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Abstract
Aim: The biotic assembly of one of the most species-rich savannas, the Brazilian 
Cerrado, has involved recruitment of lineages from several surrounding regions. 
However, we lack a clear understanding about the timing and pathways of biotic ex-
changes among these regions and about the role those interchanges had in the as-
sembly of Neotropical biodiversity. We investigated the timing and routes of species 
movements between wet or seasonally dry habitats across Neotropical regions and 
assessed the potential for ecological adaptation by evaluating the habitat transitions 
correlated with morphological shifts.
Location: Neotropics.
Taxon: The plant genus Anemopaegma (Bignonieae, Bignoniaceae).
Methods: We inferred a Bayesian molecular phylogeny of Anemopaegma using one 
nuclear and two chloroplast markers. We sampled more than 90% of the known spe-
cies diversity of Anemopaegma, covering its full geographical range. We estimated di-
vergence times using a Bayesian relaxed-clock approach and inferred ancestral ranges 
as well as shifts in habitat and morphological characters.
Results: Phylogenetic analyses recovered seven main clades within Anemopaegma. The 
genus likely originated in Amazonia in the late Oligocene. Early-diverging lineages diver-
sified in situ in Amazonia, particularly during the Miocene, with independent dispersal 
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1  |  INTRODUC TION

The unevenness of Neotropical plant distribution patterns is re-
markable (Antonelli & Sanmartín,  2011). As in other parts of the 
world, certain lineages are narrowly distributed and endemic to 
particular phytogeographic domains or biomes, while others are 
broadly distributed and shared among multiple regions (BFG, 2021; 
Gentry, 1982). These uneven patterns are determined by different 
factors such as life history traits, lineage evolution and ecology, as 
well as geological and climatic events that led to the formation of the 
regions where plant species occur (Hughes et al., 2013; Rull, 2011).

Recent studies have reported the importance of major geological 
and climatic events on the spatio-temporal evolution of Neotropical 
lineages, especially during the Palaeogene and Neogene (Antonelli 
et al.,  2018; Hoorn et al.,  2010). Among the most important geo-
logical and climatic events that have been associated with the di-
versification of species-rich lineages in the Neotropics are: (i) the 
formation of a dry corridor that separated the Amazonian and Atlantic 
forests since the Oligocene and eventually formed distinct, individ-
ual regions (i.e. Cerrado, Caatinga and Chaco) during the Neogene 
(Costa, 2003; Hoorn et al.,  2010; Sobral-Souza et al.,  2015); (ii) the 
Andean uplift, which started during the Palaeogene and intensified 
during the Oligocene, with the most intense peaks having occurred 
during the mid-late Miocene and early Pliocene (Garzione et al., 2008; 
Hoorn et al.,  2010). The Andean orogeny led to drastic changes in 
the climate, hydrology and biomes of northern South America, in-
cluding the formation of the Western Amazonian ‘mega wetlands’ 
(between 23 and 7 million years ago [Ma]; Bernal et al., 2019; Hoorn 
et al.,  2010); (iii) the Mid-Miocene Climatic Optimum (MMCO;  
17–15 Ma), an exceptionally warm period followed by global cooling 
associated with aridification and expansion of South American savan-
nas and grasslands (Antonelli et al., 2015; Arakaki et al., 2011; Azevedo 
et al., 2020; Zachos et al., 2001); and (iv) the closure of the Central 
American Seaway and Panama Isthmus (between 15 and 3.5  Ma; 
Montes et al., 2012, 2015), which led to massive biotic interchanges 
between South and North America (Bacon et al., 2015a, 2015b).

All of these geological and climatic events have been associated 
with the creation of new habitats and niches that hugely impacted 
biotic movements among Neotropical regions (Antonelli et al., 2018; 
Fine & Lohmann,  2018). Shifts between regions have been sug-
gested as a driver of plant evolution, in some cases leading to adap-
tation to new climates and/or habitats (Donoghue & Edwards, 2014). 
Neotropical habitats are highly heterogeneous, including several dif-
ferent forested habitats (e.g. tropical rain forests, seasonally dry top-
ical forests) and non-forested, open habitats (e.g. Cerrado, Caatinga) 
(Fiaschi et al.,  2016; Hughes et al.,  2013). While biotic exchanges 
among similar habitats are expected, the high frequency of inter-
change between forested and open habitats is more intriguing given 
the significant changes in morphology and ecophysiology required 
(e.g. Bacon et al., 2017; Cássia-Silva et al., 2019; Freitas et al., 2019; 
Zizka et al., 2020). Nevertheless, further studies are needed to ex-
plain why some lineages respond by moving and others by adapting 
(Donoghue & Edwards, 2014).

The Cerrado is the most species-rich savanna in the world 
(Sarmiento, 1983) and harbours a biota that seems to have diversi-
fied in the late Miocene/early Pliocene (Simon et al., 2009; Simon & 
Pennington, 2012). Community assembly in this region involved re-
cruitment of lineages from different surrounding habitats (Antonelli 
et al., 2018; Cássia-Silva et al., 2020; Simon et al., 2009). However, we 
still lack a clear understanding about the exact timing and routes of 
biotic exchanges among these regions (Fine & Lohmann, 2018) and a 
deep understanding of the role that those interchanges played for the 
assembly of Neotropical biodiversity. While a multi-taxon approach is 
certainly necessary to investigate broad patterns of biotic assembly, 
an accurate overall synthesis will only be achieved once detailed case 
studies focusing on well-sampled clades are available (Donoghue & 
Edwards, 2014; Fine & Lohmann, 2018; Hughes et al., 2013).

