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Abstract 10 

Speciation, extinction, and dispersal are the historical processes influencing the spatial 11 

distribution of lineages and strongly influence diversity patterns. Here, we apply a recently 12 

developed methodological approach to quantify the relative legacies in situ diversification 13 

history (i.e. diversification occurring in the biogeographical region) and historical dispersal 14 

(inferred from ex-situ diversification) on current diversity patterns of the plant genus Myrcia 15 

(Myrtaceae) in assemblages distributed across the Brazilian Atlantic Forest. To distinguish 16 

among these processes, we proposed a framework that characterized the assemblages based 17 

on the mean colonization age of the assemblages, phylogenetic structure, species richness 18 

and proportion of in situ diversification. Our results suggest that environmental dynamics 19 

have played important role in shaping of diversity. In the Southern Atlantic Forest, 20 

environmentally stable areas appear to have served as cradles for cold-adapted lineages. In 21 

the central region, environmental instability in this montane area seems to be a unstable 22 

area acting as cradle, with assemblages showing moderate to high in situ diversification and 23 

intermediate colonization ages. In the Northern Atlantic Forest, older and richer 24 

assemblages with high phylogenetic diversity suggest climatic stability and a refugium role. 25 

In contrast, the Central-West region, with younger colonization ages and a higher 26 

proportion of lineage dispersal, appears to act as an unstable sink for lineages. By 27 

combining community phylogenetics and diversification metrics, we infer evolutionary 28 

legacies at the assemblage level and disentangle the roles of in situ diversification and 29 

lineage dispersal. In some regions, particularly outside Evoregion A, lineage dispersal 30 

appears more relevant, possibly due to weaker selection pressures. In contrast, colder areas 31 

may have favored lineages with broader climatic tolerance. Our findings reveal distinct 32 

biogeographic dynamics across the Atlantic Forest, including areas acting as cradles, sinks, 33 

and refugia, and demonstrate the value of assemblage-level diversification metrics in 34 
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understanding within-biome evolutionary processes and their influence on current diversity 35 

patterns.  36 

Introduction   37 

The historical processes driving the diversity and distribution of biological diversity 38 

across the geographic space are, ultimately, speciation, extinction, and dispersal (Ricklefs 39 

1987; Wiens and Donoghue 2004). Environmentally-driven ecological dynamics might also 40 

influence each of these processes by promoting ecological drift and selection-driven 41 

speciation along the evolutionary time, causing extinction (local or globally), allowing 42 

dispersal (colonization) and secondary sympatry (Mittelbach and Schemske 2015). 43 

Altogether, these processes contribute to determine the distribution of species and the 44 

spatial diversity patterns, placing the evolutionary history of a clade as an important piece 45 

to explain its current geographic distribution (Cavender-Bares et al. 2016; Gerhold et al. 46 

2018). 47 

  In the context of historical processes shaping biodiversity, the stability (or 48 

instability) of a region can influence diversification and lineage dispersal, thereby affecting 49 

present-day diversity patterns. In environmentally unstable regions with heterogeneous 50 

landscapes, populations are more likely to have their distributions fragmented across space, 51 

which increases the chances of both speciation and extinction. Mountainous regions are 52 

good examples of such areas, and it can act as both cradles and museums of biodiversity 53 

(Rahbek et al. 2019; Vasconcelos et al. 2020; Vasconcelos, O’Meara, and Beaulieu 2022). 54 

Cradle areas can be harder to detect because environmental instability drives both high 55 

rates of speciation and extinction, leading to high species turnover leaving fragmentary 56 

evidence of past dynamics (Vasconcelos et al. 2022). Museums areas, in turn, are easier to 57 

recognize since they environmental stability allows the persistence of ancient lineages, 58 

though this same stability can also give the false impression that they were centers of origin 59 

(Vasconcelos et al. 2022). As stability allows species dispersing from to adjacent areas to  60 

prevent extinction, speciation rates are expected to be lower as well as extinction rates. 61 

Over time, this source-sink dynamics between unstable and stable areas could generate 62 

present-day assemblages with high phylogenetic diversity, moderate to low proportion of in 63 

situ diversification, consequently, higher lineage dispersal and old colonization age of 64 

assemblages on stable areas (hereafter age of assemblages, for simplicity), the so called 65 

museums. On the other hand, unstable areas should present more recent colonization 66 

events (low assemblage ages), due to high levels of both speciation and extinction rates, 67 



moderate to high proportion of in situ diversification and high species richness where 68 

environmental heterogeneity is high. Stable areas can also act as sources of lineages. In 69 

these regions, we can expect high in situ diversification, with varying levels of phylogenetic 70 

relatedness and relatively recent colonization events (i.e., older assemblages). Therefore, a 71 

comprehensive investigation of historical processes shaping present-day diversity patterns 72 

should integrate community phylogenetics with diversification analyses and 73 

colonization/dispersal timing. These expectations are summarized in Table 1. 74 

Table 1.  Scenarios and the expected patterns that can be detected using assemblage-level metrics 75 

to assess historical biogeographical processes and current phylogenetic (expressed as MPD) and 76 

taxonomic alpha diversity (expressed as species richness).  77 

Scenario Biogeographical process 
 

Current diversity 

Proportion of in 

situ 

Diversification 

Colonization age 

of assemblage 

 
MPD Species richness 

Stable area acting as 

refugium 

Moderate to low Old 
 

High High 

Unstable area acting 

as a cradle 

Moderate to high Moderate to young 
 

Low High 

Stable area acting as 

cradle 

High Old 
 

Either low or high Intermediate 

Unstable area acting 

as sink of lineages 

Low Young 
 

Either low or  high  Low 

Note: MPD is mean pairwise phylogenetic distance. 78 

Species-level diversification metrics, species age estimates (or colonization time 79 

estimates), and ancestral area reconstruction have been widely used to uncover the 80 

historical biogeographic processes underlying current diversity patterns (Pinto-Ledezma et 81 

al. 2019; Velasco and Pinto-Ledezma 2022; Villalobos et al. 2020; Nakamura et al. 2024). 82 

