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Abstract 25 

Aim: Historical processes like speciation, extinction, and historical dispersal are the ultimate 26 

factors generating and maintaining biodiversity in space and time. While detecting the effect of 27 

those processes on the distribution of biodiversity has great relevance by itself, how to measure 28 

them is critical to interpreting the underlying causes of biological patterns. However, metrics of 29 

macroevolution used at biogeographical scales usually ignore the variation of macroevolutionary 30 

processes at scales finer than entire regions. Likewise, biogeography and community ecology 31 

often ignore deep-time evolutionary processes, giving us a limited picture of the role of historical 32 

processes in community assembly. To overcome this problem, it is necessary to integrate data 33 

from ancestral state reconstructions, current species distributions, and biogeographical 34 

regionalization. We hereby present Herodotools, an R package that integrates macroevolutionary 35 

models with data on the distribution of species occurrences in assemblages and biogeographic 36 

regions. 37 

Location: Global application, with an example from Neotropics. 38 

Major taxa studied: Any taxa, with an example from small rodents (genus Akodon and 39 

subfamily Sigmodontinae). 40 

Methods: We developed an R package called Herodotools, designed to streamline analyses of 41 

historical biogeography, including regionalization, calculation of assemblage age, lineage in situ 42 

diversification, and community phylogenetic metrics, which merge species occurrence with 43 

macroevolutionary methods of ancestral area and trait reconstruction. We described the main 44 

functions of our R package through toy examples and illustrated the use of our new package by 45 

analyzing the historical biogeography from small rodent assemblages in the Neotropics. 46 



Results: We showed that our methods can integrate methods from biogeography, 47 

macroevolution, and community ecology, allowing us to downscale the effects of historical 48 

processes and calculate important historical variables (e.g., age of assemblages, in-situ 49 

diversification) in different scales, from entire regions to communities of co-occurrent species. 50 

Main Conclusions: Our package provides the first platform to streamline the analysis of 51 

historical biogeography, enabling a better understanding of historical processes at different levels 52 

of organization, from local assemblages to entire biogeographical regions. 53 

Keywords: Historical biogeography; macroevolutionary dynamics; ancestral state 54 

reconstruction; biogeographical regionalization; model-based metrics; diversification; historical 55 

dispersal  56 



Introduction 57 

Evolutionary processes such as speciation, extinction, and historical dispersal are 58 

considered the ultimate factors promoting the distribution of biological diversity across space 59 

and time (Ricklefs, 1987; Ricklefs & Jenkins, 2011; Wiens & Donoghue, 2004a). Classical 60 

biogeographical patterns are shaped by those factors jointly with ecological factors (e.g., 61 

temperature, pluviosity, food availability). The most famous example is the latitudinal gradient 62 

of species richness. Among all the possible explanations for it, at least two of three leading 63 

hypotheses consider the potential role of macroevolutionary processes in producing the gradient, 64 

namely “time for speciation” (Stephens & Wiens, 2003) and the “diversification rate” hypotheses 65 

(Egan et al., 2022; Pontarp et al., 2019). Consequently, a better understanding of ecological 66 

patterns depends on using reliable proxies for quantifying macroevolutionary phenomena in 67 

biogeographical studies (Houle et al., 2011). 68 

Despite the central role in biogeography, macroevolutionary phenomena have usually 69 

been measured by adopting proxies that do not necessarily reflect their nature, especially by 70 

ignoring the fine-scale effect of macroevolutionary processes, which are generally accounted for 71 

at broad scales (Mouquet et al., 2012). The calculation of evolutionary time (hereafter ET) and 72 

diversification metrics illustrates some of these problems. ET is commonly considered an 73 

important historical variable by representing the available time lineages had to build up new 74 

species in a given environment (Li & Wiens, 2019; Stephens & Wiens, 2003). Therefore, 75 

lineages that spend more time in an environment might have more opportunities to accumulate 76 

more species, and the differences in ET among areas will drive variation in diversity. ET is 77 

usually measured by extracting information about the age of lineages from a phylogenetic tree, 78 

for example, by calculating the maximum branch length among species (MBL) (García-Andrade 79 



et al., 2021), or by using ancestral area reconstructions to estimate ancestral colonization times 80 

(ACT) for entire biomes (Li & Wiens, 2019). The problem is: while the former equivocally 81 

assumes that speciation events at phylogenetic tree are simultaneous with events in geographical 82 

space (the age of the oldest species indicates arrival time for the whole assemblage in a given 83 

region), the latter adopts the premise that ecological heterogeneity inside a biome is not relevant 84 

(e.g., variation in composition associated with core and edge of a biome like showed by Luza et 85 

al., 2021) since all the assemblages inside the biome will present the same ACT. Similar 86 

problems apply to other metrics often used as proxies for macroevolutionary processes in 87 

biogeography, like diversification rates. For example, when comparing two areas with the same 88 

species composition using a common tip-based metric of speciation (e.g., DR metric; Jetz et al., 89 