In this study, we use the plant genus Anemopaegma (Bignonieae, 
Bignoniaceae) to address the timing and routes of biotic exchanges 
within the Neotropics. Anemopaegma is a clade of lianas and 
shrubs that is broadly distributed across the Neotropics and com-
posed of 46 species with varied levels of endemism in different 
Neotropical habitats (Firetti-Leggieri et al., 2015; Lohmann, 2003; 
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events to the Andes, Atlantic Forest and Cerrado. Shifts from seasonally dry forest to 
savanna habitats were correlated with shifts from liana to shrub and the loss of tendrils.
Main Conclusions: The timing of diversification of major lineages within Anemopaegma 
is consistent with major geological and climatic events that occurred during the late 
Palaeogene and Neogene, such as the Andean uplift and the Middle Miocene Climatic 
Optimum. Movements across different regions within the Neotropics were relatively 
common but shifts between habitats were not. The correlation in the evolution of the 
shrubby habit, the loss of tendrils and the shifts from forest to savanna are consistent 
with a scenario of ecological adaptation.

K E Y W O R D S
biogeography, Brazilian flora, Cerrado, divergence times, Neotropical biota, phylogeny, plants, 
trait evolution
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Lohmann,  2006; Lohmann et al.,  2013; Lohmann & Taylor,  2014) 
(Figure  1, see Figure  S1.1 of Appendix  S1). Specifically, the genus 
includes 24 species that occur exclusively in wet forests, seven that 
are restricted to seasonal forests and seven that are endemic to sa-
vannas (Lohmann & Taylor, 2014). The genus further includes eight 
species that occur simultaneously in two different habitats, five of 
them occurring in wet and seasonal forests and three in seasonal 
forests and savannas. We expect that ancestral reconstructions will 
recover a higher number of lineage movements among ecologically 
similar Neotropical regions than among habitats, which would entail 
morphological shifts. Because shifts from wet forested habitats di-
rectly into savanna habitats require significant changes in morphol-
ogy and ecophysiology and considering that there are no species 
within the genus that occur simultaneously in wet forests and sa-
vannas, we expect ancestral character state reconstructions to re-
cover a pattern consistent with gradual shifts into savanna habitats, 
preceded by shifts into seasonally dry forested habitats. Our results 
expand our knowledge on the correlation of traits and the assembly 
of the Neotropical biota.

2  |  MATERIAL S AND METHODS

2.1  |  The study group

The genus Anemopaegma includes 46 species that occur in for-
ested habitats such as wet forests and seasonally dry topical for-
ests, as well as open habitats such as the Cerrado and the Caatinga 
(Firetti-Leggieri et al., 2015; Lohmann & Taylor, 2014). While spe-
cies of Anemopaegma share a similar flower morphology, species of 
this genus are diverse in terms of life-form (lianas and shrubs) and 
the presence or absence of tendrils. Specifically, the shrubby habit 
and lack of tendrils in some species are hypothesized to represent 
adaptations to open seasonally dry habitats (Lohmann, 2003) (see 
Figure S1.2 of Appendix S1).

Less than 10% of the Anemopaegma species diversity (5 of 46 
species) were sampled within a study that aimed at reconstructing 
phylogenetic relationships among members of the tribe Bignonieae 
(Lohmann, 2006). In addition, whole chloroplast genome sequences 
have been used to study relationships among three species of the 
genus belonging to the Anemopaegma arvense species complex 
(Firetti et al., 2017). However, detailed studies based on a compre-
hensive sampling of taxa are still lacking.

F I G U R E  1  Distribution of the Anemopaegma species sampled in 
this study based on a dataset of georeferenced records compiled 
during herbarium work: (a) Clades 1 (cross) and 2 (circle); (b) Clades 
3 (triangle) and 4 (star); (c) Clades 5 (square) and 6 (triangle); and 
(d) Clade 7 (circles). Clades according to Figure 2. A larger version 
of the maps and colour legends for each species can be found 
in Figure S1.1 of Appendix S1. Maps were generated using the 
software QGIS 3.10 (QGIS, 2019) and an EPSG:4326-WGS 84 
projection

(c)

(b)

(a)

(d)
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2.2  |  Taxon and molecular sampling

We sampled 42 species of Anemopaegma, representing about 90% 
of the diversity currently recognized (Firetti-Leggieri et al., 2015; 
Lohmann & Taylor, 2014). We also sampled members of the closely 
related Mansoa (8 of 12 species) and Pyrostegia (the two species 
recognized). Samples were collected during extensive fieldwork 
carried on by LGL, MFC and collaborators or taken from herbarium 
specimens. For the 52 taxa sampled, we generated new sequences 
of the ndhF chloroplast gene, the rpL32-trnL intergenic spacer 
and the PepC nuclear gene. A complete list of the species sam-
pled, specimen localities and vouchers is available in Table  S1.1 
of Appendix  S1. We also used previously published ndhF and 
PepC sequences available for members of the tribe Bignonieae 
and three other Bignoniaceae outgroups, matching the sampling 
used in Lohmann et al.  (2013), which is referred to here as the 
Bignonieae dataset. Genomic DNA was isolated from silica-dried 
tissue or herbarium material using a modified CTAB DNA extrac-
tion protocol (Doyle & Doyle,  1987), or the DNeasy Plant DNA 
Extraction Kit (QIAGEN). For PepC, two fragments with different 
lengths were often amplified; therefore, PCR products were sepa-
rated by agarose gel electrophoresis, the larger band excised and 
used in cloning procedures, after purification, following the pro-
cedures described by Lohmann (2006). Whenever possible, up to 
four colonies per species were sequenced to ensure that the mul-
tiple copies of PepC were evolving in concert. PCR amplification, 
cloning and sequencing followed Zuntini et al. (2013).

