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RESUMO 
 

Compreender os mecanismos que influenciam a história evolutiva dos organismos (incluindo 
processos de especiação, evolução molecular e biogeográficos) exige a adoção de estruturas 
analíticas robustas. Neste contexto, conjuntos de dados genômicos fornecem aos cientistas 
ferramentas poderosas para abordar questões evolutivas complexas e intrincadas. A presente 
tese explora esses temas por meio de investigações multifacetadas, tanto com ênfase em um 
grupo de organismos—répteis escamados (Squamata), em particular os lagartos do grupo de 
espécies Tropidurus spinulosus—como em um domínio específico da Biologia Evolutiva: a 
delimitação de espécies. Utilizando conjuntos diversos de dados genômicos (como 
mitogenomas, elementos ultraconservados nucleares e polimorfismos de nucleotídeo único) 
aliados a análises filogenômicas, modelagem demográfica e métodos de machine learning 
(ML), esta tese proporciona avanços tanto em aspectos metodológicos quanto empíricos dentro 
da Biologia Evolutiva, organizados em cinco eixos interligados: (1) os desafios e oportunidades 
do uso de ML na delimitação de espécies; (2) a comparação empírica de métodos de delimitação 
de espécies baseados em ML sob diferentes cenários de evolução molecular; (3) dinâmicas das 
taxas de substituição mitocondrial em Squamata e suas implicações para a calibração de tempos 
de divergência; (4) os processos evolutivos por trás de padrões de discordância mitonuclear em 
lagartos do grupo Tropidurus spinulosus; e (5) padrões filogenéticos e biogeográficos em T. 
spinulosus. Especificamente, o primeiro capítulo revisa criticamente o uso de ML na 
delimitação de espécies, destacando sua flexibilidade para lidar com dados complexos, mas 
também limitações inerentes ao seu funcionamento. Propõem-se boas práticas para tornar sua 
utilização na delimitação de espécies mais produtiva, posicionando o ML como ferramenta 
complementar a métodos tradicionalmente aplicados na área. No segundo capítulo comparam-
se métodos de delimitação de espécies baseados em ML em cenários diversos de evolução 
molecular, avaliando seu desempenho em cenários demográficos variados. Os resultados 
indicam que classificadores supervisionados são robustos e computacionalmente eficientes para 
inferir limites entre espécies, mesmo sob diferentes níveis de variação nos modelos de 
substituição molecular. No terceiro capítulo estimam-se taxas de substituição mitocondrial em 
Squamata utilizando mitogenomas, revelando valores entre 0,006 e 0,02 substituições por sítio 
por milhão de anos. Essas taxas variam significativamente entre regiões codificantes e não 
codificantes, bem como entre posições de códons, reforçando a necessidade de calibrações 
rigorosas e modelos particionados para inferências temporais. O quarto capítulo investiga a 
discordância mitonuclear no grupo T. spinulosus por meio de genomas mitocondriais, UCEs 
nucleares e SNPs. Análises filogenéticas e de genética de populações identificam eventos 
ancestrais de captura mitocondrial, associados a uma história que combina demografia, contato 
secundário e fluxo gênico, como as principais causas da discordância entre os genomas nuclear 
e mitocondrial. Por fim, o quinto capítulo reconstrói processos biogeográficos e de especiação 
em T. spinulosus, integrando evidências geoclimáticas, técnicas de modelagem de distribuição 
populacional ancestral e dados genômicos para testar hipóteses sobre a diversificação desses 
animais. Os resultados revelam uma história complexa de especiação influenciada por 
mudanças paleoambientais e eventos de fluxo gênico ancestral, com padrões filogenéticos 
consistentes com a ação de multiplos fatores geoclimáticos na divergência entre as linhagens. 
Coletivamente, esta tese auxilia no progresso científico em Biologia Evolutiva através da 
compreensão da evolução de organismos não modelo, como a maioria das espécies de 
Squamata, ao sintetizar dados genômicos, ferramentas computacionais e estudos de caso 
empíricos. Oferece também abordagens metodológicas robustas para resolver discordâncias 
filogenéticas, refinar calibrações de taxas de substituição e aprimorar práticas de delimitação 
de espécies. Ao integrar revisões teórico-conceituais e investigações empíricas, a presente tese 



 

 

contribui para debates em diversas áreas da Biologia Evolutiva, destacando a importância de 
abordagens integrativas e multidisciplinares para desvendar histórias evolutivas complexas. 
 
