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The Brazilian Caatinga is considered the richest nucleus of the Seasonally Dry Tropical Forests (SDTF) in the Neotropics, also exhibiting high levels of endemism, but the timing of origin and the evolutionary causes of its plant diversification are still poorly understood. In this study, we integrate comprehensive sampled dated molecular phylogenies of multiple flowering plant groups and estimations of ancestral areas to elucidate the forces driving diversification and historical assembly in the Caatinga flowering plants. Our results show a pervasive floristic exchange between Caatinga and other neotropical regions, particularly those adjacent. While some Caatinga lineages arose in the Eocene/Oligocene, most dry-adapted endemic plant lineages found in region emerged from the middle to late Miocene until the Pleistocene, indicating that only during this period the Caatinga started to coalesce into a SDTF like we see today. Our findings are temporally congruent with global and regional aridification events and extensive denudation of thick layers of sediments in Northeast (NE) Brazil. We hypothesize that global aridification processes have played important role in the ancient plant assembly and long-term Caatinga SDTF biome stability, whereas climate-induced vegetation shifts, as well as the newly opened habitats have largely contributed as drivers of in situ diversification in the region. Patterns of phylogenetic relatedness of Caatinga endemic clades revealed that much modern species diversity has originated in situ and likely evolved via recent (Pliocene/Pleistocene) ecological specialization triggered by increased environmental heterogeneity and the exhumation of edaphically disparate substrates. The continuous assembly of dry-adapted flora of the Caatinga has been complex, adding to growing evidence that the origins and historical assembly of the distinct SDTF patches are idiosyncratic across the Neotropics, driven not just by continental-scale processes but also by unique features of regional-scale geological history.
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INTRODUCTION

The Brazilian Caatinga is recognized as the largest and most species rich nucleus of the Seasonally Dry Tropical Forest (SDTF) biome in the New World (Pennington et al., 2000; Banda et al., 2016; Queiroz et al., 2017; Fernandes et al., 2020), yet it is one of the least studied neotropical biogeographic regions (Fiaschi and Pirani, 2009). The highly heterogeneous gradients of topography, geology, soils, and the spatial and temporal distribution of rainfall support a wide variety of dry-adapted plant communities in the region (Velloso et al., 2002; Silva and Souza, 2018). In particular, the nature of geological parent material composing the soils is suggested to be the most important constraint to plant diversity and endemism, producing an impressive turnover in the distribution of species and, consequently defining the arrangement of the floristic sets (Gomes et al., 2006; Cardoso and Queiroz, 2007; Santos et al., 2012; Moro et al., 2016; Queiroz et al., 2017). Caatinga plant communities have been classically divided into: (i) Crystalline Caatinga, established over fertile-soils primarily derived from Precambrian crystalline basement of the Depressão Sertaneja, ranging from woodlands (Caatinga s.s.) on driest sites to tall forests (Arboreal Caatinga) on moister areas; (ii) Sedimentary Caatinga, open scrub occupying the patchily distributed nutrient-poor sandy soils of ancient sedimentary basins and continental sand dunes and; (iii) the vegetation established over the karst deposits of the Bambuí and Jandaíra groups (Figures 1A–F; Queiroz, 2006; Moro et al., 2016; Queiroz et al., 2017).
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FIGURE 1. Vegetation structure variation throughout the three main geological types of the Caatinga seasonally dry forests. The small side map shows the distribution of the Caatinga in Northeast Brazil in the context of the Seasonally Dry Tropical Forest biome (SDTF) in the Neotropics (Queiroz et al., 2017). The Depressão Sertaneja (red; A,B) is the most dominant and continuously distributed formation, while the Sedimentary Caatinga (pale yellow; C,D) and Karst Caatinga (gray; E,F) are patchily distributed. Representative images highlight the structurally heterogenous vegetation, with exposed crystalline rocks, white-sand soil, or limestones, from across these main geological formations at: (A) Parnamirim, Bahia, showing the Arboreal Caatinga with a leafless large tree of the Brazilian baobab Cavanillesia umbellata (Malvaceae); (B) Sobral, Ceará, showing a more open Crystalline Caatinga woodland with an individual of the dominant legume tree Luetzelburgia auriculata and the Caatinga endemic Pilosocereus chrysostele (Cactaceae); (C) Morro do Chapéu, Bahia, showing a Sedimentary Caatinga with the yellow-flowered shrub Allamanda puberula; (D) Barra, Bahia, showing a sand dune of the mid São Francisco River valley with the endemic opuntioid cactus Tacinga inamoena; (E) Parque Nacional Carvernas do Peruaçu, Minas Gerais, showing the exposed razor-sharp limestone outcrops, dominated by individuals of the Bromeliaceae Encholirium luxor and the karst endemic Allamanda calcicola; (F) Morro do Chapéu, Bahia, with individuals of the barrel Cactaceae Melocactus pachyacanthus, and the Caatinga endemic Encholirium spectabile and the columnar Cactaceae Xiquexique gounellei. All photos by Domingos Cardoso.