2.3  |  Alignment and phylogenetic analyses

Multiple sequence alignment for each region was carried out in 
Geneious 6.1.6 (Biomatters Ltd.), using the Muscle algorithm with 
default settings (Edgar,  2004). We verified and edited the align-
ment manually in Geneious. Furthermore, jModelTest 0.1.1 (Darriba 
et al., 2012; Guindon & Gascuel, 2003) was used to select the best 
substitution model of DNA evolution for each data partition under 
the Akaike information criterion. The best-fitting model of DNA sub-
stitution for ndhF and rpL32-trnL was TVM + G + I, and for PepC was 
GTR + G.

Bayesian phylogenetic analyses were performed in MrBayes 
3.2 (Ronquist et al.,  2012), on the Cipres Science Gateway (Miller 
et al., 2010), using Metropolis-coupled Markov chain Monte Carlo 
(MC3). We ran two independent analyses, with four chains each 
(one cold and three heated), starting from random trees for 10 × 107 
generations, sampling every 1000 generations. The convergence, 
the effective sample size and posterior distributions were examined 
in Tracer 1.6 (Rambaut et al.,  2013), and by examining the poten-
tial scale reduction factor, with values approaching 1 as runs con-
verged in MrBayes. To summarize the posterior probability of trees, 
we discarded 25% of the samples as burn-in and calculated a 50% 
majority rule consensus tree. Since preliminary analyses using the 
three markers separately and combined did not indicate significant 

differences between topologies (see Appendix S2), the chloroplast 
and nuclear datasets were concatenated in a data matrix that was 
used in the final phylogenetic inference.

2.4  |  Calibration and divergence time estimation

We used fossil calibrations and a relaxed molecular clock ap-
proach to estimate the phylogeny and divergence times using Beast 
1.7.5 (Drummond et al.,  2012; Drummond & Rambaut,  2007). We 
used the Bignonieae dataset and the same fossils from Lohmann 
et al.  (2013) as calibration points plus the newly generated data 
for Anemopaegma, Pyrostegia and Mansoa. The molecular dataset 
was partitioned by region, each analysed with its own evolutionary 
model as in the MrBayes analysis described above. To verify the ef-
fects of missing data and taxa, we performed analyses under differ-
ent approaches and datasets to test for consistency among inferred 
ages (Appendix  S3). The analyses were run using an uncorrelated 
lognormal relaxed molecular clock model and a birth–death prior on 
the distribution of branching times (Gernhard, 2008). The Markov 
chains Monte Carlo were run for 50 million generations, sampling 
every 1000th generation. After verifying that the effective sam-
ple sizes for all parameters had exceeded 200, and that chains had 
reached stationarity in Tracer, we used TreeAnnotator 1.7.5 to re-
move 10% of the trees as burn-in and to estimate mean node height 
and the 95% highest posterior density (HPD). All analyses were car-
ried out in Cipres.

2.5  |  Biogeographic analyses

We used a georeferenced dataset that includes 2985 records 
of Anemopaegma, Mansoa and Pyrostegia compiled by LGL from 
herbarium records; for a detailed description of the dataset 
see Narváez-Gomez et al.  (2021). This dataset follows the ge-
neric delimitation and species circumscription of Lohmann and 
Taylor (2014).

We uploaded all georeferenced species localities into the QGIS 
software (http://www.qgis.org/) to plot the distribution of each 
species (Figure  1). With these distribution maps, information on 
topographic relief, Neotropical habitats and literature on bioregion-
alization (e.g. Cabrera & Willink, 1973; Morrone, 2014), we delimited 
10 areas that best represented our study taxa (Figure 2), namely: (A) 
Atlantic Forest, (B) Interior Atlantic Forest, (C) Cerrado, (D) Caatinga, 
(E) Chaco, (F) Amazonia, (G) Andes, (H) Chocó, (I) Northern North-
West Amazonia and (J) Mexico plus Central America. We used 
SpeciesGeoCoder (Töpel et al., 2017) to bin species occurrences into 
these 10 areas.

