carniolicus 
(Asteraceae) contains four species in the European Alps. Phytotaxa 213, 1–21. 
https://doi.org/10.11646/phytotaxa.213.1.1 .

Galiano, N.G., Hunziker, J.H., 1987. Estudios cariológicos en Compositae. IV. Vernonieae 
y Eupatorieae. Darwiniana 28, 1–8.

Glennon, K.L., Rissler, L.J., Church, S.A., 2012. Ecogeographic isolation: a reproductive 
barrier between species and between cytotypes in Houstonia (Rubiaceae). Evol. Ecol. 
26, 909–926. https://doi.org/10.1007/s10682-011-9539-x.

Glennon, K.L., Ritchie, M.E., Segraves, K.A., 2014. Evidence for shared broadscale 
climatic niches of diploid and polyploid plants. Ecol. Lett. 17, 574–582. https://doi. 
org/10.1111/ele.12259.

Glor, R.E., Warren, D., 2011. Testing ecological explanations for biogeographic 
boundaries. Evolution 65, 673–683. https://doi.org/10.1111/j.1558- 
5646.2010.01177.x.

Godsoe, W., Larson, M.A., Glennon, K.L., Segraves, K.A., 2013. Polyploidization in 
Heuchera cylindrica (Saxifragaceae) did not result in a shift in climatic requirements. 
Am. J. Bot. 100, 496–508. https://doi.org/10.3732/ajb.1200275.

Guerra, M., 1988. Introducao a Citogenetica Geral. Río de Janeiro. Guanabara Koogan.
Gunn, B.F., Murphy, D.J., Walsh, N.G., Conran, J.G., Pires, J.C., Macfarlane, T.D., 

Birch, J.L., 2020. Evolution of Lomandroideae: multiple origins of polyploidy and 
biome occupancy in Australia. Mol. Phylogen. Evol. 149, 106836 https://doi.org/ 
10.1016/j.ympev.2020.106836.

Hawkins, B.A., Field, R., Cornell, H.V., Currie, D.J., Guegan, J.F., Kaufman, D.M., Kerr, J. 
T., Mittelbach, G.G., Thierry, O., O’Brien, E.M., Porter, E.E., Turner, J.R.G., 2003. 
Energy, water and broad-scale geographic patterns of species richness. Ecology 84, 
3105–3117. https://doi.org/10.1890/03-8006.

Hawkins, B.A., Rodríguez, M.A., Weller, S.G., 2011. Global angiosperm family richness 
revisited: linking ecology and evolution to climate. J. Biogeogr. 38, 1253–1266. 
https://doi.org/10.1111/j.1365-2699.2011.02490.x.

Hengl, T., Mendes de Jesus, J., Heuvelink, G.B.M., Ruiperez Gonzalez, M., Kilibarda, M., 
Blagotic, A., Shangguan, W., Wright, M.N., Geng, X., Bauer-Marschallinger, B., 
Guevara, M.A., Vargas, R., MacMillan, R.A., Batjes, N.H., Leenaars, J.G.B., 
Ribeiro, E., Wheeler, I., Mantel, S., Kempen, B., 2017. SoilGrids250m: global gridded 
soil information based on machine learning. PLoS ONE 12, e0169748. https://doi. 
org/10.1371/journal.pone.0169748.

Hijmans, R.J., Gavrilenko, T., Stephenson, S., Bamberg, J., Salas, A., Spooner, D.M., 
2007. Geographical and environmental range expansion through polyploidy in wild 
potatoes (Solanum section Petota). Glob. Ecol. Biogeogr. 16, 485–495. https://doi. 
org/10.1111/j.1466-8238.2007.00308.x.

Holt, R.D., 1990. The microevolutionary consequences of climate change. Trends Ecol. 
Evol. 5 (9) https://doi.org/10.1016/0169-5347(90)90088-U.