The development of the Caatinga’s diverse geomorphological systems has been mostly the result of large-scale regional denudation from the Miocene onward (Figure 2; Ab’Sáber, 1974; Peulvast and Claudino-Sales, 2004; Valadão, 2009; Japsen et al., 2012), caused by neotectonic reactivation (Oliveira and Medeiros, 2012; Rodríguez-Tribaldos et al., 2017; Klöckinga et al., 2020) and a series of global and regional events that exacerbated aridity (Zachos et al., 2001). For example, the rise of the Borborema Plateau at the eastern limits of the Caatinga formed an orographic barrier to air masses entering from the Atlantic Ocean, creating a rain shadow effect that drastically altered temperature and precipitation regimes in the region (Gottsberger and Silberbauer-Gottsberger, 2006; Hoorn et al., 2014). Ultimately, increased aridity resulted in massive erosion of a thick sedimentary cover accumulated during wetter and warmer climatic conditions of the Early Cenozoic (Figure 2A). This process culminated in the exhumation of the Paleo-Mesozoic sediments and the formation of the large-scale, lower-level peneplain of the Depressão Sertaneja (Figure 2B). Yet, post-Miocene uplift within the Araripe Plateau led to widespread fluvial incision (Peulvast et al., 2008) and dramatic changes in the course of the São Francisco River (once flowing toward equatorial Atlantic Ocean), creating an endorheic system (Figure 2C; Mabesoone, 1994). Later, in the Pleistocene, when the river acquired its current course toward eastern Atlantic, large amounts of sand accumulated in this “paleo-lake” were reshaped by wind, forming the modern São Francisco River dune system (Figure 2D; Barreto and Suguio, 1993; Mabesoone, 1994; Barreto, 1996). Also in the Pleistocene, the large karst systems belonging to Bambuí and Jandaíra groups were exhumed (Silva et al., 2017), adding to the increased environmental heterogeneity in the Caatinga (Figure 2D).
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FIGURE 2. Paleogeographic maps of the transition from the widespread paleo-sedimentary surface to modern heterogeneous Caatinga landscapes. (A) The sedimentary cover accumulated during previous times is maintained in the Caatinga due to the widespread dominance of tropical rainforests over the region at Early Cenozoic (Fine and Ree, 2006; Jaramillo and Cardenas, 2012). (B) Global climate changes and increased uplift and erosion at the Miocene (Rodríguez-Tribaldos et al., 2017; Klöckinga et al., 2020) exposed the Paleo-Mesozoic sediments accumulated due to post-rift sedimentation–after fragmentation of Gondwana supercontinent (Magnavita et al., 1994; Maia et al., 2010; Bezerra et al., 2011; Gurgel et al., 2013) and generated a new, low-level peneplain, known as Depressão Sertaneja. (C) Pliocene tectonic reactivation within the Araripe Plateau changed the course of São Francisco (SF) River, which had a paleo-course flowing toward the equatorial Atlantic; this event created an endorheic drainage at the central region of the Caatinga (Mabesoone, 1994). (D) In the Pleistocene, the lacustrine sediments, which remained after the São Francisco River acquired its current watercourse, were remodeled by wind and formed a system of continental dunes that is currently renowned by a highly endemic biota (Rocha et al., 2004; Queiroz et al., 2017). Also at this period, most of the karst systems were also exhumed (Silva et al., 2017).