Ancestral ranges were inferred using the dispersal–extinction–
cladogenesis model (DEC; Ree et al., 2005) implemented in the soft-
ware Lagrange (C++ version; Ree & Smith, 2008). Differently from 
other models, DEC allows speciation via the biologically relevant 
mechanisms of widespread vicariance and subset sympatry to be 
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F I G U R E  2  Trimmed Bayesian dated maximum clade credibility tree for Anemopaegma based on an uncorrelated lognormal relaxed clock 
with ancestral state estimates reconstructed using dispersal–extinction–cladogenesis model in Lagrange. Map shows the biogeographical 
regions used in this study. Coloured squares to the right of the tree indicate the geographical range of each extant species and those at 
the bottom of the tree indicate combined ranges. Pie charts represent the relative probabilities of ancestral ranges. Branches are labelled 
with posterior probability for the most likely ancestral state. Arrows indicate shifts between areas. Ancestral area probabilities <0.1 were 
combined (black sections of the pie charts). Circled numbers on branches indicate main clades discussed in the text
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incorporated into the analyses. Tips of the tree were coded as the 
current distribution areas of each species. Except for Pyrostegia ve-
nusta, which is broadly distributed in all 10 areas, the Anemopaegma 
species sampled do not occur in more than six areas. To reduce the 
size of the instantaneous transition rate matrix and reflect the maxi-
mum number of areas occupied by the extant Anemopaegma species, 
we therefore set the maximum number of ancestral areas to six. We 
used the maximum clade credibility (MCC) tree generated in BEAST 
with the complete dataset (Bignonieae dataset plus the three newly 
sequenced markers), maintaining only species of Anemopaegma, 
Mansoa and Pyrostegia (see Appendix S3). The other Bignonieae gen-
era were trimmed using BayesRate 1.5 (Silvestro et al., 2011; Silvestro 
& Schnitzler, 2011).

2.6  |  Habitat and morphological character  
evolution

Although biomes and other large-scale biotic assemblages (such as 
bioregions; Antonelli, 2017; Vilhena & Antonelli, 2015) are useful for 
investigating geographic range evolution, they mask fine-scale habi-
tat heterogeneity that can drive the occurrence and local adaptation 
of plant species. We therefore also estimated the ancestral habitats 
of Anemopaegma and inferred the evolution of two morphological 
characters that were hypothesized to be associated with habitat 
shifts (Lohmann, 2003), that is, life-form and tendrils. Based on in-
formation provided on herbarium labels, personal field observations 
and literature (Lohmann & Taylor, 2014; Pool, 2008), we categorized 
the habitats in which the species of Anemopaegma, Mansoa and 
Pyrostegia occur as: (0) wet forests, which are tall evergreen forests 
with a closed canopy and multiple strata. These forests include tropi-
cal rain forests and forests with lower rainfall, although soil moisture 
is constant via edaphic factors such as proximity to rivers (e.g. gal-
lery forests) or water cycling (Dexter et al., 2018; Guan et al., 2015), 
(1) seasonally dry forests that include annually recurring drought 
stress, with many plants shedding their leaves during the dry sea-
son (Murphy & Lugo, 1986; Reich & Borchert, 1984) and (2) savan-
nas, which are open habitats, with a tree component that does not 
form a closed canopy. Differently from seasonally dry forests, the 
savannas are covered by a significant grass component and its spe-
cies are exposed to regular fires, which are key for the maintenance 
of its biodiversity (Abreu et al., 2017; Dexter et al., 2018; Durigan & 
Ratter, 2016; Parr et al., 2014; Simon & Pennington, 2012). Within 
Anemopaegma, species are generally restricted to a single habitat, 
although some species may be found in up to two different habitats 
as defined here. In these cases, we considered all applicable states 
when coding habitat types. We also categorized species according 
to two selected morphological characters: (i) life-form, with species 
being liana or shrub, and (ii) the presence or absence of tendrils.

We used BayesRate to extract a random set of 1000 trees from 
the post burn-in trees produced in the divergence time estimation 
with the complete dataset (see section Calibration and divergence 
time estimation and Appendix  S3), and then trimmed all trees to 

include only species of Anemopaegma, Mansoa and Pyrostegia. As 
input for the ancestral habitat, life-form and tendril reconstructions, 
we used this set of 1000 trees and the trimmed MCC tree (the same 
used in the ancestral range reconstruction).

We performed ancestral state reconstructions using the 
‘corHMM’ R package 1.22 (http://cran.r-proje​ct.org/web/packa​
ges/corHM​M/; Beaulieu et al., 2013). We tested two models of trait 
evolution involving a different number of transition rates between 
character states. Specifically, we tested an equal-rates model (ER) 
and an all-rate-different matrix (ARD), in which each transition rate 
is optimized as an independent parameter. To select the best-fitting 
model, we calculated AICc using the distribution of trees and chose 
the model with the lowest average AICc. Based on the best model, 
we then calculated the mean, minimum and maximum probabilities 
of ancestral states for selected clades.

We used Pagel's  (1994) method to test whether habitat and 
morphological traits are correlated. We conducted these analyses 
using the Discrete module implemented in BayesTraits 3.0.2 (Pagel & 
Meade, 2019) under a Bayesian (MCMC) approach. Marginal log like-
lihoods were estimated for each run using stepping-stone sampling 
(Xie et al., 2011), with 100 steps, each run for 1000 iterations. We 
averaged the marginal log likelihoods across 10 independent runs 
and then calculated the log Bayes factor to compare the averages 
of marginal likelihoods between a complex (dependent) and a simple 
(independent) model. We considered the standard thresholds of 2 
log BF higher than 6 as strong statistical support for the best model 
and higher than 10 as very strong statistical support for the best 
model (Kass & Raftery, 1995).

For the character reconstruction analysis, we categorized the 
habitat in three states: (i) wet forest, (ii) seasonally dry forest and 
(iii) savanna. The Discrete module only takes binary states, how-
ever. For this reason, for the correlation analyses, habitat states 
were regrouped in two different ways: (a) forest (including wet and 
seasonally dry forest states) and savanna; (b) wet habitat and sea-
sonal habitat (including seasonally dry forest and savanna states). 
We analysed the following pairs of characters: (1) habitat (forest/
savanna) and life-form (liana/shrub), (2) habitat (forest/savanna) and 
tendrils (presence/absence), (3) habitat (wet/seasonally dry) and life-
form (liana/shrub), (4) habitat (wet/seasonally dry) and tendrils (pres-
ence/absence) and (5) life-form (liana/shrub) and tendrils (presence/
absence).