Recently, a new method was proposed to integrate ancestral area reconstruction (Matzke 83 

2013; Ree and Smith 2008), which estimates the biogeographical history of a clade across 84 

regions, with diversification and colonization age estimation, commonly used to describe 85 

evolutionary patterns at the assemblage level (McGill et al. 2019; Velasco and Pinto-86 

Ledezma 2022). Combining these approaches allows quantifying the relative role of in situ 87 

diversification (diversification occurred within a biogeographical region) and lineage 88 



dispersal (diversification occurred in another biogeographical region, or ex situ) for the 89 

species assemblage (Nakamura et al. 2024; see Box 1 and Fig. 1).  90 

The original method relies on estimating the most likely ancestral range at the 91 

nodes of the phylogeny and does not account for uncertainty in ancestral estimates or for 92 

range shifts along branches (anagenetic range evolution) (Nakamura et al. 2024). In this 93 

study, we address these limitations by using Biogeographical Stochastic Mapping (BSM) to 94 

estimate ancestral area (Dupin et al. 2017). BSM allows propagation of uncertainty in 95 

ancestral range area estimates into the calculation of in situ diversification and colonization 96 

age of assemblages. Additionally, both anagenetic and cladogenetic range-shift processes 97 

are incorporated, unlike the original method, which considered only cladogenetic shifts, 98 

resulting in a more reliable assemblage-level metric estimates.  99 

Our aim is to investigate the roles of in situ diversification and lineage dispersal in 100 

shaping the species assemblages in the Atlantic Forest in South America (Figure 2). Atlantic 101 

Forest harbors high species diversity and present turnover in taxonomic and phylogenetic 102 

composition that are consistent among different taxonomic groups (Carnaval and Moritz 103 

2008; Costa 2003; Fiaschi and Pirani 2009). The major composition turnover distinction is 104 

between Northern and Southern portions of the Atlantic Forest (but see Brown et al., 105 

2020), which has been attributed to current and historical differences in climatic conditions 106 

between regions (Carnaval et al. 2014; Saiter et al. 2016). Climatic stability since the last 107 

interglacial period (ca. 120 ky) seems to better explain the phylogenetic endemism in the 108 

northern portion, while the current climate seems to better explain the phylogenetic 109 

endemism of the southern portion (Carnaval et al. 2014).  110 

The combination of high species diversity with the legacy of climatic influence 111 

makes Atlantic Forest a good system to investigate the interplay of historical processes 112 

acting on current macroecological and diversity patterns. As a model group we used Myrcia 113 

(Myrtaceae), which is a genus of trees and shrubs. Myrcia present several characteristics that 114 

make it suitable as a model group for the Atlantic Forest (Lucas and Bünger 2015; Murray-115 

Smith et al. 2009). Myrcia has high diversity in Atlantic Forest (Lucas et al. 2018; Rodrigues 116 

and Duarte 2024) and is an important component of tree assemblages across the Atlantic 117 

Forest (Bergamin et al. 2021; Lucas et al. 2018; Oliveira-Filho and Fontes 2000; Rodrigues 118 

and Duarte 2024). Furthermore, the evolutionary history of Myrcia is linked to the Atlantic 119 

Forest history (Amorim et al. 2019; Rodrigues and Duarte 2024; Santos et al. 2017). 120 

Phylogenetic evidence suggests that Myrcia originated in the Atlantic Forest, probably in the 121 



Serra do Mar mountains range (Amorim et al. 2019; Santos et al. 2017). However, a recent 122 

study (Rodrigues and Duarte 2024), presents a probable origin of the group in the northern 123 

Atlantic Forest, while the southern Atlantic Forest and adjacent highlands harbor the most 124 

recent diversification of several Myrcia lineages within the biome. Our study builds upon 125 

the work of Rodrigues and Duarte (2024) and  Nakamura et al. (2024) by proposing a 126 

general framework that uses both methods from historical biogeography (Nakamura et al, 127 

2024) with phylogenetic metrics from community ecology to shed light on historical 128 

processes acting on present-day assemblage diveristy. 129 

BOX 1  130 

Species-level phylogenetic metrics, such as diversification and species colonization 131 

age, are calculated using only phylogenetic information (topology and divergence ages). 132 

However, when these metrics are summarized at assemblage-level, they fail to account for 133 

the biogeographical context of species origination and dispersal. One way to address this 134 

limitation is to integrate these metrics with ancestral area estimates. By incorporating 135 

information about the geography of speciation, we can refine phylogenetic metrics to 136 

reflect the biogeographical history of a lineage.  137 

Using this approach, we can quantify the portion of tip's diversification rate that 138 

occurred within a region (in situ diversification). Since our focus is on historical process 139 

affecting local assemblages, we attribute the ex situ diversification (when the ancestors of a 140 

species have diversified in another region) to the lineage dispersal process because the 141 

lineage had to disperse at some point to the assemblage before starting to diversify in situ. 142 

In addition, we can quantify for how long in the evolutionary history the species is present 143 

in a region (colonization age). This framework allows us to disentangle the contributions of 144 

in situ diversification (when a lineage diversified within the assemblage’s biogeographical 145 

region) and lineage dispersal (ex situ diversification). A key advantage of this approach is 146 

that tip-based metrics can be aggregated at the assemblage level, enabling the spatial 147 

quantification of in situ diversification and its impact on phylogenetic metrics, such as 148 

diversification rates or phylogenetic endemism, across large spatial scales. 149 

  Figure 1 illustrates our approach, showing how a phylogenetic tree can be 150 

decomposed into in situ diversification and lineage dispersal components using a 151 

hypothetical example. In this example, a clade with 7 species occurs exclusively across two 152 

regions, West and East regions (Figure 1A), where there are four sites with species 153 

composition. The evolutionary history of the clade was reconstructed using 154 



biogeographical stochastic mapping and DEC model. For simplicity, we considered only 155 

one region occupied by each species currently, the region with more sites occupied and 156 

show one realization of all possible stochastic maps (Figure 1B). The phylogenetic tree in 157 