Palavras-chave: Bioinformática. Evolução. Inteligência Artificial. Lagartos. Zoologia. 
  



 

 

ABSTRACT 
 

Understanding the mechanisms that shape the evolutionary history of organisms (including 
processes of speciation, molecular evolution, and biogeography) requires the use of robust 
analytical frameworks. In this context, genomic datasets provide scientists with powerful tools 
to address complex and intricate evolutionary questions. This PhD thesis explores these themes 
through multifaceted investigations, with an emphasis both on a group of organisms—squamate 
reptiles (Squamata), particularly lizards of the Tropidurus spinulosus species group—and on a 
specific domain of Evolutionary Biology: species delimitation. By combining diverse genomic 
datasets (such as mitogenomes, nuclear ultraconserved elements, and single nucleotide 
polymorphisms) with phylogenomic analyses, demographic modeling, and machine learning 
(ML) approaches, this dissertation advances both methodological and empirical aspects of 
Evolutionary Biology, organized into five interconnected axes: (1) the challenges and 
opportunities of using ML in species delimitation; (2) the empirical comparison of ML-based 
species delimitation methods under different scenarios of molecular evolution; (3) the dynamics 
of mitochondrial substitution rates in Squamata and their implications for divergence-time 
calibration; (4) the evolutionary processes underlying mitonuclear discordance in lizards of the 
Tropidurus spinulosus group; and (5) phylogenetic and biogeographic patterns in T. spinulosus. 
Specifically, Chapter 1 critically reviews the use of ML in species delimitation, highlighting its 
flexibility for handling complex data while also pointing out inherent limitations. Best practices 
are proposed to make its application more effective, positioning ML as a complementary tool 
to methods traditionally employed in the field. Chapter 2 compares ML-based species 
delimitation methods across diverse molecular evolution scenarios, assessing their performance 
under different diversification contexts. The results indicate that supervised classifiers are 
robust and computationally efficient for inferring species limits, even under different molecular 
substitution models. Chapter 3 estimates mitochondrial substitution rates in Squamata using 
mitogenomes, revealing values ranging from 0.006 to 0.02 substitutions per site per million 
years. These rates vary substantially among coding and noncoding regions as well as among 
codon positions, underscoring the need for rigorous calibrations and partitioned models for 
reliable temporal inferences. Chapter 4 investigates mitonuclear discordance in the T. 
spinulosus group using mitochondrial genomes, nuclear UCEs, and SNPs. Phylogenetic and 
population genetic analyses identify ancestral mitochondrial capture events—linked to a history 
shaped by demography, secondary contact, and gene flow—as the main drivers of discordance 
between nuclear and mitochondrial genomes. Finally, Chapter 5 reconstructs biogeographic and 
speciation processes in T. spinulosus by integrating geoclimatic evidence, ancestral population 
distribution modeling, and genomic data to test hypotheses about the diversification of these 
lizards. The results reveal a complex history of speciation influenced by paleoenvironmental 
changes and ancestral gene flow events, with phylogenetic patterns consistent with the action 
of multiple geoclimatic factors in the divergence between lineages. Altogether, this dissertation 
contributes to the advancement of Evolutionary Biology by improving our understanding of the 
evolution of non-model organisms, such as most Squamata species, through the integration of 
genomic data, computational tools, and empirical case studies. It also provides robust 
methodological approaches for resolving phylogenetic discordances, refining substitution-rate 
calibrations, and improving species delimitation practices. By combining theoretical and 
conceptual reviews with empirical investigations, this dissertation contributes to debates across 
multiple areas of Evolutionary Biology and underscores the importance of integrative and 
multidisciplinary approaches to unravel complex evolutionary histories. 
 