3  |  RESULTS

3.1  |  Phylogenetic analyses

In total, new sequences from 40 taxa were newly generated for this 
study for the ndhF marker, 49 taxa for rpL32-trnL and 29 taxa for 
PepC (Table S1.1 of Appendix S1). The complete dataset included 42 
species of Anemopaegma, eight species of Mansoa and two species 
of Pyrostegia, corresponding to 91%, 67% and 100% of the total spe-
cies diversity of each genus respectively. The ndhF aligned dataset 

 13652699, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbi.14368 by U

frgs - U
niversidade Federal D

o R
io G

rande D
o Sul, W

iley O
nline L

ibrary on [24/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



1092  |    CALIÓ et al.

included 2104 nucleotides (nt), the rpL32-trnL included 1117 nt and 
the PepC included 633 nt.

The Bayesian analysis with the three datasets concatenated 
inferred in MrBayes produced a well-resolved and strongly sup-
ported majority rule consensus tree (Figure S2.5 of Appendix S2). 
Anemopaegma, Mansoa and Pyrostegia form a strongly supported 
clade (posterior probability [pp]  =  1.0). Mansoa is monophy-
letic (pp = 1.0) and sister to a clade that includes Pyrostegia and 
Anemopaegma (pp = 1.0). The two species of Pyrostegia were re-
covered as a clade (pp = 1.0) that is sister to a small clade, com-
posed of three species of Anemopaegma (pp  =  1.0), specifically  
A. chrysanthum, A. grandifolium and A. puberulum (Clade 1). The 
clade composed of Pyrostegia and three Anemopaegma species 
(pp  =  0.99) is sister to the core Anemopaegma clade (pp  =  1.0). 
The remaining Anemopaegma species, in turn, are divided into 
six strongly supported clades (all with pp = 1.0), referred here as 
Clades 2 to 7. The relationships among and within clades are gen-
erally strongly supported, except for four subclades within Clades 
5, 6 and 7 that were poorly supported (Figure  2, Figure  S2.5 of 
Appendix S2).

3.2  |  Calibration and divergence time estimation

There was no well-supported incongruence between the results 
of the analyses using different datasets performed to test for con-
sistency among inferred ages or for the effects of missing data and 
taxa (see Appendix  S3). Comparisons between resulting ages for 
nodes of interest from the two approaches tested are summarized in 
Table S3.1 of Appendix S3. A trimmed MCC chronogram only includ-
ing species from the three focal genera, based on the Bignonieae 
dataset (Lohmann et al., 2013) plus the dataset generated here, is 
shown in Figure S3.3 of Appendix S3.

The Beast analyses yielded a topology that is similar to that de-
rived from the MrBayes analyses, differing on the most recent com-
mon ancestor (MRCA) of both Anemopaegma and Pyrostegia due 
to the constraint forcing to render Anemopaegma monophyletic 
(Figure  2, Appendix  S3). The MRCA of the Mansoa + Pyrostegia + 
Anemopaegma clade dates to the Early Oligocene, about 31 Ma (95% 
HPD: 36.9–26.1  Ma). The estimated crown node ages for Mansoa 
and Anemopaegma are about 28 Ma (95% HPD: 34.1–23.2 Ma) and 
27 Ma (95% HPD: 32.9–22.7 Ma), respectively, suggesting that these 
groups likely originated towards the end of the Early Oligocene.  
A late Miocene origin was inferred for the crown node of Pyrostegia 
(11 Ma, 95% HPD: 16.5–5.9 Ma) (Figure 2, see also Figure S3.3 in 
Appendix S3).

3.3  |  Biogeographic analyses

Ancestral ranges estimated under the DEC model using Lagrange 
are depicted in Figure 2. The most likely areas and values of rela-
tive posterior probabilities (p) of the region for selected nodes are 

represented in Table  S3.1 of Appendix  S3. The most likely ances-
tral range for the MRCA of the Mansoa + Pyrostegia + Anemopaeg
ma clade is Amazonia (p  =  0.42). Amazonia was also recovered as 
the most likely area for the MRCA of Pyrostegia (p = 1) and Mansoa 
(p = 0.18, but p = 0.15 for Atlantic Forest). Nevertheless, the recon-
structions close to the root were largely uncertain.

Biogeographic reconstructions within Anemopaegma were all 
well-supported. Amazonia was reconstructed as the most likely 
ancestral range for the MRCA of Anemopaegma (p = 1) during the 
Oligocene. Our results indicate that Anemopaegma most likely di-
verged in situ in Amazonia during the late Oligocene–Miocene, 
where its main lineages were formed. The first split in the genus 
gave rise to Clade 1, although diversification within this clade did 
not start until the middle Miocene (ca. 13 Ma), with a dispersal event 
from Amazonia to the Andes, which is the most likely ancestral range 
for the MRCA of Clade 1 (p = 0.63). Amazonia was inferred as the 
most likely ancestral area for the MRCA of most of the main clades, 
including Clades 2, 3, 4 and 6 (p between 0.60 and 1). Subsequent 
dispersal events occurred within these clades from Amazonia to 
other regions: within Clade 2 to the Interior Atlantic Forest (ca. 
7 Ma), and within Clade 3 to the Interior Atlantic Forest, Cerrado 
and Chaco (ca. 6 Ma). Dispersal from Amazonia to the Cerrado oc-
curred within Clades 5 and 7 (between 14 and 9 Ma). Within Clade 
7, independent dispersal events occurred from the Cerrado to the 
Atlantic Forest (between 6 and 2 Ma). Further dispersal events, es-
pecially from Amazonia, the Andes and the Cerrado, also took place 
with the colonization of the other biogeographical areas (i.e. Atlantic 
Forest, Caatinga, Chaco, Chocó, Northern North-West Amazonia 
and Mexico plus Central America), leading to their current distribu-
tion patterns (Figure 2).