Figure 1C shows the evolutionary history only for the species occurring in the assemblage. 158 

To separate the importance of the evolutionary history for the local assembly into two 159 

components - in situ diversification and lineage dispersal - we trace the path from each tip 160 

to the root of the phylogeny.  In situ diversification is defined as the continuous portion of 161 

the phylogenetic tree connecting a tip species to its most recent ancestor occurring in the 162 

same region as the site in which the species is found (occupied sites are represented by a 163 

color filled square in Figure 1B). In the site 1, all species had part of their history in situ. In 164 

the site 2, however, two species had no in situ component of its history in West region. 165 

These make recent historical dispersal more important for the assemblage of site 2 than for 166 

that of site 1. It is important to note that the interpretation of evolutionary process for a 167 

species is dependent on the site’s biogeographic region. In other words, a species has 168 

higher diversification rate (or colonization age) in a site within the region where it 169 

diversified. Consider sites 2 and 3, as an example. Site 2 is in the West region, where 170 

species b and c had part of their evolutionary history in the region, while species a and g 171 

diversified entirely in the East region. Site 3 contains the same species as site 2 but it is 172 

located in a different region. As a result, the partitioning of species history changes: species 173 

a and g are now classified as having in situ diversification, whereas species b and c are 174 

considered as recent dispersers, since their lineages evolved in the West region. Thus, in 175 

situ diversification plays a greater role in the assemblage of site 3 than in that of 2. Finally, 176 

in site 4 (East region) all species shared the evolutionary history within the region, making 177 

in situ diversification the sole evolutionary process determining assemblage. 178 



 179 

Figure 1. Schematic representation of the framework to quantify the relative role of in situ 180 

diversification processes and lineage dispersal in current assemblages. Panel A shows the 181 

assemblages at the West and East regions (dark blue and light blue, respectively). Panel B shows the 182 

biogeographical history of the clade, represented by the colors (regions) along the branches and 183 

nodes of the phylogenetic tree; and the current occurrence of species in assemblages is represented 184 

in the matrix of squares in which filled squares represent the presence of a species in the 185 

assemblage. Finally, in panel C, we highlight the biogeographical history of the species present in 186 

the assemblage; dotted branches are species not occurring in the assemblage. The delimitation of in 187 

situ processes is done following the path of the lineage from the tip to the root of the phylogeny, 188 

while the area estimated for an ancestral node is required to be within the same region of the 189 

current site of the assemblage. Note that the species could have different timing of in situ 190 

diversification depending on the site’s region.  191 

Material and Methods 192 

 We used a methodological framework that integrates biogeographical history of the 193 

lineages estimated by ancestral area reconstruction and assemblage-level phylogenetic 194 

metrics (in situ diversification, colonization age of assemblages and mean phylogenetic 195 



pairwise distance) to provide assemblage-level descriptors that captures the biogeographic 196 

history of current assemblages (Nakamura et al. 2024). Here we extend the original 197 

framework described by Nakamura et al. (2024) by using biogeographic stochastic mapping 198 

(Dupin et al. 2017). Biogeographic Stochastic Mapping (BSM) is a method that samples 199 

from the distribution of possible biogeographical histories (100 samples in this study), 200 

estimated by a model and conditioned on model parameters, the phylogenetic tree, and the 201 

data. This approach allows quantification of the uncertainty associated with reconstructing 202 

the biogeographical history of species. Importantly, it enables us to propagate uncertainty 203 

in ancestral area estimates and the assemblage-level phylogenetic metrics we use.  204 

We applied BSM to reconstruct the biogeographical history of the genus Myrcia using a 205 

phylogenetic tree. We also use the information on current species distribution and the 206 

biogeographical region in which the assemblages occurs. These data were combined to 207 

calculate the proportional in situ diversification rate (DRprop), colonization age of 208 

assemblage, mean phylogenetic distance and species richness. Using these metrics, we 209 

investigated the relative roles of in situ diversification and lineage dispersal in shaping 210 

Myrcia assemblages in the Atlantic Forest, following the framework illustrated in Table 1. 211 

All analyses were conducted in R version 4.2.2 (R Core Team 2022) and the main packages 212 

used are mentioned in italic. To define the boundary of the Atlantic Forest (our study area), 213 

we used the integrative limit proposed by Muylaert et al. (2018). 214 

Genus Myrcia and phylogenetic tree 215 

The genus Myrcia comprise 794 species distributed across the Neotropics, subdivided in 10 216 

taxonomic clades (hereafter sections) (Lucas et al. 2018; POWO 2025). A total of 264 217 

Myrcia species are found in the Atlantic Forest, the region with the highest Myrcia richness 218 

(Amorim et al. 2019; Lucas et al. 2018). The phylogeny was produced by Amorim et al. 219 

(2019) using internal and external transcribed spacer (ITS and ETS) of the ribosomal 220 

nuclear region and seven plastid markers. It presents strong statistical support for the 221 

topology of the 10 sections (Amorim et al. 2019). Time-calibration used  two calibration 222 

points one to constrain the maximum age (the age of Neotropical tribe Myrteae) and 223 

another to the Myrcia crown node (Vasconcelos et al. 2020). Here, we used the consensus 224 

time-calibrated phylogenetic tree available in Vasconcelos et al. (2020). The available 225 

phylogenetic tree has 195 taxons (24,5% of Myrcia’s species) (Amorim et al. 2019; 226 