Key words: Artificial Inteligence. Bioinformatics. Evolution. Lizards. Zoology. 
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INTRODUÇÃO GERAL 

 

A incorporação de dados moleculares revolucionou o estudo de processos 

ecológicos e evolutivos, permitindo análises em escalas temporais e geográficas sem 

precedentes (Hudson, 2008; Bleidorn, 2016). Essa transformação, impulsionada por 

avanços em genômica e bioinformática, refinou nossa capacidade de testar hipóteses na 

grande área da Biologia Evolutiva, particularmente em regiões megadiversas como o 

Neotrópico—uma região que reconhecidamente apresenta altos níveis de endemismo 

(Rull & Carnaval, 2020) e que foi moldado por eventos geoclimáticos complexos (Hoorn 

et al., 2010; Turchetto-Zolet et al., 2013; Antonelli et al., 2018). Consequentemente, a 

integração de dados genômicos, morfológicos e ecológicos tem sido essencial para 

reconstruir histórias evolutivas intrincadas.  

No entanto, a integração dessas abordagens é dificultada pela escassez de dados 

genômicos para muitos grupos, particularmente os compostos majoritariamente por 

espécies não-modelo, como Squamata. Esse grupo, que abrange mais de 11.000 espécies 

(Uetz et al., 2025), possui uma história evolutiva ainda pouco compreendida devido a essa 

lacuna de dados. Isso se torna um obstáculo significativo para desvendar a história de 

linhagens como Pleurodonta, cujas radiações adaptativas moldaram as comunidades de 

lagartos atuais, inclusive na região Neotropical (Blankers et al., 2013; Alencar et al., 

2024). A carência de estimativas confiáveis para diferentes parâmetros evolutivos, por 

exemplo, limita a resolução de reconstruções filogenéticas e biogeográficas neste grupo, 

afetando nossa compreensão mais ampla dos seus processos de diversificação. Diante 

desse cenário, estudos filogeográficos, particularmente, destacam-se como uma das 

principais ferramentas capazes de vincular padrões genéticos a processos históricos como 

vicariância, dispersão e adaptação (Antonelli et al., 2010; Turchetto-Zolet et al., 2013; 

Leal et al., 2016). Ao mesmo tempo, abordagens de filogeografia também tem revelado 

diversidade críptica em táxons amplamente distribuídos, desafiando noções tradicionais 

de limites de espécies (Domingos et al., 2014; Werneck et al., 2015; Melo et al., 2016). 

Nesse âmbito, a delimitação de espécies emerge como um desafio central na 

biologia evolutiva, pois define a unidade básica para qualquer inferência biológica 

(Carstens et al., 2013; Rannala, 2015). Por outro lado, há de se destacar que a tensão entre 

conceitos teóricos e critérios operacionais para delimitar uma espécie (de Queiroz, 2007; 

Sukumaran & Knowles, 2021) exige abordagens inovadoras, especialmente diante da 

explosão de dados genômicos gerados por tecnologias de sequenciamento de última 
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geração (NGS). Embora métodos estatísticos baseados em coalescência tenham avançado 

significativamente nossa capacidade de compreender e inferir limites entre espécies 

(Rannala & Yang, 2010; 2020), limitações persistem em cenários evolutivos mais 

complexos, como aqueles que envolvem fluxo gênico contínuo e especiação incompleta 

(Smith & Carstens, 2020). O machine learning (ML) tem emergido como paradigma 

promissor, combinando eficiência computacional e flexibilidade analítica para resolver 

problemas multidimensionais (Tang et al., 2019; Greenner et al., 2021). Ainda assim, 

embora algoritmos de ML sejam analiticamente poderosos e aplicados em áreas diversas 

da Biologia Evolutiva, incluindo delimitação de espécies (e.g., Derkarabetian et al., 2019; 

Pyron, 2023), sua utilização sugere que eles também apresentam limitações específicas e 

não devem ser considerados como alternativas definitivas aos métodos tradicionalmente 

aplicados em Biologia Evolutiva. 

Dado este contexto, a presente tese utiliza o grupo de lagartos Tropidurus 

spinulosus (Squamata: Tropiduridae) como modelo para explorar tanto a área de 

delimitação de espécies sob uma perspectiva conceitual, como as interações entre 

processos geoclimáticos e sua diversificação. Distribuídos em paisagens dinâmicas do 

Cerrado e Pantanal, esses organismos testemunharam eventos neotectônicos críticos da 

América do Sul, como o soerguimento dos Andes e a subsidência da Bacia do Pantanal 

(Prates et al., 2016). Apesar de avanços filogenéticos recentes (Carvalho, 2013; Carvalho 

et al., 2016), lacunas persistem na resolução das suas relações evolutivas e na 

identificação de linhagens crípticas, agravadas pela escassez de dados populacionais de 

alta resolução (Carvalho, 2013; Carvalho et al., 2013; Carvalho et al., 2016). 