3.4  |  Habitat and morphological character  
evolution

A comparison of the AIC scores calculated over the distribution of 
trees indicated that the ARD model better fit the character state dis-
tribution of the ancestral habitat and life-form reconstructions, while 
an ER model was a better fit for tendril reconstructions (Figure S4.1 
of Appendix  S4). Ancestral state reconstructions are depicted in 
Figure 3. The mean, minimum and maximum probabilities of each state 
inferred across the distribution of trees for selected clades are sum-
marized in Table S4.1 of Appendix S4. Only nodes with high support 
in the Bayesian dating analysis conducted in BEAST are described and 
discussed. Our discussion therefore excludes the poorly supported 
relationships at the base of Clade 7. Instead, we evaluate and discuss 
shifts in habitats and life-forms for the strongly supported subclades.

Ancestral reconstructions of habitat type recovered equal mean 
probabilities (p) around 0.33 for all three states for the MRCA of the 
Anemopaegma + Pyrostegia + Mansoa clade (Figure  3a). Wet forests 
were reconstructed as the most likely character state for each genus 
individually, that is, Mansoa (p  =  0.45), Pyrostegia (p  =  0.80) and 
Anemopaegma (p = 0.47). Within Anemopaegma, two radiations from 
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wet to seasonally dry forest were identified: one within Clade 3, re-
sulting in the diversification of A. brevipes and A. flavum (p = 0.97), 
and another for the MRCA of clades 5, 6 and 7 (p  =  0.40). Shifts 
from seasonally dry forest back to wet forest were inferred for the 
MRCA of A. parkeri and A. foetidum (p = 0.63), for the MRCA of Clade 
6 (p = 0.59) and for the MRCA of A. floridum, A. prostratum and A. 
nebulosum (p = 0.48). Three shifts from seasonally dry forests to sa-
vannas were inferred for the MRCA of a subclade within Clade 5 (i.e. 
A. leave, A. glaucum, A. acutifolium and A. arvense; p = 0.53), within 
Clade 7 for the MRCA of A. mirabile and A. album (0.65) and for the 
MRCA of A. longipetiolatum, A. pabstii, A. goyazense and A. scabrius-
culum (p = 0.75; Figure 3a).

Ancestral reconstructions of life-form recovered liana as the 
most likely character state for the MRCA of each of the three gen-
era individually, that is, Mansoa (p = 0.66), Pyrostegia (p = 0.93) and 
Anemopaegma (p  =  0.67). Four shifts to shrubs were observed in 
Clade 5 within the subclade containing A. glaucum, A. acutifolium 
and A. arvense (p = 1) and in three subclades within Clade 7: (i) A. 
album + A. mirabile (p = 0.69), (ii) A. gracile + A. velutinum (p = 0.60) 
and (iv) A. longipetiolatum + A. pabstii + A. goyazense + A. scabriuscu-
lum (p = 0.55; Figure 3b).

The presence of tendrils was recovered as the most likely char-
acter state for the MRCA of each of the three genera individually, 
as well as for most of the nodes within the whole clade (p = 1). The 
absence of tendrils was recovered as the most likely state for the 
MRCA of the subclades containing A. glaucum, A. acutifolium and A. 
arvense (within Clade 5; p = 1), A. album plus A. mirabile (p = 0.59) 

and A. goyazense plus A. scabriusculum (p  =  0.96; within Clade 7; 
Figure 3c).

For the correlation analysis between habitat (forest/savanna) 
and life-form (shrub/liana), the log Bayes factor comparing the com-
plex (dependent) and the simple (independent) model was 21.26, 
indicating that shifts in habitat and life-form are strongly correlated. 
For the correlation analysis between habitat (forest/savanna) and 
tendrils, the log Bayes factor was 16.18. For the correlation analysis 
between habitat (wet/seasonally dry) and life-form, the log Bayes 
factor was 8.56. For the correlation analysis between habitat (wet/
seasonally dry) and tendrils, the log Bayes factor was 6.43. For 
correlation analysis between life-form and tendrils, the log Bayes 
factor was 26.86. The detailed results of the analyses are listed in 
Table S4.2 of Appendix S4.