While major geological transformations have been relatively well characterized in the Caatinga, little is known about the origins and evolution of the Caatinga biota, particularly how the chronology of major geological and climatic events impacted its diverse and endemic plant assemblages. The Caatinga flora was long supposed to be composed of a minor subset of drought-tolerant elements from surrounding biomes (see Rizzini, 1979; Andrade-Lima, 1981). Other authorities interpreted it as derived from lineages occupying other nuclei of the neotropical SDTF (Sarmiento, 1975; Prado and Gibbs, 1993; Pennington et al., 2000) or the Chaco of southern South America (Andrade-Lima, 1982). An alternative, more integrative hypothesis that took into account the complex geological evolution of the Brazilian Northeast (NE) region was proposed by Queiroz (2006), which suggested that fragmentation of the previously continuous sedimentary cover would have promoted vicariance of isolated populations during the Miocene. Such fragmentation exposed the fertile-soils of the Depressão Sertaneja, allowing massive migration of dry-adapted elements that originated in other neotropical SDTF. A major issue with Queiroz’s (2006) propositions, however, is that he considered peneplanation (long-term erosion that generated Caatinga stepped relief) as a single, temporally defined (Miocene) event, greatly contrasting with subsequent geological evidence of multiple events of massive erosion taking place over discontinuous periods (e.g., Valadão, 2009; Japsen et al., 2012). This more complex geological history suggests that Queiroz’s (2006) hypothesis about the timing of origin and historical processes that shaped modern Caatinga’s plant diversity deserves new scrutiny using rigorous phylogenetic testing.

Improved understanding of the timing and forces underlying species assembly and diversification in the Caatinga is not just limited and incomplete but has also been challenging because only few Caatinga plant lineages had DNA sequence data available or were included in molecular phylogenetic studies. Over the last decade, new densely sampled phylogenies of key Caatinga lineages have been published (e.g., Queiroz et al., 2010; Simon et al., 2011; Cardoso et al., 2013; Carvalho-Sobrinho et al., 2016; Almeida et al., 2018; Maya-Lastra and Steinmann, 2019), all of which now provide an excellent opportunity to evaluate the impact of the complex geological and climatic history on the Caatinga biodiversity and to unveil the spatial and temporal dynamics underlying floristic exchanges between the Caatinga SDTF and other neotropical regions. By exploring and comparing the biogeographical history of multiple, unrelated taxonomic groups during the complex landscape evolution of the Caatinga (Figure 2), here we also address whether (i) the Caatinga plant lineages constitute a subset of the surrounding flora (Rizzini, 1979; Andrade-Lima, 1981, 1982) and (ii) endemic lineages have emerged by Miocene vicariance (Queiroz, 2006). By analysing plant lineage diversification in a geological-evolutionary perspective that takes into account the synergistic effect of landscape and biological evolution, we expect to provide a series of more focused pictures of the historical assembly of the Caatinga SDTF.



MATERIALS AND METHODS


Taxon Sampling and Molecular Data

We used the updated checklist of flowering plants of the Caatinga SDTF (Fernandes et al., 2020) to identify a set of lineages that are taxonomically and ecologically important in the dry formations of the region, i.e., representative plant clades in terms of species richness, endemism, or ecological dominance. We then compiled from the literature a set of densely sampled species-level phylogenies from the target lineages. Our final dataset encompasses 20 monophyletic groups, which include a total of 150 Caatinga-inhabiting species, from which 95 are endemics. By sampling widely across several families of flowering plants and a wide range of life forms (e.g., herbs and trees), we maximize the inclusion of lineages with contrasting biogeographical histories that may have colonized the Caatinga by different routes and at different times, providing a multi-taxon picture of plant evolution in that region.

We retrieved complete alignments or individual DNA sequences for each selected lineage from TreeBASE1 (Piel et al., 2009) and GenBank2 (Benson et al., 2013), respectively (see Supplementary Table 1 for details on study groups, genes, and sources and Supplementary Table 2 for GenBank accessions). For downstream dating analyses, the originally retrieved TreeBASE alignments were not modified, whereas sequences of each individual region retrieved from GenBank were first aligned automatically using MAFFT (Katoh and Standley, 2013) with default settings and then, manually adjusted in Geneious (Drummond et al., 2012a).



Phylogenetic Reconstruction and Divergence Estimates

Phylogenetic relationships and divergence times were estimated using a Bayesian approach in BEAST v1.8.4 (Drummond et al., 2012b) as implemented in the CIPRES Science Gateway (Miller et al., 2010). We ran analyses using the Yule speciation model and uncorrelated relaxed molecular clock with a lognormal prior distribution. We estimated the best-fit nucleotide substitution models using AIC (Akaike Information Criterion) in jModelTest2 (Darriba et al., 2012). Depending on the availability of reliable fossil records for each group, we used primary (fossil) or secondary (in the absence of reliable fossils) calibration points, with lognormal and normal prior distributions, respectively (Supplementary Table 3 details the calibration points). We performed a minimum of two independent runs of 107 generations of MCMC (Markov chain Monte Carlo), sampling parameters every 104 generations. Convergence of the runs was evaluated in Tracer v1.6 (Rambaut and Drummond, 2013) to ensure that effective sample sizes (ESS) reached values higher than 200 for all parameters. After the exclusion of 25% of the initial trees (burn-in) of each independent run, we combined tree files in LogCombiner v.1.8.2 (Drummond et al., 2012b) and used TreeAnnotator v1.8.4 (Drummond et al., 2012b) to summarize results into maximum clade credibility (MCC) trees. Prior to ancestral biome reconstruction analyses all outgroups were pruned from phylogenies.