Para preencher essas lacunas, integramos dados genômicos—sobretudo 

mitogenomas completos e elementos nucleares ultra-conservados (do inglês, 

Ultraconserved Elements, UCEs)—com análises de Biologia Comparada e modelagem 

de nicho ecológico, testando hipóteses sobre diversificação em resposta a mudanças 

paleoambientais. Paralelamente, avaliamos o potencial de algoritmos de ML na 

delimitação de espécies, analisando seu desempenho em termos de eficiência biológica e 

computacional. 

Portanto, além de elucidar padrões biogeográficos em Tropidurus spinulosus, esta 

tese propõe diretrizes para o uso responsável de aprendizado de máquina em Biologia 

Evolutiva, combinando rigor estatístico e relevância biológica. A síntese entre dados 

empíricos e avanços metodológicos reforça a necessidade de abordagens 

multidisciplinares para desvendar histórias evolutivas complexas, especialmente em 
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organismos não modelo como o grupo Tropidurus. Cabe destacar, ainda, que todo o 

processo de pesquisa foi conduzido sob os princípios da ciência aberta. Dados brutos, 

scripts analíticos, fluxos de trabalho e versões preliminares dos manuscritos foram 

disponibilizados em repositórios públicos, seguindo padrões internacionais de 

transparência e reprodutibilidade. Essa prática não só permite o escrutínio independente 

dos resultados aqui apresentados, mas também fomenta a reutilização e adaptação dessas 

informações, contribuindo para uma ciência mais colaborativa, acessível e responsiva às 

demandas contemporâneas da Biologia Evolutiva. 

 

OBJETIVO GERAL DA TESE 

Investigar a história evolutiva de Tropidurus spinulosus mediante métodos 

filogenéticos, filogeográficos e de delimitação de espécies, bem como avaliar o potencial 

de algoritmos de ML para superar limitações de métodos tradicionais em cenários de alta 

complexidade evolutiva. 

 

OBJETIVOS ESPECÍFICOS 

1. Através de um estudo de revisão, discutir os desafios e as oportunidades do uso 

de aprendizado de máquina na delimitação de espécies. 

2. Comparar empiricamente métodos de delimitação de espécies baseados em 

aprendizado de máquina sob diferentes cenários de evolução molecular. 

3. Explorar as dinâmicas das taxas de substituição mitocondrial em um grupo de 

Squamata e suas implicações para a calibração de tempos de divergência. 

4. Investigar os processos evolutivos por trás de padrões de discordância mitonuclear 

em lagartos do grupo Tropidurus spinulosus. 

5. Analisar padrões filogenéticos e biogeográficos em T. spinulosus. 
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ABSTRACT 

 

Species delimitation is the process of distinguishing between populations of the same 
species and distinct species of a particular group of organisms. Various methods exist for 
inferring species limits, whether based on morphological, molecular, or other types of 
data. In the case of methods based on DNA sequences, most of them are rooted in the 
coalescent theory. However, coalescence-based models have limitations, for instance 
regarding complex evolutionary scenarios and large datasets. In this context, machine 
learning (ML) can be considered as a promising analytical tool, and provides an effective 
way to explore dataset structures when species-level divergences are hypothesized. In this 
review, we examine the use of ML in species delimitation and provide an overview and 
critical appraisal of existing workflows. We also provide simple explanations on how the 
main types of ML approaches operate, which should help uninitiated researchers and 
students interested in the field. Our review suggests that while current ML methods 
designed to infer species limits are analytically powerful, they also present specific 
limitations and should not be considered as definitive alternatives to coalescent methods 
for species delimitation. Future ML enterprises to delimit species should consider the 
constraints related to the use of simulated data, as in other model-based methods relying 
on simulations. Conversely, the flexibility of ML algorithms offers a significant 
advantage by enabling the analysis of diverse data types (e.g., genetic and phenotypic) 
and handling large datasets effectively. We also propose best practices for the use of ML 
methods in species delimitation, offering insights into potential future applications. We 
expect that the proposed guidelines will be useful for enhancing the accessibility, 
effectiveness, and objectivity of ML in species delimitation. 
 