4  |  DISCUSSION

Many studies have searched for explanations to current plant 
distribution patterns in the Neotropics by focusing on shifts be-
tween broadly defined regions (e.g. Antonelli et al.,  2018; Fine 
& Lohmann,  2018). Other studies have focused on finer-scale 
dynamics, examining the frequency of interchange between for-
ested and open habitats and the associated changes in morphol-
ogy, anatomy and ecophysiology (Cássia-Silva et al., 2019; Kreft 
& Jetz, 2007; Liesenfeld et al., 2019; Simon & Pennington, 2012). 
In this study, we bridged the gap between these two approaches 

F I G U R E  3  Ancestral character state reconstructions for Anemopaegma on the trimmed maximum credibility tree, reconstructed using 
‘corHMM’ R package. Current states are shown at the tips of the trees. The inferred ancestral character states are shown for each node. 
Character states are indicated in the legend. Arrows indicate likely shifts between states (there is some uncertainty around their exact 
placement, as highlighted by the relative probabilities of the ancestral states shown in the pie charts at the nodes of the tree). (a) habitat; (b) 
life-form; and (c) tendrils. Circled numbers on branches indicate main clades discussed in the text
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by reconstructing the phylogenetic relationships within 
Anemopaegma and inferring temporal, spatial and morpho-
logical patterns of evolution in this broadly distributed clade of 
Neotropical lianas and shrubs.

4.1  |  Spatio-temporal evolution of Anemopaegma

Our ancestral range reconstructions suggest that Anemopaegma 
originated in Amazonia during the late Oligocene at ca. 32–22 Ma 
(Figure  2), a period of intensive global climatic cooling (Zachos 
et al.,  2001). Between 65 and 33  Ma, the area known today as 
Amazonia was once part of a much larger ‘pan-Amazonian’ region, 
which once extended over most of northern South America (Hoorn 
et al., 2010). During this time, the breakup of the Pacific plate caused 
the uplift of the Andes (Garzione et al., 2008). This change in geogra-
phy later led to intensive changes in the Amazonian landscape, trig-
gering biotic diversification (Bernal et al., 2019; Hoorn et al., 2010; 
Jaramillo, Romero, et al., 2017; Wesselingh et al., 2010). Mountain 
building in the northern Andes intensified between 23 and 10 Ma 
(Hoorn et al.,  2010). However, the most intense peaks of Andean 
orogeny followed during the late–middle Miocene (ca. 12 Ma) and 
early Pliocene (ca. 4 Ma; Hoorn et al., 2010), which is consistent with 
the diversification of the Andean Clade 1 (A. chrysanthum + A. puber-
ulum + A. puberulum) at around 13 Ma. Anemopaegma lineages only 
colonized the Cerrado, Caatinga and Chaco after the MMCO (17–
15 Ma), a period of higher temperature that was followed by global 
cooling, which led to the aridification and expansion of the savan-
nas and grasslands in South America (Arakaki et al., 2011; Zachos 
et al., 2001).

Species within Clade 1 also occur in Mexico plus Central 
America and the Chocó, indicating dispersal events from the Andes 
to these areas after 13 Ma and providing additional support for the 
hypothesis of older biotic interchange between South and Central 
America (Bacon et al.,  2015a, 2015b, 2016; Hoorn et al.,  2010; 
Montes et al.,  2015). Indeed, it has been estimated that the clo-
sure of the Central American Seaway may have occurred at around 
15–13  Ma (Jaramillo, Montes, et al.,  2017; Montes et al.,  2015). 
While the fossil record indicates that mammal exchanges intensi-
fied at around 2.6–2.4 Ma (Woodburne, 2010), plant exchanges be-
tween South and Central America started at around 25 Ma (Bacon 
et al., 2013; Bacon et al., 2015a, 2015b; Thode et al., 2019). The 
other Anemopaegma species that colonized Mexico plus Central 
America seem to have originated in Amazonia and expanded into 
the Andes, after ca. 12 Ma (e.g. within Clades 3 and 6), without 
movements to this area from other regions.

The split between Clade 2 and the remaining lineages of 
Anemopaegma (Clades 3 to 7) was inferred at 24 Ma, during the late 
Oligocene, followed by in situ speciation in Amazonia during the 
Miocene. Dispersal to other areas occurred independently within 
each major clade, except for Clade 4, which only includes two 
Amazonian species. Diversification within Clade 2 involved a split 
between Amazonia and the Atlantic Forest, with the mean crown 

age at ca. 15 Ma. Species within this clade occur either in the Atlantic 
Forest or in Amazonia (sometimes extending into neighbouring areas 
such as the Cerrado, Andes and Chaco), but never in both. A sim-
ilar pattern is observed within Clade 5, with one of its subclades 
being restricted to Amazonia and surrounding areas, and another re-
stricted to the Atlantic Forest and neighbouring areas. These results 
suggest that the diversification within these clades might have been 
influenced by the formation of the dry corridor, which started in the 
Oligocene and progressed through the Neogene. Another interest-
ing pattern within Clade 5 is that most of the Atlantic Forest species 
also occur in the Interior Atlantic Forest and other seasonally dry 
areas (i.e. Cerrado, Caatinga and Chaco), suggesting historical con-
nections among these regions (Dexter et al., 2018).

Clade 3 diversified mostly within Amazonia at around 12 Ma, ex-
tending into north-western Amazonia (i.e. Andes, Chocó, Northern 
North-West Amazonia and Mexico plus Central America). One ex-
ception is A. flavum, which occurs in Amazonia and dispersed to 
eastern seasonally dry regions (i.e. Interior Atlantic Forest, Cerrado 
and Chaco). The diversification of this clade may be associated with 
the Andean orogeny, which had the most intense peaks during the 
late-mid Miocene (ca. 12 Ma) and early Pliocene (ca. 4.5). Andean 
uplift had a profound impact on the geology and climate, resulting 
in water and sediment deposition and modification of river systems 
and regional habitats in South America (Antonelli et al., 2018; Hoorn 
et al., 2010).