Vasconcelos et al. 2020).  227 

Species assemblages 228 



The species assemblages used here are based on binary predictions obtained from models 229 

of stacked species distribution across the Neotropics produced by Rodrigues and Duarte 230 

(2024). We used raster for 307 Myrcia species available (38.6% of Myrcia’s species) with 231 

resolution of 0.5 decimal degrees. Species distributions were constructed using buffers (50 232 

km radius for n <4 records, convex-hull with 50 km buffer for 4-5 records) and species 233 

distribution models using Maxent algorithm (n < 5 records) (Phillips et al. 2017). Maxent 234 

models were fitted using a tuning approach and six environmental variables: four climatic 235 

variables (annual mean temperature, temperature seasonality, precipitation of wettest and 236 

driest quarters) and two soil variables (cation exchange capacity and clay percentage). The 237 

binarization process employed a site-specific threshold approach (Scherrer et al. 2018), 238 

where model predictions were converted to presence/absence by first estimating site 239 

richness through summing species probabilities, then ranking species by probability and 240 

selecting the highest-ranked species up to the estimated richness (Rodrigues and Duarte 241 

2024). Here we use species distribution predictions for 96 species (12% of Myrcia’s Species, 242 

representing the 10 sections) that are also present in the phylogenetic tree. Although the 243 

number of species is low related to the genus richness, a comparison of the richness using 244 

all the species with distribution maps and the ones present in the phylogeny shows a high 245 

correlation (rho = 0.958) and the visual pattern is very similar across the Neotropical 246 

region, especially in the Atlantic Forest, which is the focus of this study (Figure S1). 247 

Biogeographic regions and ancestral area reconstructions of Myrcia 248 

Biogeographical regionalization was based on evoregions, a regionalization method 249 

that uses phylogenetic composition of Myrcia across the Neotropics (Rodrigues and Duarte 250 

2024). This regionalization divides the area occupied by the genus in the Neotropics in five 251 

regions. In the Atlantic Forest there are 2 main regions (Figure 2D), the evoregion A 252 

covering the southern part of Atlantic Forest and the mountainous area, and the evoregion 253 

B covering the northern part of Atlantic Forest and low land areas. In the extreme north of 254 

Atlantic Forest, some grid cells are defined as part of the evoregion C. This region extends 255 

mostly outside the Atlantic Forest, Neotropics, ranging from Central America, Andes and 256 

Eastern Amazonia (Figure 2B). Rodrigues and Duarte (2024) previously reconstructed the 257 

ancestral ranges of Myrcia using six biogeographic models in BioGeoBEARS, selecting 258 

DEC+J as the best-fitting model based on AICc. This model allowed ancestral nodes to 259 

occupy up to three areas and suggested Evoregion B as the most likely origin of Myrcia, 260 

with clades in Evoregion A associated with colder environments. 261 



In this study, we build on that framework and use Biogeographical Stochastic 262 

Mapping (BSM), generating 100 realizations based on the DEC+J parameters, to infer the 263 

biogeographical history of the lineages. This approach incorporates both cladogenetic and 264 

anagenetic events and allows us to estimate colonization ages and in situ diversification 265 

metrics while accounting for uncertainty in ancestral histories. Details on the 266 

implementation of the BSM in the Herodotools R package are described in the 267 

Suplemmentary Material (Text S1.1). 268 

Figure 2. Atlantic Forest spatial context. A) Spatial distribution of Atlantic Forest (dark grey) in the 269 

South America. B) Biogeographic regions defined from phylogenetic composition (evoregions) for 270 

the genus Myrcia (Rodrigues and Duarte 2024). C) Elevation variation across Atlantic Forest. D) 271 

Biogeographic regions in the Atlantic Forest.   272 



In situ diversification and lineage dispersal 273 

We calculated a modified version of the Diversification Rate metric (DR; Jetz et al. 274 

2012), to separate it into two components: in situ diversification (hereafter called DRin situ) 275 

and historical dispersal., DRin situ represents the proportion of the speciation events 276 

(measured as DR) that occurred exclusively within the region where a species currently 277 

occurs. DR metric is the inverse of the equal-splits measure (ES; Redding and Mooers 278 

2006) and is calculated as DRJetz = 1/ES. On a fully binary tree, the ES metric for a species 279 

i is the sum of the edge lengths in the path from tip to root of the tree, consecutively 280 

discounted by a factor of  0.5:  281 

𝐸𝑆𝑖 = ∑ 𝑙𝑗
1

2𝑗−1

𝑁𝑖
𝑗=1      282 

where 𝑙𝑗 is the length of the edge j, j=1 is the edge of the tip of the focal species, and Ni is 283 

the number of nodes in the path from the tip to the root of the tree. We used the same 284 

equation to derive the ESin situ but with a modified definition of Ni. In ESin situ (i.e. 285 

considering only the speciation events occurring within the focal region), Ni represents the 286 

number of nodes from the tip to the earliest internal node that continuously occupied the 287 

region of the focal assemblage where the species occurs. The information on node 288 

occupancy along the lineage path was derived from an ancestral reconstruction model. 289 

From this, DRin situ was calculated as  1/ESin situ.  To calculate the community average, we 290 

use the harmonic mean for DRJetz and DRin situ  (ignoring zeros for DRin situ ). To calculate a 291 

proportion of the DR that have occurred in situ, we calculate species level as DRprop = 292 

DRJetz x (ESin situ/EStotal) and averaged for each site as Mean DRprop = ∑ DRprop / ∑ DRJetz . 293 

This proportional DRprop (hereafter simply DRprop) ranges from 0 to 1, where 0 indicates 294 

that the entire evolutionary history of the species in an assemblage occurred in another 295 

region (lineage dispersal) and 1 indicates that the entire the evolutionary history of the 296 

species occurred within the assemblage's region (in situ diversification process). 297 