Key words: bioinformatics, molecular data, speciation, phylogenetics, artificial 
intelligence, deep learning. 
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1. Introduction 
 
1.1. Inferring species limits 

Species represent fundamental entities across all biological disciplines. 

Consequently, the review, categorization, and characterization of taxa within this level 

constitute a pivotal aspect of biodiversity research (Bortolus, 2008; Vink et al., 2012; Ely 

et al., 2017). The process of identifying, characterizing, and defining a species is data-

intensive and entails various practical dimensions. This complexity arises from managing 

extensive biological data and dealing with a range of theoretical elements, from the 

establishment of homologies, to taxon-specific traits, and the very philosophical notion 

of species. Furthermore, conceptual issues surrounding the definition of species concepts 

still attract debates among taxonomists and evolutionary biologists (Pante et al., 2015; 

Zachos, 2016). These discussions reach the realms of philosophy, because a multitude of 

data and methodologies will probably not fully solve many fundamental questions 

surrounding the nature of species (Zachos, 2016; Wilkins et al., 2022), or the ‘species 

ontology’ (what a species really is or represents). A complete resolution on this subject 

remains elusive, as it intertwines the empirical evidence biologists are able to extract from 

nature with philosophical definitions surrounding species concepts (Pigliucci, 2003). 

One of the most popular modern definitions is the ‘Biological Species Concept’ 

(de Queiroz, 2005a; Zachos, 2016), which defines species as interbreeding populations 

reproductively isolated from others (Mayr, 1969; 1996; 2000). Yet, many challenges to 

this concept emerged throughout the years as empirical data clearly shows that the history 

of life on Earth does not fit into a bifurcating process (Edwards et al., 2016; Mallet et al., 

2016), and a clear delineation of reproductive barriers is hindered by instances of asexual 

reproduction, natural hybridization and gene flow (Arnold, 1992; Shurtliff, 2013; 

Gompert et al., 2017). Hence, taxonomists and evolutionary biologists must recognize 

that multiple species definitions will coexist in the practice of species delimitation, and 

these are usually chosen based on the biological context of the organisms under study. 

An important concept in this context is the General Lineage Concept (GLC, 

terms in bold are defined in the Glossary, available in Appendix A), which unifies diverse 

contemporary views on the nature of species, prioritizing the recognition of independently 

evolving lineages over specific biological criteria such as reproduction or morphology 

(de Queiroz, 1998; 1999; 2007). According to the GLC, a species is defined as an 

independently evolving metapopulation lineage, emphasizing each species’ unique 
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evolutionary identity across time and space (de Queiroz, 2007). While unique 

morphological, ecological, or any other biological trait might be considered relevant in 

supporting the investigation of the speciation process, they are not mandatory criteria for 

species definition under the GLC perspective, but rather additional evidence supporting 

lineage separation (de Queiroz, 2007). Thus, this concept accounts for the contingent 

nature of the speciation process, where different biological properties may support species 

limits in varying degrees. It also emphasizes the need for multiple lines of evidence to 

corroborate hypotheses of species divergence, aligning with Integrative Taxonomy 

approaches (Wiens and Penkrot, 2002; Dayrat, 2005; Padial et al., 2010; Fujita et al., 

2012; Karbstein et al., 2024). 

The GLC also provides a theoretical distinction between the ‘species ontology 

problem’ (what a species is) and the ‘delimitation problem’ (how to operationally 

distinguish among putative species) (de Queiroz, 2007).  Interestingly, while a clear 

relationship exists between these components, namely the species concept and species 

delimitation, historically, a significant part of the scientific efforts has focused on the 

former (see Sites Jr and Marshall, 2004; Wiens, 2007; de Queiroz, 2011; Hausdorf, 2011). 