The split between Clades 6 and 7 at ca. 12 Ma involved a di-
vergence between north-western South America (Clade 6) and 
eastern South America (Clade 7). More specifically, Clade 6 may 
have diversified in situ in Amazonia and later expanded into the 
Andes, Northern north-western Amazonia and Mexico plus Central 
America. In contrast, Clade 7 diversified mainly in the Atlantic Forest 
and in the seasonally dry areas (i.e. Interior Atlantic Forest, Cerrado, 
Caatinga and Chaco). Speciation within Clade 7 occurred mostly  
in situ in the Cerrado with subsequent movements to other regions, 
especially to the Atlantic Forest and Interior Atlantic Forest. Within 
Clade 7, some species are restricted to moist areas, including the 
Amazonian and Atlantic Forest, while others occur in seasonally dry 
areas, such as the Cerrado, Caatinga and Interior Atlantic Forest. The 
current distribution of Anemopaegma species appears to be related 
to niche divergence between species occurring in seasonally dry or 
wet regions.

Within Anemopaegma, three independent dispersals from 
Amazonia to the Cerrado coincide with the global increase in 
savanna biomes since the late Miocene (Orme,  2007; Simon 
et al., 2009), namely species movements within Clade 7 (12–9 Ma), 
Clade 5 (14–9 Ma) and Clade 3 (6–1 Ma). As aridity increased in the 
Oligocene, the belt of xeromorphic formations between Amazonia 
and the Atlantic Forest, which includes the Caatinga, Cerrado and 
Chaco regions (Bigarella et al., 1975), started to separate the once 
continuous Neotropical forest (Sobral-Souza et al., 2015). This belt, 
which is also known as the ‘South American Dry Diagonal’ or ‘major 
South American disjunction’ (Brieger,  1969), potentially played an 
important role in the diversification of Anemopaegma.
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4.2  |  Habitat and morphological evolution of 
Anemopaegma

We used Anemopaegma to investigate the timing and routes of biotic 
exchanges within the Neotropics. We expected that ancestral re-
constructions would indicate more movements among Neotropical 
regions than shifts in habitat and morphology. While uncertain-
ties remain on the extant timing and topological placement of the 
transitions, we observed at least nine shifts or range expansions 
among Neotropical regions, supporting our expectations. We fur-
ther observed eight habitat shifts, four shifts from liana to shrub 
and three tendril losses. Shifts from forest into savanna habitats 
were expected to be preceded by shifts into seasonally dry forested 
habitats. Our habitat reconstruction did not infer any direct shifts 
from wet forest to savanna but identified two shifts from wet for-
est to seasonally dry forest, which also supports our expectations. 
Namely, shifts from wet forest to seasonally dry forests were recov-
ered within Clade 3 [6–1 Ma] and at the divergence of Clades 5–7 
[17–14 Ma], followed by three shifts from seasonally dry forest to 
savanna, one within Clade 5 [9–5 Ma] and two within Clade 7 [9–3 
and 9–5 Ma] (Figure 3a).

The timing of radiation within the savanna habitat by 
Anemopaegma species corroborates earlier findings that sug-
gested that Cerrado lineages originated less than 10  Ma, coin-
ciding with the expansion of savanna biomes worldwide (Simon 
et al.,  2009). Furthermore, three reversals from seasonally 
dry forest back to wet forest were also inferred within Clade 
5 [9–6 Ma], Clade 6 [12–9 Ma] and Clade 7 [6–2 Ma]. The idea 
that connections between Amazonian and Atlantic forests were 
available through humid patches or gallery forests that crossed 
the Cerrado, Chaco and Caatinga (Costa,  2003; Sobral-Souza 
et al., 2015) is consistent with the patterns reconstructed within 
Anemopaegma, where forests may have acted as dispersal routes, 
allowing for range expansions across different Neotropical 
regions.

Shifts in life-form, specifically from liana to shrub, the loss of 
tendrils and shifts from forest to savanna habitats were recon-
structed mostly for the same lineages (Figures  3a–c). The cor-
relation analyses indicated that these traits have all been strongly 
correlated throughout their evolutionary history. Other studies 
have associated movements to the Cerrado with the acquisition 
of innovations, in particular traits associated with fire and drought 
resistance, rather than dispersal of lineages pre-adapted to these 
conditions (Simon et al., 2009; Simon & Pennington, 2012). Given 
that most habitats within the Cerrado usually do not form a closed 
canopy, the loss of tendrils and switch from a liana to a shrubby 
habit is important for colonizing savanna habitats. Hence, our 
results are compatible with a scenario of ecological adaptation. 
Moreover, traits that were favoured when lineages shifted from wet 
to seasonally dry forest may have functioned as pre-adaptations, 
subsequently enabling a further shift to the harsher savanna habi-
tat (Donoghue, 2008).

5  |  CONCLUSIONS

Overall, our results indicate that the orogeny of the Andes and the 
formation of the ‘Dry Diagonal’ that separated Amazonia and the 
Atlantic Forest played an important role in the diversification his-
tory of Anemopaegma. Movements across different regions within 
the Neotropics were relatively common, while shifts between habi-
tats were rare. The fact that shifts to the savanna were preceded by 
shifts to seasonally dry forest habitat indicates that the acquisition 
of preadaptive traits likely enabled subsequent shifts to savanna. 
The evolution of the shrubby habit and loss of tendrils, along with 
shifts to savanna habitats, are consistent with a scenario of ecologi-
cal adaptation.
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