2012), will result in a single value of diversification (or speciation) even if the colonization times 90 

differ between them. Therefore, even though diversification is a lineage’s property, different 91 

areas/assemblages should account for distinct colonization times and time available for 92 

diversification, which is usually ignored in biogeographical studies. 93 

Even though common macroevolutionary metrics reflect the nature of macroevolutionary 94 

processes under specific scenarios (e.g., García-Andrade et al., 2021) (e.g., high niche 95 

conservatism in ancestral area of occurrence), the interaction between ecological variation and 96 

macroevolutionary processes are diverse and complex (e.g., Skeels et al., 2022). This fact is an 97 

evidence that the use of common proxies for macroevolutionary processes usually does not 98 

accurately reflect their nature, causing equivocal interpretations of biogeographical patterns. 99 

Consequently, meaningful measures of macroevolutionary processes in biogeographical studies 100 

should be able to capture the variation in species occurrence in space and time (e.g., different 101 



rates of diversification in different areas depending on the present-day and past geographical 102 

distribution of lineages). 103 

 A better way to represent macroevolutionary variables would be using methods that 104 

integrate macroevolutionary models of ancestral area and trait reconstruction with tip (species)-105 

based metrics that can be projected at assemblage scale (Mouquet et al., 2012). For example, 106 

Van Dijk et al. (2021) coupled a macroevolutionary model of ancestral area reconstruction with 107 

species occurrence data to estimate assemblage age and then tested two concurrent 108 

macroecological mechanisms of biodiversity assembly (“Out of the tropics” and “Niche 109 

conservatism” hypotheses). Another example is the study by Luza et al., (2021) that coupled a 110 

macroevolutionary model of trait evolution to estimate tip-based metrics that enabled to 111 

understand how diet evolution in Sigmodontinae rodents is shaped by the environment (ecotone 112 

and core spatial position). Despite only a few, those methods proved reliable in testing 113 

hypotheses that integrate ecological variation at assemblage scale through current species 114 

composition and macroevolutionary processes to interpret biogeographical patterns and 115 

processes. However, those methods are scattered in different studies and analytical routines 116 

hosted in different repositories, with no single platform that allows us to perform those analyses, 117 

which limits their usage and, consequently, our ability towards a better understanding of 118 

macroevolutionary imprints in biogeographical and community patterns (McGill et al., 2019). 119 

To overcome potential problems of inferring the role of macroevolution in 120 

biogeographical and community ecology studies, in this work, we present Herodotools (see 121 

https://gabrielnakamura.github.io/Herodotoolshttps://gabrielnakamura.github.io/Herodotools/arti122 

cles/Intro_Herodotools_vignette for an explanation for the package name and logo), an R 123 

package that provides a computational infrastructure that bridges the gap between biogeography, 124 



community ecology, and macroevolution. Our new tool overcomes the problems 125 

abovementioned by wrapping up in a single platform existing (Luza et al., 2021; Maestri & 126 

Duarte, 2020a; Van Dijk et al., 2021) and new methods that provide reliable interpretation of 127 

biogeographical patterns and historical processes acting from entire regions to local 128 

communities. Here we demonstrate the conceptual rationale used to incorporate macroevolution, 129 

biogeography, and community ecology in a single framework (Figure 1). The scheme in Figure 1 130 

starts by showing the use of methods that allow detecting the influence of historical processes on 131 

specific lineages (Figure 1a represented through ancestral state reconstruction methods, for 132 

example, BioGeoBEARS)(Matzke, 2013) and large spatial scales (Figure 1c represented mainly 133 

through regionalization methods), mostly ignoring the variation in local communities within a 134 

region. On the other hand, community ecology (Figure 1b) deals with local variations of multiple 135 

coexisting species. Still, it mostly ignores the effects of macroevolutionary dynamics at this scale 136 

or, when considered, using some unreliable proxies of historical imprints based only on present-137 

day community patterns (e.g., community phylogenetic metrics) (Crouch et al., 2019). We fill 138 

out these gaps by proposing integrative methods that allow us to evaluate macroevolutionary 139 

dynamics in both biogeographic and community scales (Figure 1d). All these methods were 140 

implemented in Herodotools package. 141 

We aim to show the analytical details behind core package functions and exemplify a 142 

broad analytical pipeline to investigate the following questions using a dataset of the Neotropical 143 

genus Akodon (Maestri et al., 2017, 2019), a species-rich and widespread genus of sigmodontine 144 

rodents: i) How to estimate the arrival ages at the assemblage level considering current and past 145 

geographical distribution of species and ancestors? ii) What is the relative importance of in-situ 146 

diversification and historical dispersal to determine the structure of assemblages? iii) How to 147 



quantify trait evolutionary dynamics at the assemblage scale while considering the variation in 148 

assemblage level (this last using the whole Sigmodontinae clade)? These questions represent just 149 

a few that can be answered by integrating macroevolution with biogeography and community 150 

ecology (McGill et al., 2019) in Herodotools R package. 151 

 152 

 153 

Figure 1: Conceptual representation of current approaches in macroevolution, community 154 

ecology, and biogeography (a-c) and their integration in the Herodotools R package (d). 155 