Consequently, Mean DRprop capture the relative role of lineage dispersal (higher role when 298 

Mean DRprop  < 0.5) and in situ diversification history (higher role when Mean DRprop > 299 

0.5) for the assemblage. Diversification metrics were computed with the function 300 

‘calc_insitu_diversification’ from Herodotools version 2.0 (Nakamura et al. 2024). Since we 301 

are using 100 BSM maps to infer biogeographical history, we compute average and 302 

coefficient of variation of mean DRprop and DRin situ across the BSM maps. 303 

Colonization Age of Assemblages  304 



We used the same framework described in Box 1 to calculate the colonization age of 305 

each species in the region of the assemblage, using the function ‘calc_age_arrival’ from the 306 

Herodotools package. We calculated the mean colonization age for each assemblage based on 307 

all species'  colonization ages in the assemblages they currently occur. Using results from the 308 

100 BSM maps, we compute average and coefficient of variation of community average age 309 

across the BSM maps. 310 

Diversity metrics 311 

We quantified two assemblage-level diversity metrics: species richness and 312 

phylogenetic divergence (Tucker et al. 2017). Species richness was calculated as the number 313 

of species in each grid. We quantified phylogenetic divergence of assemblages using the 314 

standardized effect size of mean pairwise distance (SES MPD) among the species in a site. 315 

The effect size was calculated by using a null model that randomizes the taxa labels in the 316 

phylogeny with 1000 repetitions of MPD calculation. To compute the SES MPD we used 317 

the package picante (Kembel et al. 2010). Low values of SES MPD indicate that the 318 

assemblage is assembled by phylogenetically closed-related species and high values of SES 319 

MPD indicate that the assemblage is assembled by phylogenetically distant-related species.  320 

Identyfying legacies in Myrtaceae in Atlantic Forest   321 

The last step in our methodological framework consists in providing a general 322 

overview of the different processes affecting the assemblages across the Atlantic Forest 323 

(see Table 1). We did this by performing a cluster analysis where we classified the 324 

assemblages based on four metrics: DRprop, colonization age of assemblages, SES MPD 325 

(phylogenetic divergence) and species richness. We used Euclidian distance of the metrics’ 326 

z-scores with ward clustering algorithm. In addition, to interpret the differences among 327 

groups we performed a Principal Component Analysis (PCA) on the metrics. We choose 328 

the number of groups (three to five) by visually assessing the spatial arrangement of the 329 

cluster analysis, resulting in four groups.  330 

Results 331 

The DRprop values were higher in the evoregion A sites than in the evoregion B sites 332 

(Figure 3A). High DRprop means that evoregion A showed higher contribution of in situ 333 

diversification than lineage dispersal process to the assemblage composition. On the other 334 

hand, evoregion B showed an overall even contribution of both processes (DRprop around 335 

0.5), but the NE coast shows higher DRprop (values between 0.6 and 0.8). Most of the sites 336 



with low DRprop values were located in evoregion B and close to the border of the region. 337 

DRjetz  and DRin situ showed similar spatial patters between them (Figure S2) in which the 338 

higher diversification rates are in the central Atlantic Forest. This is a mountainous region 339 

that connects with the Cerrado biome in central Brazil. Spatial patterns of assemblage 340 

colonization ages (Figure 3) showed older colonization ages in assemblages at the 341 

southernmost Atlantic Forest, northeastern coast and in highlands of the northeast 342 

continental area. Assemblage age varied between 12-15 Ma in these areas (purple sites in 343 

Figure 3B). Most of the assemblages in the Central Atlantic Forest had ages between 9-12 344 

Ma. It is important to highlight that Myrcia has an crown node estimated around 27 Ma 345 

(24.55 – 31.19 Ma; Vasconcelos et al. 2020).  346 

 347 

Figure 3. Spatial patterns of diversity and biogeographical processes influencing the assembly of 348 

Myrcia species in the Atlantic Forest. From left to right, proportion of in situ diversification   349 

quantifies the role of in situ diversification (high values) vs dispersal (low values) processes for the 350 

assemblage; mean age of assemblages, Phylogenetic structure, represent clustered (negative values) 351 

or overdispersed (positive values) assemblages; Species richness (D) is the number of species in 352 

each site.  353 

The ancestral reconstruction affects the DRprop, DRin situ and age of assemblages 354 

estimates since these metrics assumes the ancestral reconstruction is known. Using the 355 

BSM approach we were able to propagate the uncertainty in the ancestral reconstruction 356 

estimates to the assemblage level metrics. Our results show low uncertainty for DRprop and 357 

DRin situ which median coefficient of variation across the sites were 0.05 and 0.07, 358 

respectively. However, the age of assemblages showed higher uncertainty with median 359 



coefficient of variation across the sites of 0.35. The spatial variation of the uncertainty is 360 

quite uniform in all the metrics (Figure S3) 361 

 Species richness, using only the species present in the phylogeny, showed at least 362 

three peaks along the coastal area of the Atlantic Forest (Figure 3). From South to North, 363 

the largest area with high species richness is in the Northern portion of the Serra do Mar, 364 

the second peak is in the Espirito Santo State, and the last one is in the Bahia State. The 365 

former two peaks in species richness also had low SES MPD values, but that in the Bahia 366 

state had high values of SES MPD. SES MPD metric revealed clustered assemblages of 367 

Myrcia along the Serra do Mar range (greener area in Figure 3B). By contrast, 368 

phylogenetically overdispersed assemblages predominated in the northeastern Atlantic 369 

Forest (orange region in Figure 3B).The southwestern the Atlantic Forest displayed a 370 

phylogenetic structure consistent with random expectation.  371 

 372 

Figure 4. Schematic figure showing distinct historical structure of lineages for Myrcia assemblages 373 

in the Atlantic Forest. Groups were defined using Ward method of hierarchical clustering based on 374 