Geographic Distribution

Defining biogeographical units for ancestral area reconstruction is a difficult task. Because they are highly dependent on the lineages under study, there is no universal way to define them. There are also multiple limitations associated with choosing a reasonable number of operational units to be used in the analyses, leading to highly polymorphic states (occurrence in multiple areas). Taking this into account, we aimed to define sets of regions that are biologically meaningful for all lineages under analysis, reflecting geography and the geological history.

We produced a classification for the New World based on previous regionalization proposed by Morrone (2014). Our classification is composed of nine regions (Figure 3), and includes: two regions dominated by tropical rainforests (Amazon, Atlantic Forest); one dominated by grass-rich and fire-prone savannas (Cerrado + Pampas, which here also includes the higher elevations of the Chapada Diamantina mountain range, in the core of the Caatinga dry matrix and also the southern grasslands); the Caatinga, characterized by fire-sensitive, succulent-rich formations associated with the global SDTF biome; the Chaco, a region with great temperature seasonality that experiences regular frost, and potentially represents a distinct biome with more temperate affinities (Prado and Gibbs, 1993; Banda et al., 2016; Miranda et al., 2018); the other four regions (Andes, Caribbean Islands, North America, and Northern South America) are composed by a mix of distinct biome types. Since our aim is to assess the evolution of the dry-adapted flora, we considered Caatinga in its narrow sense (sensu Fernandes et al., 2020), including only vegetation types connected to the SDTF biome, which encompasses distinct formations that mostly occur on areas of low altitude (below 1,000 m) in the region. In this context, species occurring at the rainforest enclaves (locally known as brejos de altitude) were coded as Atlantic Domain, and those recorded for cerrado enclaves and campos rupestres, mostly occurring on the Chapada Diamantina were coded as Cerrado. Despite the disjunct distribution of the Cerrado and the Pampas (phytogeographic region located in Southern Brazil and Uruguay), both regions are characterized by fire-prone grasslands, and their lineages exhibit evident evolutionary affinities (see Simon et al. (2011)), which justifies their clustering into a single region.
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FIGURE 3. Distribution of major areas used in our ancestral reconstructions based on reclassification of Morrone (2014) biogeographical regionalization of Neotropics and the floristic interchange among the Caatinga and other regions as estimated from DEC + j reconstructions for our sample composed of 20 lineages. Colors of the map and the chord-graph coincide and indicate the areas referred in the section “Materials and Methods.” Shapefile from Löwenberg-Neto (2014).


The current distribution of each species within the areas and biomes were obtained primarily from specialized literature (taxonomic monographic works and floras), but we also used information available in Flora do Brasil 2020.3 We coded all species in our phylogenies as present or absent within these regions.



Ancestral Area Estimation

We estimated ancestral areas through a likelihood approach as implemented in the R (R Core Team, 2020) package BioGeoBEARS (BioGeography with Bayesian, and Likelihood, Evolutionary Analysis in R Scripts - Matzke, 2013). We performed analyses using Dispersal-Extinction-Cladogenesis (DEC) model and the DEC + j model, which incorporates the jump parameter (j) that allows for a descendent lineage to occupy a new area that is different from its parental lineage by a founder event. We restricted the maximum number of areas of each analysis to the same as that the most widespread species in the phylogeny were distributed. As a rule, DEC + j reconstructions gave the highest likelihood values and, because of this, they will be discussed in this text. To quantify the number of transitions from all regions into Caatinga and from the Caatinga to all other regions, we counted the biogeographical events as inferred by our DEC + j reconstructions.




RESULTS

We identified a total of 175 events involving the Caatinga across all lineages. Approximately 65% (114 events) of this total represent biogeographical shifts, whereas the 35% (61 events) are related to in situ speciation (Supplementary Table 4). The majority of biogeographical shifts (73 events, or 64% of total shifts) represent transitions into the Caatinga and, only 41 events (36%) represent shifts from the Caatinga into other regions (Figure 3). Atlantic Forest and Cerrado + Pampas were the most important regions in terms of plant lineage exchange. Together, they account for 61% of all shifts into the Caatinga and 81% of total shifts from the Caatinga. The Amazon and North America exhibited moderate floristic exchange with the Caatinga, whereas the Andean region, Caribbean Islands, Chaco, and Northern South America were involved in few exchange events (Figure 3; see Supplementary Figure 1 and Supplementary Table 4 for further details on the types, areas, and ages involved in each of these biogeographical events as well as the ancestral area estimations). These numbers clearly demonstrate multiple independent origins for Caatinga plant lineages, and also show asymmetrical connectivity dynamics, in a way that Caatinga has received more lineages than being a source of plant diversity to other regions.