Macroevolutionary dynamics (a) usually focus on trait evolution and diversification at 156 

biogeographical areas (orange and purple polygons reconstructed across phylogeny nodes) using 157 

methods like ancestral state reconstruction (e.g., BioGeoBEARS) but ignoring the variation in 158 

local assemblages (grids), that is the domain of community ecology (b) which in its turn mostly 159 



ignores macroevolutionary dynamics in space and/or time. Finally, biogeography investigates 160 

large spatial patterns of variation but also disregards the variation of assemblages inside a region 161 

(c). Herodotools (d) present functions that fill these gaps by integrating macroevolutionary 162 

models in different spatial scales, from local communities to bioregions.[Double column] 163 

 164 

Methods 165 

General description of Herodotools package 166 

Herodotools integrate two different data types: one comprising the output from 167 

macroevolutionary analysis (e.g., ancestral area and/or trait reconstruction/mapping) and another 168 

comprising species occurrences in spatial units such as assemblages or regions (e.g., biomes, 169 

ecoregions, evoregions). Specifically, functions implemented in Herodotools allows the 170 

manipulation of data from common macroevolutionary analyses, e.g., ancestral area 171 

reconstruction models in BioGeoBEARS (Matzke, 2013), and ancestral traits reconstruction 172 

(Bollback, 2006), converting the output of these analyses into matrices and tables to calculate 173 

macroevolutionary metrics at the assemblage level (Table 1). These metrics can be used to map 174 

the effects of historical factors at different scales or as variables in common modeling 175 

frameworks, allowing to test hypotheses in ecology, macroevolution, biogeography, and 176 

community ecology (e.g., Luza et al., 2021; Van Dijk et al., 2021). Additionally, Herodotools 177 

performs phylogenetic regionalization methods, map transition zones (Maestri & Duarte, 2020a), 178 

and detects macroevolutionary sources and sinks (Goldberg et al., 2005) (functions ‘evoregions’, 179 

‘calc_affiliation_evoreg’, and ‘calc_dispersal_from’, respectively).  180 



Table 1: Description of the main functions present in Herodotools package. [Double column] 181 

Fields  Function name Description Reference 

Data preparation get_node_range_BioGeoBEARS Take a BioGeoBEARS output 
to produce a matrix of 
ancestral occurrence 
(assemblages x nodes) 

This study 

 spp_nodes Computes a matrix of species 
(rows) and their respective 
nodes (columns) 

This study 

Macroevolution + 
Biogeography 

calc_dispersal_from Compute the amount of 
contribution of each ancestral 
range to the species 
composition in other regions 

This study 

    

Biogeography evoregions Computes phylogenetic 
regionalization based on 
phylogenetic fuzzy weighted 
method 

Maestri and 

Duarte (2020) 

calc_affiliation_evoreg Computes the degree of 
affiliation of a cell within the 
region 

Maestri and 

Duarte (2020) 

calc_spp_association_evoreg Classify species in evoregions Maestri and 

Duarte (2020) 



 find_max_n_cluster Computes the maximum 
number of clusters to be used 
on ‘evoregions’ function 

Maestri and 

Duarte (2020) 

Macroevolution + 
Community Ecology 

calc_insitu_metrics  Computes in situ component 
of ecophylogenetic metrics 
(PDin situ and PEin situ) 

This study 

calc_insitu_diversification Computes in-situ component 
of diversification metrics after 
lineages colonization  

This study 

calc_age_arrival Compute the age of 
assemblages 

Van Dijk et al 

(2019) 

Macroevolution + 
phenotypic evolution + 
Community Ecology 

calc_tip_based_trait_evo Computes tip-based metrics 
that express trait 
macroevolutionary dynamics 
(transition rate, last transition 
time, and stasis time) 

Luza et al. (2021) 

182 



 The integration of macroevolutionary dynamics into community, biogeographic, and trait 183 

analysis comprises two steps: 1) the use of an ancestral area reconstruction model to decompose 184 

the evolutionary history dynamics on the phylogenetic tree in two components, namely ‘in-situ 185 

diversification’ and ‘ex-situ processes’, and 2) use step 1 to calculate tip-based metrics for each 186 

lineage in the phylogenetic tree. 187 

The in-situ diversification component comprises the evolutionary history that emerged 188 

due to in-situ speciation into ecological assemblages. In-situ diversification measures 189 

evolutionary history/time from all the events that occurred since each lineage's colonization and 190 

establishment in the assemblage’s region (i.e., no further dispersal events). In other words, it 191 

represents the path from tip to the node linking the current species occurrence in an assemblage 192 

and the most recent common ancestor in which the occurrence range was estimated in the same 193 

region as the assemblage, estimated through ancestral area reconstruction (Fig. 1d) (Van Dijk et 194 

al., 2021). This phylogenetic component is also used to calculate other assemblage level metrics, 195 

such as the age of assemblages and the amount of phylogenetic diversity (Faith, 1992) and 196 

phylogenetic endemism (Rosauer et al., 2009) that emerge from in-situ diversification into a 197 

region (see Table 1 for the list of functions that enable the calculation of these metrics). The ex-198 

situ component corresponds to the evolutionary history that arose due to events of ex-situ 199 

diversification and historical dispersal, i.e., events that occurred before the arrival and 200 

establishment of a lineage in the assemblage in which the present-day species are occurring.  201 