4 metrics: DRprop, age of assemblage, SES MPD and richness. The inset graphic represents a 375 

Principal Component Analysis (PCA) of assemblages using SES MPD, DRprop, and richenss. The 376 

values in parenthesis represent the correlation between each variable and the PCA axis. Cluster 377 

analysis and Principal Component Analysis used to interpret differences between groups are 378 

presented in the Supplementary Material. 379 

 Table 2.  Principal Component Analysis summary showing the relationship of the 380 

variables with the Principal Components (PC) and the variation explained by each PC axis.  381 

 PC1 PC2 PC3 PC4 

Mean Colonization Age 0.623 -0.303 0.334 0.639 

Mean Drprop 0.644 -0.291 -0.136 -0.694 

SES MPD -0.385 -0.572 0.680 -0.251 

Richness 0.221 0.705 0.639 -0.215 

Proportion of Variance 0.495 0.336 0.141 0.028 

Cumulative Proportion 0.495 0.831 0.972 1.000 

 382 

By aggregating the information on DRprop, age of colonization, SES MPD and 383 

richness we found four groups of sites with distinct legacies from biogeographical historical 384 

processes (Figures 4 and S4). The Principal Component Analysis using the same variables, 385 

the first tree axes explaining 97% of the variation (Table 2 and Figure S5). PC1 explains 386 

49.5% of the variation and are positively related to mean DRprop and mean colonization age. 387 

PC2 explains 33.6% of the variation and are positively related to richness and negatively 388 

related to SES MPD. In contrast, PC3 (14.1% of explained variation) is positively related to 389 

both richness and SES MPD. This means that DRprop and colonization age are corelated but 390 

independent to SES MPD. The four groups are well separated in the PCA space (Figure 4 391 

and S5). Following the expectations summarized in Table 1, we can classify the Group 1 392 

(yellow in Figure 4) as a stable area acting as refugium since sites in this group present 393 

moderate history of in situ diversification, old colonization age of assemblages, 394 

overdispersed phylogenetic structure and high species richness. Group 2 (brown in Figure 395 

4) seems to be an unstable area acting as cradle since it has moderate to high proportion of 396 

in situ diversification, moderate to high colonization ages, clustered phylogenetic structure 397 

and intermediate to high species richness. Group 3 (magenta in Figure 4) can be classified 398 

as stable area acting as cradle since it has high proportion of in situ diversification, old age 399 

of colonization, high SES MPD but with low species richness. Finally, we classify Group 4 400 



(blue in Figure 4) as a unstable area acting as sink of lineages since it has lower proportion 401 

of in situ diversification, younger age of colonization, neutral SES MPD (similar to 402 

expected by chance) and intermediate species richness.  403 

Discussion 404 

  Our study examined how evolutionary and biogeographical history shape present-405 

day patterns of phylogenetic composition. We quantified the relative roles of in situ 406 

diversification and lineage dispersal in assembling communities, along with the colonization 407 

age and phylogenetic structure of these assemblages. Our results show that in situ 408 

diversification is proportionally higher in Evoregion A (groups 2 and 3 in Figure 4), 409 

especially in the subtropical zone, whereas lineage dispersal plays a larger role in shaping 410 

assemblages in Evoregion B. Furthermore, by integrating DRprop, colonization age, SES 411 

MPD, and species richness, we identified four regions with distinct historical 412 

biogeographical dynamics. This demonstrates the potential of our framework to uncover 413 

historical processes at the assemblage level. 414 

High levels of in situ diversification may provide evolutionary advantages for 415 

species in assemblages subjected to stronger environmental selection pressure. In 416 

Evoregion A, particularly in the subtropical Southern Atlantic Forest (Group 3; Figure 4), 417 

assemblages are largely composed by species that diversified within this region. In contrast, 418 

assemblages in the evoregion B, are more evenly shaped by both in situ diversification and 419 

lineage dispersal. That suggests that lineages originating in Evoregion A have likely 420 

accumulated adaptations that enhanced their success during community assembly in these 421 

areas. Since evoregion A has colder climate, which are more frequent and intense at higher 422 

altitudes and latitudes (Rodrigues and Duarte 2024), we argue that these adaptations might 423 

be associated with the ability to cope with colder climatic conditions. For instance, in 424 

Southwest Atlantic Forest (Group 3, Figure 4), assemblages are dominated by some of the 425 

oldest lineages evolving within the Evoregion A, with only a few lineages having recently 426 

dispersed into the region. This indicates that in situ diversification plays a key role in 427 

shaping the phylogenetic composition of this area, despite its relative low species richness. 428 

Supporting this pattern, previous studies provided evidence of selection for cold-adapted 429 

lineages in tree assemblages in the subtropical Atlantic Forest, where Myrtaceae species are 430 

particularly important at high altitude sites (Bergamin et al. 2021; Duarte et al. 2014; Giehl 431 

and Jarenkow 2012). In addition, the subtropical Atlantic Forest appears to have remained 432 

under stable conditions since the last ~120 kyr (Carnaval et al. 2014). Together, these 433 



patterns suggest that Group 3 area has have provided stable environmental condition for 434 

cold adapted species, and that the long-term persistence of the lineages in this region has 435 

promoted diversification, likely driven by lower extinction rates on cold adapted lineages.  436 

Lineage dispersal appears to play a greater role in shaping tropical assemblages, 437 

particularly outside the Evoregion A. In these areas, evolutionary history seems to be less 438 

important for successful colonization, likely due to weaker selection pressures. Within the 439 

Atlantic Rainforest, species inhabiting warmer and wetter environmental conditions tend to 440 

exhibit a narrower climatic niche, whereas those in colder and drier environments exhibit 441 

broader niche (Klipel et al. 2022). These contrasting niche characteristics likely favored the 442 

selection of lineages tolerant or adapted to colder conditions in the Evoregion A. 443 