Temporal patterns show that colonization of the Caatinga by lineages from other regions precede events of in situ speciation (Figure 4A). They also show that the relevance of cladogenetic shifts (those generating endemic species through isolation of lineages in the Caatinga) from distinct regions changed markedly over evolutionary time (Figures 4B,C). Early divergence that formed the initial species pool of elements adapted to the seasonally dry conditions of the Caatinga started as early as the Eocene-Oligocene (estimated mean age of 41.9 Ma for the oldest transition in Bombacoids), from ancestors primarily associated with regions largely characterized by the dominance of rainforests (Amazon and Atlantic Forest). However, these events are rare and, only after the mid-Miocene, particularly in the last 10 Ma, we found a general increase in the relative number of events isolating lineages in the Caatinga (Figure 4C). This increased Miocene lineage immigration that continues up to the Pleistocene came from regions that harbor major areas of seasonally dry and/or open biomes (Cerrado + Pampas and North America). We also identified a significant number of transitions from the Atlantic Forest to the Caatinga during the Miocene-Pleistocene periods. However, many of these cases are lineages (e.g., Amorimia, Luetzelburgia, and Pereskia) that are largely confined to the drier formations within the Atlantic Forest region and so they perhaps are better characterized as phylogenetic biome conservatism than evolutionary biome-shift events.
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FIGURE 4. Temporal patterns of biogeographical events generating Caatinga endemic lineages. Boxplots summarize ages for nodes with (A) highest probabilities of cladogenetic shifts into the Caatinga and in situ speciation and; (B) cladogenetic shifts from regions that are important providers of lineages to the Caatinga. (C) Node ages and confidence intervals of cladogenetic shifts (both dispersal and vicariance) leading to Caatinga crown clades as estimated by a DEC + j model. Ages are in decreasing order and grouped by inferred ancestral areas. Colors correspond to the same shown in Figure 3. Vertical dotted red line represents the onset of uplift and erosion at 18–15 Ma according to Japsen et al. (2012). Vertical dotted black lines indicate the Pleistocene period.


Though significant, the number of independent colonization events of the Caatinga cannot fully account for its present-day plant diversity and our results (Supplementary Table 4) show that in situ speciation also played a key role in the evolution of the Caatinga flora, with most events having occurred within the last few million years (Figure 4A). In situ speciation events began in the late Miocene, with an increase at the Pliocene and peaking in the Pleistocene. From the Pliocene onward, in situ diversification became the dominant mode of species accumulation in the Caatinga (Supplementary Table 4), exceeding rates of transition from other regions. A common pattern that emerges from our analyses is that Caatinga endemic lineages generally represent small radiations of clades composed by a few endemic species, which are often restricted to distinct geological substrates (Figure 5). Therefore, after the early colonization and establishment of plant lineages in the Caatinga, many of them have diversified in situ, showing that relatively recent diversification has generated a great portion of endemic plant species that inhabit the region today.
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FIGURE 5. BEAST-dated phylogenies showing examples of Caatinga endemic clades within the mostly SDTF endemic legume clades Coursetia (Queiroz and Lavin, 2011) and the Vataireoids (Cardoso et al., 2013; Cruz et al., 2018). Red dots indicate the nodes where isolation of lineages within the Caatinga occurs. Red lines indicate Caatinga endemic clades. Distinct name colors denote the type of geological substrate where the corresponding species is endemic: Arboreal Tall Caatinga (dark red); more open Crystalline Caatinga (light red); Sedimentary Caatinga (pale yellow); and Karst Caatinga (gray). Note that species do not group by geological substrate. Photos of Coursetia rostrata and Luetzelburgia neurocarpa by Domingos Cardoso.