In-situ diversification and ex-situ components are illustrated in Figure 2. This 202 

hypothetical example (Fig. 2a) represents a result from an ancestral area reconstruction model, 203 

with ancestral regions of occurrence represented by letters A, B, and C. These areas can be 204 

interpreted, for example, as biomes (e.g., Maestri et al., 2019; Van Dijk et al., 2021a; Wiens & 205 



Graham, 2005). The matrix in Fig. 2b represents the current area of occurrence for each species 206 

in three assemblages (comm 1, comm 2, and comm 3). By recognizing in-situ diversification and 207 

ex-situ components, we can decompose the amount of macroevolutionary history that emerged 208 

inside a region due to in-situ diversification and the phylogenetic history component from 209 

another region (ex-situ). Following this rationale, we can notice that community 1 is assembled 210 

only by in-situ diversification (Fig. 2c), community 2 mainly ex-situ events from region C (Fig. 211 

2d), and community 3 is assembled by ex-situ events from region B and A, with a recent 212 

contribution from in-situ diversification events (Fig. 2e). The values of in-situ diversification and 213 

regular diversification calculated, respectively, accordingly to the metric proposed in this study 214 

(in-situ diversification) and the inverse of equal splits metric (DR) (Redding & Mooers, 2006; 215 

Jetz et al. 2012) are also shown for each community. These metrics will have the same values 216 

when all the diversification occurs inside the region where the community is (community 1). 217 

Suppose only part of diversification occurred inside the region where the community is located 218 

(communities 2 and 3), in that case, in-situ diversification will be lower than DR. This happens 219 

because the in-situ diversification considers the geographical area in which the diversification 220 

has occurred.  221 

It is worth noting that Figure 2 is a simplified example of macroevolutionary dynamics, 222 

in case of multiple disconnected diversification events (colonization followed by dispersion 223 

followed by colonization again), our method will capture only the effects of in-situ 224 

diversification after the last colonization, i.e., the effect of colonization after the establishment of 225 

a lineage in an area. The numerical example in Figure 2 can be reproduced using Herodotools 226 

package examples from function ‘calc_insitu_diversification’. 227 

 228 



 229 

Figure 2: Schematic figure illustrating the decomposition of macroevolutionary dynamics that 230 

can be performed in Herodotools. Purple branches in the tree correspond to the evolutionary 231 

history that emerged from ex-situ events (e.g., dispersal, speciation), and orange branches 232 

emerged from in-situ diversification. (a) A phylogenetic hypothesis with an ancestral area 233 

reconstruction (represented by letters in each node). (b) Species incidence in three hypotheticals 234 

assemblages and biomes. (c), (d), and (e): Three different hypothetical scenarios of 235 

macroevolutionary dynamics for each assemblage with their respective values of in-situ 236 

diversification and diversification rate (DR). It is worth noting that in-situ diversification and DR 237 



for different assemblages will have the same values if all the diversification occurs within the 238 

assemblages’ region. [Single column] 239 

 240 

 In the next section, we explain in more detail the main functions of the Herodotools 241 

package, emphasizing some specific and new functions arising from the integration between 242 

macroevolutionary and community data made in this package. 243 

 244 

Phylogenetic regionalization and shifts in phylogenetic turnover across bioregions 245 

Methods aiming to define biogeographic regions based on either taxonomic (Edler et al., 2016; 246 

Holt et al., 2013; Kreft & Jetz, 2010; Olivero et al., 2013; Vilhena & Antonelli, 2015) or 247 

phylogenetic relationships among species of a given biological group (Holt et al., 2013; Maestri 248 

& Duarte, 2020a) have been intensively developed over the last decade, using different site 249 

resemblance and clustering methods. While all methods are valuable as classification tools for 250 

historical biogeography and evolutionary macroecology, bioregions defined from either species 251 

composition or the Simpson index of phylogenetic beta diversity (Holt, et al. 2013; Daru et al., 252 

2020) might lead to the detection of evolutionarily unreal biogeographic regions, as regions 253 

arising from classifications might lack a coherent, shared history of diversification. It occurs 254 

because site resemblance and clustering methods are unable to detect transition zones, i.e., 255 

regions where sites show low phylogenetic affinity to their respective biogeographic regions 256 

(Maestri & Duarte 2020). On the other hand, classifying biogeographic regions based on 257 

evoregions (Maestri & Duarte 2020) enables mapping biogeographic transition zones in addition 258 

to core biogeographic regions, better showing intricate species distributions and facilitating the 259 

interpretation of biogeographic regions.  260 



As an interesting development, evoregions also allow the interpretation of the historical 261 

development of each biogeographic region directly along with the diversification history of a 262 

lineage represented as a phylogenetic tree (e.g., Fig 2 in Duarte and Maestri, 2018). Thus, 263 

evoregions is a useful methodological approach for historical biogeography and evolutionary 264 

macroecology whenever unveiling the geographical history of diversification is a primary goal. 265 