Husband, B.C., Baldwin, S.J., Suda, J., 2013. The incidence of polyploidy in natural plant 
populations: major patterns and evolutionary processes. In: Leitch, I.J., 
Greilhuber, J., Dolezel, J., Wendel, J.F. (Eds.), Plant genome diversity vol. 2: 
physical structure, behaviour and evolution of plant genomes Vienna. Springer 
Verlag, pp. 255–276.

IPBES, 2019. Summary for policymakers of the assessment report of the 
Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES). 
Secretariat of the Intergovernmental Science policy Platform on Biodiversity and 
Ecosystem Services, Bonn, Germany.

Jezkova, T., Wiens, J.J., 2016. Rates of change in climatic niches in plant and animal 
populations are much slower than projected climate change. Proc. Biol. Sci. 283, 
20162104. https://doi.org/10.1098/rspb.2016.2104 .

Jones, S.B., 1977. Vernonieae systematic review. In: Heywood, V.H., Harborne, J.B., 
Turner, B.L. (Eds.), The biology and chemistry of the Compositae. London Academic 
Press., pp. 503–521

Jones, S.B., 1979. Chromosome numbers of Vernonieae (Compositae). Bull. Torre Bot. 
Club 106, 79–84. https://doi.org/10.2307/2484281.

Kantar, M.B., Sosa, C.C., Khoury, C.K., Castaneda-Alvarez, N.P., Achicanoy, H.A., 
Bernau, V., Kane, N.C., Marek, L., Seiler, G., Rieseberg, L.H., 2015. Ecogeography 
and utility to plant breeding of the crop wild relatives of sunflower (Helianthus 
annuus L.). Front. Plant Sci. 6, 841. https://doi.org/10.3389/fpls.2015.00841.

Karger, D.N., Conrad, O., Bohner, J., Kawohl, T., Kreft, H., Soria-Auza, R.W., 
Zimmermann, N.E., Linder, H.O., Kessler, M., 2017. Climatologies at high resolution 
for the earth’s land surface areas. Sci. Data 4, 170122.

Kass, J.M., Vilela, B., Aeillo-Lammens, M.E., Muscarella, R., Anderson R.P. 2018. 
Wallace: A modular platform for reproducible ecological modeling (Version 0.6.3) 
Methods Ecol. Evol., 9, 1151–1156. https://doi.org/10.1111/2041–210X.12945.

Kassambara, A., Mundt, F., 2020. Factoextra: Extract and Visualize the Results of 
Multivariate Data Analyses; R Package Version 1.0.7; 2020 (http://CRAN.R-project. 
org/package=factoextra).

Laport, R.G., Hatem, L., Minckley, R.L., Ramsey, J., 2013. Ecological niche modeling 
implicates climatic adaptation, competitive exclusion, and niche conservatism 
among Larrea tridentata cytotypes in North American deserts 1, 2. Bull. Torre Bot. 
Club 140, 349–363. https://doi.org/10.3159/TORREY-D-13-00009.1 .

Lazaroff, Y., Moreno, E.M.S., Fernandez, A., Solís Neffa, V.G., 2016. Analisis 
citogeografico en Turnera krapovickasii Arbo (Passifloraceae). Bol. Soc. Argent. Bot. 
51, 153–167.

Le, S., Josse, J., Husson, F., 2008. “FactoMineR: a package for multivariate analysis.
J. Stat. Softw. 25, 1–18. https://doi.org/10.18637/jss.v025.i01.

Losos, J.B., 2008. Phylogenetic niche conservatism, phylogenetic signal and the 
relationship between phylogenetic relatedness and ecological similarity among 
species. Ecol. Lett. 11, 995–1003. https://doi.org/10.1111/j.1461- 
0248.2008.01229.x.

Mairal, M., Surinova, M., Castro, S., Münzbergova, Z., 2018. Unmasking cryptic 
biodiversity in polyploids: origin and diversification of Aster amellus aggregate. Ann. 
Bot. 122, 1047–1059. https://doi.org/10.1093/aob/mcy149.