Conversely, in areas where the selection pressure is weaker, the history of diversification is 444 

less determinant for the assembly process. The Central-West Atlantic Forest (Group 4, 445 

Figure 4) exemplify such a case: here, in situ diversification and lineage dispersal 446 

contributes equally to assemblages with young age of colonization. This suggests that the 447 

region functions as an unstable sink for lineages originating elsewhere. In such context, 448 

contemporary ecological processes, such as competition and priority effects, are likely more 449 

important in shaping community assembly than geographical diversification history 450 

(Gerhold et al. 2018; Mittelbach and Schemske 2015; Ricklefs 1987).  451 

Northeastern Atlantic Forest is characterized by an old colonization history, 452 

intermediate proportion of in situ diversification, an overdispersed phylogenetic structure, 453 

and high species richness (Group 1, Figure 4). These patterns are consistent with the Bahia 454 

refugium hypothesis, which proposes that this region has maintained relatively stable 455 

climatic conditions since at least the last 21 ky (Carnaval et al. 2014; Carnaval and Moritz 456 

2008; Staggemeier et al. 2015). The stable climatic condition potentially enabled the 457 

persistence of old and distant-related lineages, which in turn contributed to the high species 458 

richness found in this area. In a study focused on Myrcia section Aulomyrcia, Staggemeier et 459 

al. (2015) found a low extinction rate in the Bahia refugium and high speciation rates 460 

outside the refugium area. Therefore, this region seems to be stable for long time and act as 461 

a refugium for Myrcia lineages. 462 

Central Atlantic Forest (Group 2, Figure 4) probably act as an unstable cradle area. 463 

This is a mountainous region with the higher altitude in Atlantic Forest. Mountainous 464 

regions can promote ecological speciation due to high environmental and topographic 465 

heterogeneity (Pyron et al. 2015; Rahbek et al. 2019) which can also be a source of higher 466 



levels of extinction (Rahbek et al. 2019; Vasconcelos et al. 2022). The climate in this area 467 

has been shown to have higher levels of paleoinstability since last interglacial maximum 468 

(Carnaval et al. 2014; Carnaval and Moritz 2008). The climatic instability associated to the 469 

topographic heterogeneity of the area has resulted in phylogenetic clustered assemblages 470 

with moderate to high levels of in situ diversification, but with intermediate colonization 471 

ages in comparison to other areas. We speculate that the diversity in this area results from 472 

highly dynamic evolutionary and biogeographical processes, characterized by continuous 473 

speciation driven by the creation of novel habitats and the fragmentation of species 474 

distribution, as well as range expansion and contractions in species range in response to 475 

environmental changes, alongside the extinction of some lineages. 476 

By integrating diversity, in situ diversification history, and phylogenetic structure of 477 

assemblages, we were able to identify areas with distinct historical dynamics that surpass 478 

biogeographical borders (defined here as evoregions) and explain compositional variation 479 

within biogeographical areas. Typically, the influence of biogeographical history and its 480 

dynamics on biodiversity patterns is examined at courser resolutions using biogeographical 481 

areas as the unity of analysis (Antonelli et al. 2018; Matos-Maraví et al. 2021). Here we 482 

increase the resolution of analysis and address historical biogeographical dynamics at local 483 

assemblages, which is an important step towards understanding the effects of past 484 

dynamics on local communities (Gerhold et al. 2018; Mittelbach and Schemske 2015). This 485 

methodological advance was possible because we incorporate biogeographical information 486 

(from ancestral area estimates models) into tip-based diversification metrics and combining 487 

these with diversity (richness) and phylogenetic metrics (MPD). Therefore, our approach 488 

allows the detection of the influence of past source-sink dynamics among evolutionary 489 

regions on present-day local assemblages that could be applied in other systems and 490 

taxonomic groups.  491 

 Our study shed light on the legacies of the biogeographical history on the current 492 

assembly of Myrcia species in the Atlantic Forest. We were able to capture distinct role of in 493 

situ diversification and dispersal across the Atlantic Forest and identify areas with distinct 494 

biogeographical dynamics. In line with other studies, we detected patterns of a stable area 495 

acting as a refugium in the Northeastern Atlantic Forest (Carnaval et al. 2014; Carnaval and 496 

Moritz 2008). In addition, we showed a large area acting as cradle and areas acting as sink 497 

of lineages. Finally, our findings demonstrate the ability of the new proposed metrics of in 498 

situ diversification to shed light on within biome diversification dynamics and its legacies at 499 

the local assemblages.  500 



Data availability statement 501 

Code and data necessary to reproduce the analysis are available at 502 

https://doi.org/10.5281/zenodo.14171268 503 
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Supplementary Material 678 

 679 

 680 

Figure S1. Myrcia’s species richness patterns in Neotropics. The figures compare the spatial 681 

pattern between two datasets, one with all species with distribution map available (left 682 

panel) and one with only the species that are present in the phylogenetic tree used in this 683 

study (right panel). Pearson coefficient of correlation is 0.958. The outer lines show the 684 

border of America’s continent and inner lines show the border of the Atlantic Forest.  685 

 686 

 687 

 688 



 689 

Figure S2. Comparison among the diversification rate (DR) metrics. Community average 690 

DR as the inverse of the equal splits as proposed by Jetz et al. 2012 is shown in the left 691 

panel (Diversification). Central panel shows DR in situ (In situ diversification) and the right 692 

panel shows DR proportional (Prop. In situ diversification). DR in situ calculates the 693 

inverse of the equal splits only for species in the community that have diversified in situ 694 

and for the time it has occurred in situ since colonization. DR proportional calculates the 695 

mean proportion of the diversification history that has occurred in situ. For details on the 696 

calculation of DR metrics refer to the Methods section of the main text. 697 

  698 



 699 

Figure S3. Uncertainty (calculated as the coefficient of variation) of colonization age of 700 

assemblages, DR in situ (In situ diversification) and DR prop (Proportional in situ 701 

diversification) based on 100 biogeographical stochastic mappings using DEC model of 702 

ancestral state reconstruction with BioGeoBEARS.703 



 704 

Figure S4. Dendrogram of ward clustering of sites based on in situ diversification, 705 

colonization age of assemblages, SES MPD and richness. Each color represents one group. 706 