Phylogenetic classification with evoregions can be performed using the function ‘evoregions’ 266 

and detecting phylogenetic turnover zones can be done by using the function 267 

‘calc_affiliation_evoreg’ in the Herodotools package. 268 

 269 

Metrics for inference of historical processes at assemblage level 270 

One of the main drawbacks in ecology and evolution is the consideration of historical processes 271 

at the assemblage level (Mouquet et al., 2012). Herodotools fill this gap by implementing a set of 272 

metrics that can be calculated at the assemblage level. The first metric is the age of assemblage, 273 

explained in the previous section and calculated with the function ‘calc_age_arrival’. We also 274 

implemented tip-based metrics of diversification that account for macroevolutionary history. For 275 

example, the function ‘calc_insitu_diversification’ modified the commonly used DR metric 276 

(Equation 1 DR; Jetz et al., 2012) calculated as the inverse of the mean equal-splits measures 277 

(ES; Redding & Mooers, 2006) as follows: 278 

Equation	1	𝐷𝑅! = 	1/𝐸𝑆! 	 279 

Equation	2	𝐸𝑆! = 23𝑙"
1

2"#$

%!

"&$

5 280 

In our modification, we first calculate a version of equal-splits measure for each species i that 281 

considers only the edges j, being lj the length of the edge j that emerged after the colonization 282 



(arrival and establishment of lineages in an area up to the present) of species lineage in the 283 

regions where the assemblage is placed, what we call ESin situ (Equation 2). 284 

Instead of calculating the inverse of ES to obtain the DR for species i (Equation 1), we calculate 285 

the proportion of ESin situ relative to the regular ES (Reeding and Mooers, 2006), and then 286 

multiply this value by the total DR (Equation 3). 287 

Equation	3	𝐼𝑛 − 𝑠𝑖𝑡𝑢	𝑑𝑖𝑣𝑒𝑟𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 𝐷𝑅! ∗ G
𝐸𝑆!'	)!*+

𝐸𝑆H I	 288 

With this modification, we obtained an in-situ diversification metric. When the ESin-situ is low 289 

relative to ED, in-situ diversification will be low. When ESin-situ equals ES, DR, and in-situ 290 

diversification will equal since all diversification emerged in-situ for a given lineage after its 291 

colonization and establishment. Finally, we calculate in-situ diversification for each assemblage 292 

as its harmonic mean across all assemblage species. 293 

We also implemented popular ecophylogenetic metrics, such as Phylogenetic Diversity 294 

(PD Faith, 1992) and Phylogenetic Endemism (PE)(Rosauer et al., 2009), that account for in-situ 295 

diversification by applying the same rationale. For PD and PE, we modified the original metrics 296 

by using only the branch lengths that emerged after the arrival and establishment of the species 297 

lineages in an assemblage’s region. We then obtained what we called PDin-situ and PEin-situ.  298 

 299 

Mapping trait evolution dynamics over space  300 

As mentioned before, to scale up macroevolution to a macroecological assemblage-based level 301 

of analysis, methods should provide species-specific data. A few existent metrics are designed to 302 

gather species-specific evolutionary data directly from phylogenies, including estimates of tip-303 

based diversification (Jetz et al., 2012; Redding & Mooers, 2006; Title & Rabosky, 2019), and 304 

tip-based trait evolutionary rates (Castiglione et al., 2018). However, these metrics cannot handle 305 



temporal variation in trait states and age/time of trait appearance in the history of a 306 

clade/phylogeny. To tackle this issue, Luza et al., (2021) formulated an analytical framework 307 

that allows analyzing species-specific rates and tempo of (discrete) trait evolution by proposing 308 

three new tip-based metrics: i) transition rates, ii) stasis time, and the iii) last transition time. 309 

Briefly, these metrics capture the evolutionary history of trait changes from the root to each 310 

current species and summarize it in species-specific number of trait state changes (transition 311 

rates), the total evolutionary time without change (stasis time), and time since the last change 312 

(last transition time). Those metrics can be projected at the assemblage level, for example, by 313 

simply averaging species “traits” within assemblages, whereby it is possible to infer ecological 314 

and historical processes shaping the rates and tempo of trait evolution in local assemblages. 315 

These three tip-based metrics can be calculated with the function ‘calc_tip_based_trait_evo’. 316 

 317 

Historical biogeography of the Akodon genus 318 

To demonstrate the functionalities of Herodotools, we analyzed a data set of 732 assemblages of 319 

the genus Akodon. Akodon is one of the most species-rich and widely distributed genera of 320 

mammals in the Neotropics (Patton et al., 2007, Mammal Diversity Database 2022). 321 

Geographically, its 41 described species form two hotspots of richness, one in the Atlantic Forest 322 

and the other in the Central Andes, dominating the more inclusive richness pattern of its tribe, 323 

the Akodontini (Maestri & Patterson 2016), and overall forming a “dumbell” richness pattern 324 