Manzaneda, A.J., Rey, P.J., Bastida, J.M., Weiss-Lehman, C., Raskin, E., Mitchell-Olds, T., 
2012. Environmental aridity is associated with cytotype segregation and polyploidy 
in Brachypodium distachyon (Poaceae). New Phytol. 193, 797–805. https://doi.org/ 
10.1111/j.1469-8137.2011.03988.x.

Marchant, B.D., Soltis, D.E., Soltis, P.S., 2016. Patterns of abiotic niche shifts in 
allopolyploids relative to their progenitors. N. Phytol. 212, 708–718. https://doi. 
org/10.1111/nph.14069.

Martin, S.L., Husband, B.C., 2009. Influence of phylogeny and ploidy on species ranges of 
North American angiosperms. J. Ecol. 97, 913–922. https://doi.org/10.1111/j.1365- 
2745.2009.01543.x.

McIntyre, P.J., 2012. Polyploidy associated with altered and broader ecological niches in 
the Claytonia perfoliata (Portulacaceae) species complex. Am. J. Bot. 99, 655–662. 
https://doi.org/10.3732/ajb.1100466.

Mohebalian, P.M., Lopez, L.N., Tischner, A.B., Aguilar, F.X., 2022. Deforestation in South 
America’s tri-national Parana Atlantic Forest: trends and associational factors. Pol. 
Econ. 137, 102697 https://doi.org/10.1016/j.forpol.2022.102697.

Montoya, D., Rodríguez, M.A., Zavala, M.A., Hawkins, B.A., 2007. Contemporary 
richness of holarctic trees and the historical pattern of glacial retreat. Ecography 30, 
173–182. https://doi.org/10.1111/j.0906-7590.2007.04873.x.

Morales, M., Giannoni, F., Inza, M.V., Soldati, M.C., Bessega, C.F., Poggio, L., Zelener, N., 
Renee, H., Fortunato, R.H., 2020. Genetic and morphological diversity and 
population structure of a polyploid complex of Mimosa (Leguminosae). Syst. 
Biodivers. 18, 237–254. https://doi.org/10.1080/14772000.2019.1696421 .

Mucina, L., 2018. Vegetation of Brazilian campos rupestres on siliceous substrates and 
their global analogues. Flora 238, 11–23 https://doi.org/1123.10.1016/j. 
flora.2017.06.007.

Myers, N., Mittermeier, R.A., Mitermeier, C.G., Fonseca, G.A., Kent, J., 2000. 
Biodiversity hotspots for conservation priorities. Nature 403, 853–858.

Nogler, G.A., 1984. Gametophytic apomixis. In: Johri, B.M. (Ed.), Embryology of 
angiosperms. Springer-Verlag, Berlin, pp. 475–518.

Oberprieler, C., Konowalik, K., Altpeter, S., Siegert, E., Presti, R.M.L., Greiner, R., 
Vogt, R., 2012. Filling of ecoclimatological niches in a polyploid complex–a case 
study in the plant genus Leucanthemum Mill. (Compositae, Anthemideae) from the 
Iberian Peninsula. Flora 207, 862–867. https://doi.org/10.1016/j. 
flora.2012.09.012.

Ohno, S., 1970. The enormous diversity in genome sizes of fish as a reflection of nature’s 
extensive experiments with gene duplication. Trans. Am. Fish. Soc. 99, 120–130. 
https://doi.org/10.1577/1548-8659(1970)99< 120:TEDIGS > 2.0.CO;2.

Oliveira, V.M., Forni-Martins, E.R., Semir, J., 2012. Chromosome numbers and 
karyotypes of species of Vernonia sect. Lepidaploa (Asteraceae: Vernonieae). Folia 
Geobot. 47, 93–103. https://doi.org/10.1007/s12224-011-9103-z.

Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V., 
Underwood, E.C., D’amico, J.A., Itoua, I., Strand, H.E., Morrison, J.C., Loucks, C.J., 
Allnutt, T.F., Ricketts, T.H., Kura, Y., Lamoreux, J.F., Wettengel, W.W., Hedao, P., 
Kassem, K.R., 2001. Terrestrial Ecoregions of the World: A New Map of Life on Earth: 
a new global map of terrestrial ecoregions provides an innovative tool for conserving 
biodiversity. BioScience 51, 933–938.

Osorio-Olvera, L., Vijay, B., Narayani, B., Soberon, J., Falconi, M. 2018. Ntbox: From 
getting biodiversity data to evaluating species distributions models in a friendly GUI 
environment. R package version 0.2.5.4. Recovered from https://github.com/ 
luismurao/ntbox.

Paule, J., Wagner, N.D., Weising, K., Zizka, G., 2017. Ecological range shift in the 
polyploid members of the South American genus Fosterella (Bromeliaceae). Ann. Bot. 
120, 233–243. https://doi.org/10.1093/aob/mcw245.

Pearson, R.G., Dawson, T.P., 2003. Predicting the impacts of climate change on the 
distribution of species: are bioclimate envelope models useful? Glob. Ecol. Biogeogr. 
12, 361–371. https://doi.org/10.1046/j.1365-294X.2003.01731.x .

Pegoraro, L., Baker, E.C., Aeschimann, D., Balant, M., Douzet, R., Garnatje, T., 
Guignard, M.S., Leitch, I.J., Leitch, A.R., Palazzesi, L., Theurillat, J.P., Hidalgo, O., 
Pellicer, J., 2020. The correlation of phylogenetics, elevation and ploidy on the 
incidence of apomixis in Asteraceae in the European Alps. Bot. J. Linn. Soc. 194, 
410–422. https://doi.org/10.1093/botlinnean/boaa058.

12

https://doi.org/10.1016/j.flora.2011.04.003
https://doi.org/10.1016/j.flora.2011.04.003
https://doi.org/10.1111/j.2006.0906-7590.04596.x
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref37
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref37
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref37
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref37
https://doi.org/10.1017/S0376892997000088
https://doi.org/10.11646/phytotaxa.213.1.1
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref40
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref40
https://doi.org/10.1007/s10682-011-9539-x
https://doi.org/10.1111/ele.12259
https://doi.org/10.1111/ele.12259
https://doi.org/10.1111/j.1558-5646.2010.01177.x
https://doi.org/10.1111/j.1558-5646.2010.01177.x
https://doi.org/10.3732/ajb.1200275
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref45
https://doi.org/10.1016/j.ympev.2020.106836
https://doi.org/10.1016/j.ympev.2020.106836
https://doi.org/10.1890/03-8006
https://doi.org/10.1111/j.1365-2699.2011.02490.x
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1111/j.1466-8238.2007.00308.x
https://doi.org/10.1111/j.1466-8238.2007.00308.x
https://doi.org/10.1016/0169-5347(90)90088-U
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref52
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref52
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref52
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref52
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref52
https://doi.org/10.1098/rspb.2016.2104
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref54
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref54
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref54
https://doi.org/10.2307/2484281
https://doi.org/10.3389/fpls.2015.00841
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref57
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref57
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref57
https://doi.org/10.1111/2041%25e2%2580%2593210X.12945
http://CRAN.R-project
https://doi.org/10.3159/TORREY-D-13-00009.1
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref59
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref59
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref59
https://doi.org/10.18637/jss.v025.i01
https://doi.org/10.1111/j.1461-0248.2008.01229.x
https://doi.org/10.1111/j.1461-0248.2008.01229.x
https://doi.org/10.1093/aob/mcy149
https://doi.org/10.1111/j.1469-8137.2011.03988.x
https://doi.org/10.1111/j.1469-8137.2011.03988.x
https://doi.org/10.1111/nph.14069
https://doi.org/10.1111/nph.14069
https://doi.org/10.1111/j.1365-2745.2009.01543.x
https://doi.org/10.1111/j.1365-2745.2009.01543.x
https://doi.org/10.3732/ajb.1100466
https://doi.org/10.1016/j.forpol.2022.102697
https://doi.org/10.1111/j.0906-7590.2007.04873.x
https://doi.org/10.1080/14772000.2019.1696421
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref70
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref70
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref70
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref71
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref71
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref72
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref72
https://doi.org/10.1016/j.flora.2012.09.012
https://doi.org/10.1016/j.flora.2012.09.012
https://doi.org/10.1577/1548-8659(1970)99%253c120:TEDIGS%253e2.0.CO;2
https://doi.org/10.1007/s12224-011-9103-z
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref76
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref76
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref76
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref76
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref76
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref76
https://github.com/
https://doi.org/10.1093/aob/mcw245
https://doi.org/10.1046/j.1365-294X.2003.01731.x
https://doi.org/10.1093/botlinnean/boaa058