DISCUSSION


Frequent Migration From Adjacent Regions Have Shaped the Assembly of the Caatinga Seasonally Dry Tropical Forests

The recruitment of dry-adapted Caatinga plant lineages was partly a by-product of complex dynamics of colonization from geographically adjacent areas. On one hand, our results reinforce a scenario of high biotic interchange among neotropical biogeographical regions and biomes (Queiroz et al., 2017; Antonelli et al., 2018). Thus, they partially support previous propositions (Rizzini, 1979; Andrade-Lima, 1981) that the Caatinga’s plant diversity originated from a subset of drought-tolerant elements coming from the surroundings, particularly the Atlantic Forest and the Cerrado. On the other hand, the small proportion of events involving the Caribbean (in its broadest sense, including both the Caribbean Islands and the northern coast of South America) and the Chaco indicates that floristic exchanges with these regions have been less significant than previously thought (e.g., Sarmiento, 1975; Andrade-Lima, 1982). The large size of the Caatinga, bordered by the ecologically distinct, species-rich formations of Amazonia, Atlantic Forests, and the Cerrado have likely impacted the high levels of their historical biotic exchange. The highly heterogeneous environments found within the Caatinga region, including scattered rainforest and savanna enclaves more biogeographically related to the Atlantic Forest and the Cerrado (Ratter et al., 2006; Queiroz et al., 2017; Silveira et al., 2019), facilitates exchange with these neighboring biomes. This likely accounts for high biological exchange, allowing the successful establishment of ecologically labile species from other regions within the Caatinga.

The environmental differences and physiological tolerances of lineages inhabiting distinct biomes may account for differences recovered by our ancestral biome reconstructions (Figure 3). Despite the long-term presence of tropical rainforests in South America (Burnham and Johnson, 2004; Wing et al., 2009), and hence time for lineages to adapt to emerging dry climatic conditions of Northeastern Brazil, shifting events from the Amazon into the Caatinga drylands have been infrequent. Even arrivals from the Atlantic Forest often derived from ancestors that occupied SDTF enclaves there (e.g., Amorimia and the genus Luetzelburgia within the Vataireoids), not the rainforest biome that largely characterizes the region. This suggests that rainforest species are not able to easily overcome the barriers imposed by such a seasonally dry ecology. Indeed, rainforest species are highly constrained by low water-use efficiency, which means susceptibility to drought-induced mortality (McDowell et al., 2008). Many savanna lineages, on the other hand, may already possess the eco-physiological adaptations needed to cope with a seasonally dry climate, which may explain the greater amount of immigration into the Caatinga of lineages that previously inhabited the Cerrado + Pampas region. Such an active role for climatic similarity is also reflected in mechanisms regulating community-level diversity patterns and greater floristic similarity between SDTF and savannas (Dexter et al., 2015; Fernandes et al., 2020; Segovia et al., 2020).



The Origins of the Dry-Adapted Caatinga Flora Coincide With Regional Events of Massive Denudation and Climate-Induced Vegetation Shifts

Our results indicate that the dry-adapted species that inhabit present-day Caatinga began to emerge during the Eocene-Oligocene, but the low proportion of elements with such an old age (only three were recorded for this period; Figure 4C) suggest that a SDTF community resembling a modern one may not have existed at that time. It is possible that such early dry-adapted species remained restricted to suitable niches scattered across the rainforest matrix that dominated most of South America (Fine and Ree, 2006; Jaramillo and Cardenas, 2012). The early presence of rainforest immigrants (from the Amazon and the Atlantic Forest) that formed the initial species pool of modern dry-adapted Caatinga plant lineages suggests a gradual replacement of rainforests by SDTF in the region. These lineages could have gained advantage from an early presence that allowed adaptation to developing more seasonal, arid climates. The more frequent transitions into the Caatinga after the mid-Miocene (Figure 4C) are temporally congruent with the establishment of semi-arid climate conditions in Northeastern South America (∼13 Ma; Harris and Mix, 2002) and the extensive process of geological denudation that culminated in the formation of the low-lying Depressão Sertaneja (Ab’Sáber, 1974; Japsen et al., 2012). The timing of diversification of SDTF plant lineages is dated to Miocene as evidenced from time-calibrated phylogenies (Arakaki et al., 2011) and from the fossil record (Burnham and Carranco, 2004). The high fraction of migrations into the Caatinga by lineages nested within clades largely restricted to SDTF (e.g., Amorimia, Coursetia, and Leuenbegeria) suggests niche conservatism as an important process in the historical assembly of the Caatinga endemic flora, as also observed at various spatial scales and ecological settings (Donoghue and Smith, 2004; Wiens and Donoghue, 2004; Ricklefs et al., 2006; Donoghue, 2008; Crisp et al., 2009), particularly in the SDTF (Schrire et al., 2005; Lavin, 2006; Pennington et al., 2006, 2009; Govindarajulu et al., 2011; Oliveira-Filho et al., 2013; Gagnon et al., 2019; Ringelberg et al., 2020). As argued by Queiroz (2006), the exposure of the nutrient rich soils that characterizes the Depressão Sertaneja, and are preferred by many SDTF species (Pennington et al., 2000, 2004), opened the way for greater migration and successful establishment of dry-adapted lineages with a SDTF ecology that originated elsewhere. Toward the Pliocene, as drier seasonal conditions became more pronounced in South America (Fedorov et al., 2013; Jaramillo et al., 2020) and suitable edaphic conditions more widespread, Caatinga probably coalesced into a seasonally dry community physiognomically similar to the present-day vegetation. This pre-Pleistocene immigration of SDTF elements into the Caatinga adds to growing evidence that historical exchanges between different fragments of the SDTF biome have been primarily driven by long-distance dispersal (Mayle, 2004; Pennington et al., 2004), rather than by the fragmentation of a wider historical formation due to Pleistocene climatic fluctuations (Prado and Gibbs, 1993; Pennington et al., 2000; Prado, 2000).