The development of theoretical considerations related to species delimitation, in 

particular that based on molecular data, occurred mainly in the last two decades, 

accompanied by the introduction of new criteria and statistical methods (Lukhtanov, 

2019; Rannala and Yang, 2020). Historically, identifying species limits, and describing 

new species, have primarily relied on morphological data (Wiens, 2007; Rannala, 2015; 

Rannala and Yang, 2020). However, morphological traits can be influenced by 

environmental factors, leading to convergence or divergence without necessarily 

reflecting genetic or evolutionary relationships between lineages (Price et al., 2003; Wake 

et al., 2011; Jarvis et al., 2014). Thus, genomic data has emerged as a crucial tool for 

inferring species limits, offering a more objective approach for species delimitation 

(Fujita et al., 2012), while complementing traditional morphological methods (Jörger and 

Schrödl, 2013). 

Modern species delimitation methods (SDMs) aiming at identifying evolutionary 

units (Tautz et al., 2003; Vogler and Monaghan, 2007) have grown due to advancements 

in statistical frameworks for phylogenetic inference (Edwards, 2009; O’Meara, 2012), 

along with Molecular Biology tools (e.g., next-generation sequencing (NGS); Slatko et 

al., 2018) and Bioinformatics (Searls, 2010). They mostly operate with molecular data 

under the principles of Coalescent Theory, notably, the multispecies coalescent (MSC; 
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Rannala and Yang, 2003; Degnan and Rosenberg, 2009; Rannala et al., 2020). The MSC 

analytical framework has many evolutionary assumptions, such as the absence of 

recombination and hybridization, independence of gene trees and their coalescent 

processes, random mating within species, among others (a review on the subject can be 

found in Mirarab et al., 2021). However, these conditions are typically only met in tree-

like speciation scenarios involving diploid, sexually reproducing organisms. In any case, 

MSC methods are capable of managing common problems in phylogenetic inference, 

such as conflicts among different gene trees due incomplete lineage sorting (ILS; 

Knowles and Carstens, 2007; Carstens et al., 2013; Jacobs et al., 2018). 

Therefore, while they are valuable for inferring evolutionary relationships, 

coalescence-based SDMs may fail to distinguish population structure from species-level 

divergence (Sukumaran and Knowles, 2017), and may also be affected by the above-

mentioned assumptions of the MSC model (Rannala and Yang, 2003; Degnan and 

Rosenberg, 2009; Edwards, 2009; Fujita et al., 2012). Some methods have their 

functionality and performance compromised in scenarios when there is introgression 

between putative species (Rannala and Yang, 2010; Leaché et al., 2014; Jackson et al., 

2017), and are more reliable in situations where gene flow ceases immediately after 

population divergence (Fujita et al., 2012). Besides, simulations have shown that ignoring 

gene flow leads the MSC to overestimate population sizes and underestimate divergence 

times (e.g., Leaché et al., 2014). Hence, the effectiveness of the MSC framework is 

limited, to some extent, when additional processes influence divergence during speciation 

(Smith and Carstens, 2020). Naturally, different coalescence-based SDMs have varying 

capabilities to address particular evolutionary scenarios, and while such methods may be 

biased under certain evolutionary and analytical conditions, they are certainly an 

important part of the evolutionary biologist toolkit. For a more detailed discussion on 

SDMs based on the MSC for genomic data, see Rannala and Yang (2020). 

 

1.2. Machine learning, evolutionary biology, and species delimitation 

Machine learning (ML), a branch of artificial intelligence (AI) known for its 

computational efficiency and predictive accuracy, has recently gained popularity in 

Evolutionary Biology mainly due to its ability to analyze and process large, complex, and 

high-dimensional datasets (Chicco, 2017; Fountain-Jones et al., 2021; Greener et al., 

2021; Morimoto et al., 2021; Borowiec et al., 2022). In general terms, ML can be defined 

as a group of computational programs that can learn through experience I with respect to 
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a class of tasks (T), and an evaluation measure (P), if its performance on the tasks of T, 

evaluated by P, increases with E (Mitchell, 1997). Many ML algorithms are known to be 

useful in various aspects of biology. This includes photo-based species identification 

(Wäldchen and Mäder 2018), morphology-based species delimitation and description 

(Domingos et al., 2014; Breitman et al., 2018), biodiversity monitoring (McClure et al., 