M.B. Angulo et al. P e rsp ec tive s in Pla n t E co lo gy , E v o lu tio n a n d S ys t em atic s 58 (2023) 125719

Peterson, A.T., Soberón, J., Sanchez-Cordero, V., 1999. Conservatism of ecological niches 
in evolutionary time. Science 285, 1265–1267. https://doi.org/10.1126/ 
science.285.5431.1265.

Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modeling of 
species geographic distributions. Ecol. Modell. 190, 231–259. https://doi.org/ 
10.1016/j.ecolmodel.2005.03.026.

Pyron, R.A., Costa, G.C., Patten, M.A., Burbrink, F.T., 2015. Phylogenetic niche 
conservatism and the evolutionary basis of ecological speciation. Biol. Rev. 90, 
1248–1262 https://doi.org/110.1111/brv.1215.

R Core Team, 2020. R: A Language and Environment for Statistical Computing. R 
Foundation for Statistical Computing, Vienna, Austria. (https://www.R-project.org/ 
).

QGIS Development Team, 2018. QGIS Geographic Information System. Open Source 
Geospatial Foundation Project (http://qgis.osgeo.org)..

Ramsey, J., Schemske, D.W., 1998. Pathways, mechanisms, and rates of polyploid 
formation in flowering plants. Annu. Rev. Ecol. Syst. 29, 467–501. https://doi.org/ 
10.1146/annurev.ecolsys.29.1.467.

Robinson, H., 1999. Generic and subtribal classification of American Vernonieae. 
Smithsonian Contr. Bot. 89, 1–116. https://doi.org/10.5479/si.0081024X.89.

Rojas-Andres, B.M., Padilla-García, N., de Pedro, M., López-Gonzalez, N., Delgado, L., 
Albach, D., Castro, M., Castro, S., Loureiro, J., Martínez-Ortega, M.M., 2020. 
Environmental differences are correlated with the distribution pattern of cytotypes 
in Veronica subsection Pentasepalae at a broad scale. Ann. Bot. 125, 471–484 
https://doi.org/110.1093/aob/mcz182.

Schley, R.J., Twyford, A.D., Pennington, R.T., 2022. Hybridization: a ‘double-edged 
sword’for Neotropical plant diversity. Bot. J. Linn. Soc. 199, 331–356. https://doi. 
org/10.1093/botlinnean/boab070.

Schoener, T.W., 1968. The Anolis lizards of Bimini: resource partitioning in a complex 
fauna. Ecology 49, 704–726. https://doi.org/10.2307/1935534.

Schranz, M.E., Mohammadin, S., Edger, P.P., 2012. Ancient whole genome duplications, 
novelty and diversification: the WGD Radiation Lag-Time Model. Curr. Opin. Plant 
Biol. 15, 147–153.