The observed evolutionary transitions during the Pleistocene involving lineages that inhabit a wide array of different ecologies (e.g., Bombacoids, Cereus, Ficus, and Manihot) indicate that climate-induced vegetational shifts in the recent past may have provided opportunities for evolutionary biome shifts. Fossil evidence (e.g., Oliveira et al., 1999) and paleoecological reconstructions (e.g., Auler et al., 2004; Wang et al., 2004; Arruda et al., 2017) for the Caatinga indicate large shifts in vegetation during this period, which potentially created a complex mosaic of vegetation types representing distinct biomes. Biome-shift events are critically dependent on the spatial adjacency and dimensions of boundaries between biomes over time (Donoghue and Edwards, 2014). The historical climatic instability within the Caatinga might have promoted vegetation shifts that favored the exchange of lineages with other regions, resulting in the relatively high levels of transitions for particular plant clades, and thus facilitating the mixing of lineages with distinct geographical distributions and ecological preferences.



Recurrent Habitat Specialization Underlies the in situ Diversification of the Caatinga Endemic Plant Lineages

In the Caatinga, the influence of geology is not only reflected in the impressive species turnover even at local scale, but also on the disproportional contribution of species that are specialist to particular edaphic conditions to regional plant diversity and endemism (Queiroz, 2006; Moro et al., 2016; Queiroz et al., 2017; Fernandes et al., 2020). Such an influence of geological features on plant distribution patterns led Queiroz (2006) to postulate that a great proportion of Caatinga endemics had been generated by allopatric (vicariance) speciation due to Miocene fragmentation of the previously continuous sedimentary surface. This hypothesis clearly implies that pairs of sandy-soil species should occupy disjunct sedimentary basins, and their split should be dated within the Miocene.

General patterns that emerged from our dated phylogenies (Figure 5) largely rejected Queiroz’s (2006) expectations. Rather, they suggest that parallel in situ diversification of plant lineages has probably evolved by fine-scale niche differentiation, reflecting adaptations of the regional flora to different conditions over evolutionary timescales. The time span of in situ speciation events coincides with changes in the geology of the Caatinga. Post-Miocene uplifting of the Araripe plateau, for example, induced dramatic changes in the course of the São Francisco River and the formation of an endorheic drainage (with no outflow to the ocean) in its middle course (Mabesoone, 1994; Maia et al., 2010; Barros-Corrêa et al., 2019). As a result of sedimentation of this ancient endorheic drainage and posterior action of wind, a system of continental sand dunes was formed later in the Pleistocene (Barreto and Suguio, 1993; Mabesoone, 1994; Barreto, 1996). It was also during the Pleistocene that most of the Caatinga karst systems, formed by previous marine incursions into the continent, were exhumed (Silva et al., 2017). The plant communities on both sand dunes and karstic rocks are physiognomically distinctive and rich in endemism (e.g., Rocha, 1995; Rocha et al., 2004; Queiroz et al., 2017; Fernandes et al., 2020).