(Pardiñas et al. 2015) also due to its absence in the Amazon. Such bimodal richness peaks and 325 

the phylogenetic distribution of its species cast doubt on the geographic origins of the genus, 326 

with hypotheses over the years lending support for either an Andean or an Atlantic center of 327 



origination and main diversification of the inclusive tribe (Reig, 1987; D’Elía & Pardiñas 2015; 328 

Maestri et al. 2019).  329 

To calculate the importance of in-situ diversification, historical dispersal events and 330 

estimate the age of assemblages, we first applied a phylogenetic regionalization method based on 331 

evolutionary turnover (Maestri & Duarte, 2020a) implemented in the function ‘evoregion’ of 332 

Herodotools package. Based on the groups generated by the phylogenetic regionalization, we 333 

estimated species' ancestral range using BioGeoBEARS (Matzke, 2013). We built six different 334 

models implemented in BioGeoBEARS: DIVA, DEC, and BayArea; each with and without a 335 

jump parameter. Details of model construction and the code used can be found in the online 336 

resource 337 

(https://gabrielnakamura.github.io/Herodotools/articles/Intro_Herodotools_vignette.html). We 338 

allowed species to belong to up to three biomes. We performed a model selection using Akaike 339 

Information Criterion (AIC) to select the best model for ancestral range estimates. Three models 340 

(DEC, DEC+J, and BayArea) presented DAIC < 2 and were considered equivalent. We chose the 341 

DEC model for further analysis because it has the lowest AIC value and fewer model parameters. 342 

The selected model was then used in Herodotools to calculate metrics that represent historical 343 

processes at assemblage level. Specifically, we calculated: 1) the age of each assemblage as the 344 

mean age across all lineages in an assemblage in which the ancestors of each present-day species 345 

arrived and established in the region of a given cell (function ‘calc_age_arrival’); 2) In-situ 346 

diversification, obtained by calculating the tip-based metrics of diversification for each species 347 

as being the inverse of equal splits metric (Jetz et al., 2012; Redding & Mooers, 2006), but now 348 

considering only the branches of the lineage that emerged from an in-situ diversification process 349 

(function ‘calc_insitu_diversification’, Eq. 2); 3) The contribution of historical dispersal events 350 



for each assemblage, represented as the percentage of species that dispersed from a focal 351 

ancestral range for all other regions. The assemblages comprised 1x1 degree grids cells (110 x 352 

110 km around the Equator). 353 

Finally, we analyzed the macroevolutionary dynamics of traits by calculating transition 354 

rates, stasis time, and the last transition time for species foraging strata of 214 sigmodontine 355 

rodent species (Luza et al., 2021). The results of trait macroevolutionary dynamics are shown 356 

only in the online and pdf supplement 357 

(https://gabrielnakamura.github.io/Herodotools/articles/Intro_Herodotools_vignette.html), as 358 

well as other examples illustrating the use of additional functions implemented in Herodotools 359 

package. 360 

 361 

Results 362 

Regionalization with evoregion 363 

In our empirical example using the genus Akodon, we detected five distinct regions using the 364 

evoregions approach which we named evoregions A-E (Figure 3a). Evoregion D captures a mix 365 

of species from the four species complexes within Akodon: boliviensis, cursor, aerosus, and 366 

dolores. We found components of all these complexes within Evoregion D, culminating in its 367 

central position where the richness peak is located, plus idiosyncrasies such as the occurrence of 368 

A. lindberghi, a species whose species group is not easily defined (Gonçalves et al. 2007; Jayat et 369 

al. 2010; Coyner et al. 2013). Members of the cursor group clearly defined Evoregion A; 370 

evoregion C was mainly related to the group boliviensis plus A. azarae; evoregion E was 371 

primarily determined by members of the aerosus group, and evoregion B by members of the 372 

dolores group. Furthermore, regarding the affiliation of assemblages to each evoregion, we could 373 



observe that the lowest values of affiliation were found close to the boundaries of evoregions. 374 

Furthermore, evoregion D and the south portion of evoregion A presented the lowest affiliation 375 

values (i.e., when a cell has a low chance of belonging to the region in which it was classified), 376 

indicating zones of high phylogenetic turnover and multiple colonization events (Figure 3 in 377 

Supplementary online and pdf material). 378 

 379 

Assemblage level metrics – Age and in-situ diversification 380 

Our estimates of assemblage age indicated that assemblages did not present high variation in the 381 

age in which ancestors arrived and colonized the assemblages, except for evoregions C and E, 382 

which showed the most recent assemblages. On the other hand, ancient assemblages are within 383 

regions B and D (around 2 – 2.5 million years since colonization and establishment of lineages in 384 

assemblages) (Fig. 3b). 385 

The diversification (DR) and in-situ diversification metrics showed similar spatial 386 

patterns (Figure 5 in online and pdf supplementary material 387 

https://gabrielnakamura.github.io/Herodotools/articles/Intro_Herodotools_vignette.html), with 388 

higher values of in-situ diversification in the evoregion B, with some assemblages presenting 389 

almost all the diversification occurring inside this region (Fig. 3c). On the other hand, evoregion 390 