Solís Neffa, V.G., Moreno, E.S., Silva, G.C., Kovalsky, I.E., Via Do Pico, G.M., Almirón, E. 
N., Roggero Luque, J.M., Fernandez, S.A., Paredes, E.N., Chalup, L.M.I., Robledo 
Dobaldez, G.A., Seijo, J.G., 2022. How important was polyploidy in the 
diversification of herbs in the Chaquean Domain? The case of the Turnera sidoides 
autopolyploid complex (Passifloraceae: Turneroideae). Bot. J. Linn. Soc. 199, 
286–311. https://doi.org/10.1093/botlinnean/boab085.

Soltis, D.E., Soltis, P.S., 1999. Polyploidy: recurrent formation and genome evolution. 
Trends Ecol. Evol. 14, 348–352.

Soltis, P.S., Soltis, D.E., 2012. Polyploidy and genome evolution. Springer, Berlin.
Soltis, P.S., Marchant, D.B., Van de Peer, Y., Soltis, D.E., 2015. Polyploidy and genome 

evolution in plants. Curr. Opin. Genet. Dev. 35, 119–125. https://doi.org/10.1016/j. 
gde.2015.11.003.

Stace, C.A., 1989. Plant taxonomy and biosystematics. Cambridge University Press, New 
York.

Stebbins, G.L., 1950. Variation and evolution in plants. Columbia University Press, New 
York.

Stuessy, T.F., Weiss-Schneeweiss, H., Keil, D.J., 2004. Diploid and polyploid cytotype 
distribution in Melampodium cinereum and M. leucanthum (Asteraceae, 
Heliantheae). Am. J. Bot. 91, 889–898. https://doi.org/10.3732/ajb.91.6.889.

Suarez-Mota, M.E., Villaseño, J.L., López-Mata, L., 2015. Ecological niche similarity 
between congeneric Mexican plant species. Plant Ecol. Evol. 148, 318–328. https:// 
doi.org/10.5091/plecevo.2015.1147.

Svenning, J.C., Skov, F., 2007. Could the tree diversity pattern in Europe be generated by 
postglacial dispersal limitation?, 866-866 Ecol. Lett. 10 (9). https://doi.org/ 
10.1111/j.1461-0248.2007.01038.x.

Te Beest, M., Le Roux, J.J., Richardson, D.M., Brysting, A.K., Suda, J., Kubesova, M., 
Pysek, P., 2012. The more the better? The role of polyploidy in facilitating plant 
invasions. Ann. Bot. 109, 19–45. https://doi.org/10.1093/aob/mcr277.

Tomasello, S., Oberprieler, C., 2017. Frozen ploidies: a phylogeographical analysis of the 
Leucanthemopsis alpina polyploid complex (Asteraceae, Anthemideae). Bot. J. Linn. 
Soc. 183, 211–235. https://doi.org/10.1093/botlinnean/bow009.

Turner, B.L., Bacon, J., Urbatsch, L., Simpson, B., 1979. Chromosome numbers in South 
American compositae. Am. J. Bot. 66, 173–178.

Van de Peer, Y., Mizrachi, E., Marchal, K., 2017. The evolutionary significance of 
polyploidy. Nat. Rev. Genet. 18, 411–424.

Via do Pico, G.M., Perez, Y.J., Angulo, M.B., Dematteis, M., 2019. Cytotaxonomy and 
geographic distribution of cytotypes of species of the South American genus 
Chrysolaena (Vernonieae, Asteraceae). J. Syst. Evol. 57, 451–467.

Visger, C.J., Germain-Aubrey, C.C., Patel, M., Sessa, E.B., Soltis, P.S., Soltis, D.E., 2016. 
Niche divergence between diploid and autotetraploid Tolmiea. Am. J. Bot. 103, 
1396–1406. https://doi.org/10.3732/ajb.1600130.

Visser, V., Molofsky, J., 2015. Ecological niche differentiation of polyploidization is not 
supported by environmental differences among species in a cosmopolitan grass 
genus. Am. J. Bot. 102, 36–49. https://doi.org/10.3732/ajb.1400432.