 707 

Figure S5. Principal Component Analysis of the site’s variability on in situ diversification 708 

(represented by DR prop), colonization age of assemblages (Age), SES MPD and richness. 709 

Each color represents one group of sites obtained using ward clustering method (Figure 710 

S4).  711 

 712 

 713 
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Text S1 - Methods description:  715 

Text S1.1 - Implementation of the Biogeographic Stochastic Mapping (BSM) in 716 

Herodotools R package  717 

 718 

 The Herodotools package was developed to integrate biogeographical history methods of 719 

ancestral range reconstruction with phylogenetic metrics at the assemblage level. This 720 

integration uses ancestral area estimates as the basis for disentangling a species’ history 721 

between the region where it currently occurs (the assemblage) and other regions (Box 1, 722 

main text). The method accepts biogeographic reconstructions from any of the models 723 

implemented in the R package BioGeoBEARS (Matzke, 2013).  724 

In the first implementation (Nakamura et al., 2024), Herodotools, used the most likely range 725 

state estimated at each phylogenetic node to track species’ biogeographical histories. A key 726 

limitation of this approach is that it cannot account for range-state changes along branches, 727 

since only node-based changes are considered. Moreover, by relying on a single most likely 728 

ancestral state, this approach does not incorporate the uncertainty inherent in ancestral 729 

range estimates. 730 

To overcome these issues, we extended the Herodotools to incorporate Biogeographic 731 

Stochastic Mapping (BSM) outputs from  BioGeoBEARS into its workflow.  BSM 732 

generates a set of equally probable histories consistent with the phylogenetic tree, model 733 

parameters, and data. Each stochastic map represents one possible biogeographic history, 734 

assigning range changes to both nodes and branches by random sampling based on a fitted 735 

biogeographic model (e.g., the Dispersal–Extinction–Cladogenesis model, DEC). Because 736 

each map is a random draw, multiple reconstructions (e.g., 100) must be generated to 737 

capture the uncertainty in range change estimates. The advantage of using the BSM is that 738 

it tracks the range state transition along the entire phylogeny (nodes and branches) and by 739 



producing many maps, allows the quantification of uncertainty in ancestral range 740 

reconstructions. Within the Herodotools framework, assemblage-level phylogenetic metrics 741 

are computed for each BSM map, thereby propagating uncertainty in biogeographic 742 

reconstruction into the phylogenetic metrics. After metrics are computed across all maps, 743 

summary statistics such as the mean and standard deviation can be derived. 744 

Text S1.2 - Obtaining Diversification Rates and importance of in situ diversification 745 

at assemblage scale 746 

Based on the results of biogeographical ancestral range reconstruction with BSM, we 747 

modified the diversification rate (DR) metric proposed by Jetz et al., (2012) to account for 748 

in situ diversification. By in situ diversification, we refer to the speciation rate that occurs 749 

for a set of lineages within a given region (in this study, an evoregion). Here, we detail how 750 

we obtained the proportion of diversification attributable to in situ speciation, which we 751 

call DRprop . 752 

We first calculated DRin situ—the diversification rate of each lineage within the region it 753 

currently occupies. This value is defined as the inverse of the in situ evolutionary 754 

distinctness, EDin situ, for each lineage. For a given region, EDin situ is computed by tracing 755 

each lineage only along the branches (from tip to root) where the ancestral range includes 756 

that region. By definition, EDin situ ≤ EDtotal. EDtotal is the ED calculation that do not 757 

account for the in situ diversification, as originally proposed (Redding et al., 2008; Redding 758 

& Mooers, 2006). 759 

Finally, based on EDtoalt, EDin situ , and DRJetz, we derived the proportion of diversification 760 

due to in situ speciation, denoted as DRprop in situ per lineage i. 761 

 762 



𝐷𝑅𝑖
𝑝𝑟𝑜𝑝 

= 𝐷𝑅𝑖 ⋅
𝐸𝐷𝑖

𝑖𝑛𝑠𝑖𝑡𝑢

𝐸𝐷𝑖
𝑡𝑜𝑡 =

𝐸𝐷𝑖
𝑖𝑛𝑠𝑖𝑡𝑢

(𝐸𝐷𝑖
𝑡𝑜𝑡)2

 763 

DRprop was calculated for each lineage i, which in this study corresponds to each tip of the 764 

phylogenetic tree. We then scaled up lineage-level DRprop  in situ to the assemblage level by 765 

computing the community-weighted average of per-species in situ proportions, denoted as 766 

mean DRprop, as follows: 767 

𝑀𝑒𝑎𝑛 𝐷𝑅𝑐𝑜𝑚𝑚  =  
∑ 𝐷𝑅𝑖

𝑝𝑟𝑜𝑝
𝑖

∑ 𝐷𝑅𝑖
𝐽𝑒𝑡𝑧

𝑖

 768 

This equation corresponds to a community-weighted average of per-lineage in situ 769 

proportions, where the weights are proportional to the diversification rate of each lineage. 770 

It can be interpreted as the average fraction of diversification occurring in situ across all 771 

lineages present in the assemblage, with species exhibiting higher in situ diversification 772 

rates contributing more strongly to the overall value. In the Herodotools package, the 773 

function calc_insitu_diversification is used to calculate DRJetz DRin situ, DRprop , and their 774 

correspondents community mean values. 775 

 776 
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