C was the one presenting assemblages with the lowest values of in-situ diversification. Together, 391 

the age of assemblages and in-situ diversification patterns result from an explosive 392 

diversification in a few million years experienced by Akodontini rodents. 393 



 394 

Figure 3: Spatial representation of evoregions (a) and historical variables (b-d). (b) represents the 395 

age of assemblages, (c) the in-situ diversification as a proportion of the total diversification 396 

(calculated as the DR metric), and (d) represents the proportion of the contribution of region D 397 

with lineages for all other evoregions. [Single column] 398 

 399 



Historical dispersal patterns 400 

Our analysis of historical dispersal showed that evoregion D was the region that most contributed 401 

to lineage dispersal for other evoregions. Assemblages in evoregions A, B, C, and E were almost 402 

entirely constituted of lineages from evoregion D (Fig. 3d). On the other hand, evoregions A and 403 

B had only a small contribution to lineage dispersal. The contribution of different regions to 404 

lineage dispersal events is shown in the supplementary online material, Figure 6 in the online 405 

vignette (https://gabrielnakamura.github.io/Herodotools/articles/Intro_Herodotools_vignette.html 406 

and pdf supplementary material). Results on trait evolution metrics (Transition Rates, Stasis 407 

Time, and Last Transition Time) in sigmodontine rodent assemblages can also be found in 408 

Supplementary material, Figure 8 409 

(https://gabrielnakamura.github.io/Herodotools/articles/Intro_Herodotools_vignette.html#tip-410 

based-metrics-of-trait-evolution and pdf supplementary material). Those metrics evidenced that 411 

sigmodontide assemblages are highly dynamic, with intermediate transition rates, short stasis 412 

time over their history, and recent (~2 my) last transitions to current foraging strata. Together, 413 

these results indicate that transitions among foraging strata (below ground, ground, trees) were 414 

frequent during the evolutionary history of this group in different environments. 415 

 416 

Discussion 417 

Herodotools provides a step forward in biogeography studies by wrapping up a set of metrics and 418 

methods (Luza et al., 2021; Maestri & Duarte, 2020a; Van Dijk et al., 2021) that better reflect the 419 

nature of historical processes in shaping biogeographical patterns at different scales. The 420 

methods implemented in our package differ from commonly used metrics in biogeography, 421 

mainly by offering tools for accounting for the effects of the historical process on different 422 



aspects of macroevolution and biodiversity patterns in assemblages. This aspect overcomes the 423 

issue of analyzing the effect of the macroevolutionary process predominantly at broader scales or 424 

single lineages. With Herodotools, the effects of macroevolutionary phenomena can be projected 425 

at the community scale (e.g., age and diversification measurements that vary depending on the 426 

scale or from one community to the other, even inside the same region) and, for example, can be 427 

correlated with ecological variables. Furthermore, we also provide some new versions of classic 428 

metrics of phylogenetic diversity and endemism (PDin-situ and PEin-situ) that incorporate essential 429 

components of the evolutionary history of clades at the assemblage level (in situ diversification, 430 

PDin situ, and PEin situ), allowing us to understand the role of diversification in generating and 431 

maintenance of biodiversity patterns. Therefore, with Herodotools, we provide a single platform 432 

that advances the measurement of key variables used in hypothesis testing and the tools that 433 

facilitate the calculation and reproduction of those metrics in biogeographical studies. 434 

Despite some of the metrics presented here are not new in biogeographical literature 435 

(Luza et al., 2021; Maestri & Duarte, 2020a; Van Dijk et al., 2021), by wrapping them into a 436 

single platform, we provide an easy and unified tool to investigate questions in historical 437 

biogeography. As far as we know, the Herodotools R package is the first computational 438 

infrastructure of analysis that allows considering historical variables (macroevolution) at 439 

community and assemblage levels. This integration is essential in improving our understanding 440 

of phylogenetic patterns in ecological contexts (Mouquet et al., 2012).  441 

 Other approaches that aim to provide macroevolutionary measurements to interpret 442 

ecological and biogeographical patterns are available, but with some different applications, 443 

making Herodotools a complementary tool for studies in the interface of macroevolution, 444 

biogeography, and community ecology. For example, DAMOCLES (Pigot & Etienne, 2009), 445 



also allows investigating the macroevolutionary dynamics at the community level. However, it 446 

relies on a null model that incorporates historical processes for testing whether there is non-447 

randomness in community phylogenetic structure. The methods presented in Herodotools differ 448 

from DAMOCLES since the former aims to decompose the phylogenetic metrics in components 449 

that indicate two opposite processes, in situ diversification and ex-situ historical events (among 450 

them historical dispersal). In contrast, the last is focused more on hypothesis testing to unveil the 451 

mechanisms responsible for the phylogenetic structure of communities. 452 

Another significant functionality in Herodotools is the estimation of assemblage age and 453 

diversification metrics that properly integrate ancestral and present-day distribution with spatial 454 

variation represented by biogeographic regionalization (e.g., ecoregions, evoregions). Estimates 455 

of age from Herodotools (Van Dijk et al., 2021) differ from previous studies (García-Andrade et 456 

al., 2021; García‐Rodríguez et al., 2021; Wiens et al., 2011, 2011; Wiens & Donoghue, 2004b) 457 

by allowing the calculation of age for each lineage (tip-based), considering the arrival times of 458 

each lineage in different biogeographical regions, and projection at assemblage scale. This means 459 

that colonization times can be different between two regions even if both regions are composed 460 

of the same species, which is more reliable than the other methods that assign a single 461 

colonization time for a species throughout its spatial distribution (Li & Wiens, 2019; Wiens et 462 

al., 2011). Also, age values can vary considerably depending on the species composition of 463 

assemblages within a given region. This characteristic also applies to other metrics of 464 