Wang, Q., Li, Y., Zou, D., Su, X., Cai, H., Luo, A., Jiang, K., Zhang, X., Xu, X., Shrestha, N., 
Wang, Z., 2021. Phylogenetic niche conservatism and variations in species 
diversity–climate relationships. Ecography 44, 1856–1868. https://doi.org/ 
10.1111/ecog.05759.

Warren, D.L., Glor, R.E., Turelli, M., 2008. Environmental niche equivalency versus 
conservatism: quantitative approaches to niche evolution. Evolution 62, 2868–2883. 
https://doi.org/10.1111/j.1558-5646.2008.00482.x.

Warren, D.L., Glor, R.E., Turelli, M., 2010. ENMTools: A toolbox for comparative studies 
of environmental niche models. Ecography 33, 607–611. https://doi.org/10.1111/ 
j.1600-0587.2009.06142.x.

Wiens, J.J., Graham, C.H., 2005. Niche conservatism: integrating evolution, ecology and 
conservation biology. Annu. Rev. Ecol. Evol. Syst. 19, 579–596. 〈https://www.jstor. 
org/stable/30033815〉.

Wiens, J.J., Ackerly, D.D., Allen, A.P., Anacker, B.L., Buckley, L.B., Cornell, H.V., 
Damschen, D.I., Davies, T.J., Grytnes, J.-A., Harrison, S.P., Hawkins, B.A., Holt, R.D., 
McCain, C.M., Stephens, P.R., 2010. Niche conservatism as an emerging principle in 
ecology and conservation biology. Ecol. Lett. 13, 1310–1324. https://doi.org/ 
10.1111/j.1461-0248.2010.01515.x.

Zanotti, C.A., Keller, H.A., Zuloaga, F.O., 2020. Biodiversidad de la flora vascular de la 
provincia de Misiones, Región Paranaense Argentina. Darwiniana 8, 42-291.

13

https://doi.org/10.1126/science.285.5431.1265
https://doi.org/10.1126/science.285.5431.1265
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref82
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref82
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref82
https://www.R-project.org/
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref83
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref83
https://doi.org/10.1146/annurev.ecolsys.29.1.467
https://doi.org/10.1146/annurev.ecolsys.29.1.467
https://doi.org/10.5479/si.0081024X.89
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref85
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref85
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref85
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref85
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref85
https://doi.org/10.1093/botlinnean/boab070
https://doi.org/10.1093/botlinnean/boab070
https://doi.org/10.2307/1935534
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref88
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref88
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref88
https://doi.org/10.1093/botlinnean/boab085
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref90
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref90
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref91
https://doi.org/10.1016/j.gde.2015.11.003
https://doi.org/10.1016/j.gde.2015.11.003
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref93
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref93
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref94
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref94
https://doi.org/10.3732/ajb.91.6.889
https://doi.org/10.5091/plecevo.2015.1147
https://doi.org/10.5091/plecevo.2015.1147
https://doi.org/10.1111/j.1461-0248.2007.01038.x
https://doi.org/10.1111/j.1461-0248.2007.01038.x
https://doi.org/10.1093/aob/mcr277
https://doi.org/10.1093/botlinnean/bow009
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref100
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref100
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref101
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref101
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref102
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref102
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref102
https://doi.org/10.3732/ajb.1600130
https://doi.org/10.3732/ajb.1400432
https://doi.org/10.1111/ecog.05759
https://doi.org/10.1111/ecog.05759
https://doi.org/10.1111/j.1558-5646.2008.00482.x
https://doi.org/10.1111/j.1600-0587.2009.06142.x
https://doi.org/10.1111/j.1600-0587.2009.06142.x
https://www.jstor.org/stable/30033815
https://www.jstor.org/stable/30033815
https://doi.org/10.1111/j.1461-0248.2010.01515.x
https://doi.org/10.1111/j.1461-0248.2010.01515.x
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref110
http://refhub.elsevier.com/S1433-8319(23)00003-3/sbref110