Although greater topographic heterogeneity caused by continuation of regional denudation (Figures 2A–D) might have played a role in diversification of Caatinga endemics, the disproportional contribution of edaphic specialization to regional plant diversity suggests that the formation of soils with contrasting textures and fertility, derived from distinct parental material, have more likely acted as the trigger of Caatinga’s plant diversification through ecological speciation. The emergence of completely new environments created ecological opportunities for divergence of lineages of the regional species-pool within these edaphic islands. Indeed, edaphic specialization has been previously designated as an important driver of diversification, endemism, and spatial genetic structure of plants (e.g., Fine et al., 2005, 2013; DRYFLOR et al., 2016; Cacho and Strauss, 2014), happening relatively rapidly in some lineages (Rajakaruna, 2017). Factors other than the chemical and textural nature of the substrate, however, may be responsible for the diversification, and the nature of the substrate may be only a surrogate for yet unmeasured factors. For example, the water retention capacity within the Depressão Sertaneja is critically impacted by the features of its rocky shallow soils, derived from non-porous crystalline basement rocks, a characteristic that is not present on more sandy soils or even on the deeper soils of mountains slopes (Queiroz et al., 2017).




CONCLUDING REMARKS

Relatively few studies, most of which are lineage-specific, have investigated plant evolution in the isolated patches of the SDTF biome. Despite their important biogeographical insights, we lacked basic understanding on the timing of origin and the evolutionary causes that shaped the high levels of diversity and endemism in the key SDTF nucleus of the Caatinga. Here, we used a multi-taxon phylogenetic approach to provide a comprehensive assessment of the evolutionary dynamics shaping current patterns of plant diversity in the Caatinga. We showed that the historical assembly of plant lineages in this region has been more complex than previously proposed (e.g., Sarmiento, 1975; Rizzini, 1979; Andrade-Lima, 1981, 1982; Queiroz, 2006). The dry-adapted Caatinga plant communities resulted from a mosaic of apparently idiosyncratic evolutionary histories, involving pervasive, accumulating immigration from nearby biogeographic regions, and relatively recent in situ speciation events. Transitions into the Caatinga have been facilitated by both geographic accessibility (reflected in the large number of floristic exchanges with surrounding regions) and niche conservatism (reflected in the large number of Caatinga lineages nested within clades largely restricted to the SDTF). In contrast to what had been hypothesized by Queiroz (2006), our results show that vicariance processes did not drive allopatric speciation of Caatinga endemics but that the high levels of plant species endemism are more likely a by-product of ecological speciation. We hypothesize that global aridification processes may explain the antiquity of some Caatinga SDTF lineages, whereas the newly opened habitats in the region, as well as Pleistocene climate-induced biome reconfigurations and vegetation shifts, have jointly contributed to more recent in situ plant diversification.

The model of geological evolution for the Caatinga region summarized here (Figure 2) provides a starting point for research aimed at understanding the mechanisms underlying the assembly of many other organisms. For example, the Caatinga also harbors high diversity and endemism of aquatic plants (Queiroz et al., 2017) adapted to temporary lakes and flooded areas on the margins of rivers or lowered terrains (e.g., Moro et al., 2014; The Brazil Flora Group, 2015; Queiroz et al., 2017). Investigating whether the Pliocene São Francisco “paleo-lake” has influenced the evolution of these lineages, just like the Pebas system may have contributed to the evolution of aquatic plants in the Amazon basin (e.g., Hoorn et al., 2010), is an important future question. Investigations should also be extended to beyond plants, for example to the seasonal killifishes (Rivulideae) which are highly diverse in the Caatinga, with impressive rates of endemism in the middle São Francisco River basin (Costa et al., 2013).

While our comparative approach across multiple lineages of ecologically and geographically important Caatinga plant families has revealed a more complete picture of the evolutionary history in the Caatinga SDTF, many underlying evolutionary processes require further study. For example, most Sedimentary Caatinga endemic lineages in our sampling are restricted to the São Francisco Dune System and examples need expanding to the endemic flora of the Paleo-Mesozoic sedimentary basins. The inclusion of such species will be particularly important to determine the differential effect of geological history over the disjunctly distributed sedimentary plant communities.

Future studies should also focus on the remarkable cases of transitions into Caatinga without subsequent diversification, which generally encompass relatively old endemic genera (Pennington et al., 2006). For example, Holoregmia and Tabaroa were included in our sampling, but 29 endemic genera have already been recorded for the Caatinga (Queiroz et al., 2017; Fernandes et al., 2020). Species occurring in multiple Caatinga environments (e.g., crystalline, sedimentary, and arboreal) or disjunct nuclei of the same environment (e.g., sedimentary species occurring on Tucano-Jatobá and Araripe sedimentary basins) should also be focus of finer-scale studies on incipient and cryptic speciation, a pattern that seem to be relatively common in other neotropical SDTF (e.g., Särkinen et al., 2011). Detailed phylogenetic studies, including robust sampling with multiple accessions of individual species may reveal how frequent cryptic speciation is, shedding light on the processes driving high genetic divergence despite little morphological variation.
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