Herodotools, such as the in-situ diversification (function ‘calc_insitu_diversification’), PDin situ, 465 

and PEin situ (function ‘calc_insitu_metrics’). Besides being more reliable by considering the 466 

effects of macroevolutionary processes on finer scales (community), the metrics of Herodotools 467 



can be used in common frameworks of hypothesis testing as, for example, linear models relating 468 

age and diversity or diversification and richness from biogeographical to assemblage level.  469 

Regarding some further studies in which Herodotools can be used. First is to investigate 470 

how different age estimates explain/relate to biogeographical patterns (Wiens et al., 2011; Wiens 471 

& Graham, 2005). Despite the many ways to quantify the age of assemblages, up to now, there is 472 

no consensual metric, and Herodotools brings a new way to quantify age by projecting ancestral 473 

area reconstruction models output at community/assemblage scales. So, it is important to 474 

investigate how these different age measurements impact the interpretation of macroecological 475 

and macroevolutionary patterns. Another potential application of Herodotools in 476 

macroevolutionary studies is regarding the investigation of the relationship between colonization 477 

of new areas triggering fast diversification in lineages (ecological opportunity hypothesis) 478 

(Burbrink & Pyron, 2009). 479 

 Regarding our empirical example, by using a phylogenetic regionalization scheme 480 

(Maestri & Duarte, 2020b) for the genus Akodon, we were able to depict the uneven geographic 481 

distribution of its internal monophyletic groups according to the phylogeny used here (Maestri et 482 

al., 2017; Upham et al., 2019), which also closely match other phylogenetic reconstructions. We 483 

could also trace back the dispersal history of this lineage, which showed that dispersal from 484 

evoregion D to others was found to be the most prominent compared to dispersal from other 485 

evoregions (more details on historical dispersal can be found in Supplementary material 486 

https://gabrielnakamura.github.io/Herodotools/articles/Intro_Herodotools_vignette.html#historic487 

al-dispersal-events-1). The high contribution of region D to historical dispersal events to other 488 

areas, together with the low values of affiliation of this region, indicates that the lineages 489 

occupying the geographical space of evoregion D present more shifts on phylogenetic 490 



composition over time than the other regions. Overall, the empirical analysis illustrates that 491 

Herodotools can be used as a standard pipeline for historical biogeographical analysis and to 492 

obtain metrics that reliably represent macroevolutionary processes in different assemblages and 493 

biogeographical contexts (arrival ages, in-situ diversification, and dispersal). 494 

Future improvements include implementing functions integrating macroevolutionary 495 

models from other popular programs like RevBayes (Landis et al., 2013), and also models of 496 

continuous trait evolution to calculate macroevolutionary trait dynamics in the assemblage (e.g., 497 

Castiglione et al., 2018). Also, further investigation is needed regarding different ways to 498 

calculate in-situ diversification. In the current format, we proposed a metric that only considers 499 

in-situ events after the last colonization and the establishment of each lineage in the focal 500 

community/region. This implies that multiple in-situ diversification events separated by dispersal 501 

events are not fully considered in our metrics. Therefore, the interpretation for our metric of in-502 

situ diversification must be in terms of the amount of in-situ diversification in each assemblage 503 

after colonization and the establishment of lineages up to the present. Despite acknowledging 504 

this limitation, we argue here that our metrics are still a reliable way to investigate historical 505 

imprints of diversification more straightforwardly since we consider a direct estimate of 506 

colonization time rather than using proxies of time available for diversification commonly used 507 

in community ecology (e.g., community phylogenetic metrics or MBL). 508 

We also plan improvements in a future version of the package to make the integration 509 

among macroevolutionary models and assemblage data easier and straightforward in a way that 510 

Herodotools can work as the primary toolkit for researchers working in the interface of 511 

macroevolution, biogeography, and community ecology. 512 

 513 



Data availability statement 514 

All data used in this work is publicly available at 515 

https://github.com/GabrielNakamura/Herodotools/tree/main/inst/extdata. The code used to 516 

analyze Akodon and sigmodontinae assemblages is available in the vignette file 517 

(Intro_Herodotools_vignette.Rmd), and the code used to produce Figure 3 is also available at the 518 

end of the vignette file, but not shown at the online and pdf supplementary material. This code 519 

can be accessed by opening the source file (Intro_Herodotools_vignette.Rmd).   520 
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