2020), behavioural studies (Valletta et al., 2017; Wang, 2019), DNA sequencing 

(Libbrecht and Noble, 2015; Liu, 2019), population genetics (Sheehan and Song 2016; 

Schrider and Kern, 2018; Fonseca and Carstens, 2024), ecology (Christin et al., 2019; 

Scalon et al., 2020; Pichler et al., 2020; Lürig et al., 2021; Silva et al., 2024), medicine 

(Sidey-Gibbons and Sidey-Gibbons, 2019), microbiology (Qu et al., 2019), and more (see 

Fountain-Jones et al., 2021; Morimoto et al., 2021; Borowiec et al., 2022). 

Therefore, ML’s potential in evolutionary biology, and particularly in species 

delimitation, is evident (Karbstein et al., 2024). Specific examples can also be found in 

studies involving model selection in demography and phylogeography (Pudlo et al., 2016; 

Fonseca et al., 2021), speciation (Blischak et al., 2021), phylogenetics (Suvorov et al., 

2020; Solis-Lemus et al., 2022 preprint; Smith and Hahn, 2023; Zaharias et al., 2022; Mo 

et al., 2024), and species delimitation (Pei et al., 2018; Derkarabetian et al., 2019; Smith 

and Carstens, 2020; Pyron et al., 2023), with the last one forming the primary focus of 

this review. 

 In the following sections, we provide an overview of ML applications in the 

context of species delimitation, with an emphasis on those that operate using molecular 

data. 

 

2. Current ML applications for species delimitation 

 In the same way that there are two primary categories of ML, namely supervised 

and unsupervised learning (SML and UML, respectively), species delimitation methods 

can also be broadly categorized into two main groups: discovery and validation (see 

Carstens et al., 2013; Rannala, 2015). Discovery approaches involve grouping samples 

without prior information (Pons et al., 2006; O’Meara, 2010; Huelsenbeck et al., 2011), 

while validation approaches require researchers to first assign the samples to potential 

lineages (species hypotheses) before testing them (Flouri et al., 2018; Sukumaran et al., 

2021). This draws a conceptual parallel between traditional discovery approaches and 

UML methods, and between validation methods and supervised algorithms (Fig. 1). Also, 

it is important to note that ML methods are likelihood-free species delimitation 



25 
 

 

approaches, offering several advantages over likelihood-based approaches. For 

example, by avoiding the need for explicit likelihood calculations, these methods might 

be computationally advantageous, particularly when combined with approaches 

optimized for high-throughput data processing, making them particularly suitable for 

analyzing large datasets with many taxa. 

 

 
Fig. 1. Comparative diagram categorizing species delimitation methods and machine learning algorithms, 
along with some of their key characteristics. Species delimitation methods can be broadly categorized as 
discovery and validation methods, akin to unsupervised and supervised machine learning algorithms, 
respectively. 
 

Below, we present a comprehensive overview of recently applied ML methods in 

the domain of molecular species delimitation, emphasizing their computational attributes 

and underlying assumptions. Our selection process involved a thorough search across 

scientific literature repositories, databases, and online journals, with a specific emphasis 

on studies featuring ML methods and workflows explicitly designed for species limits 

inference. We prioritized studies that either introduced novel methodologies (see Table 

1) or enhanced and tested existing techniques in this context (Table A.1 in Appendix B). 

In our selection process, we focused exclusively on projects directly dedicated to species 

delimitation, despite the abundant literature on ML within related fields such as 

demography, population genetics, and phylogeography. Additionally, our emphasis is on 

methods designed for analyzing DNA sequence data. The categorized methods include 

SML, UML, and deep learning. While the backend processes may differ among such 

ML categories, their main goal when it comes to species delimitation usually remains the 
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same: to analyze a given set of test data and classify it into distinct outcomes that define 

the species represented within the data. 

Some studies applied ML techniques using other types of data rather than 

molecular information, such as morphology or ecology, for species delimitation and 

integrative taxonomy. A brief exploratory section regarding these particular studies can 

be found in Appendix B.
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2.1 Discovery and unsupervised methods 

 Unsupervised machine learning (UML) relies on the inherent data structure to find 

patterns within the data, whether by clustering similar data points together, reducing the 

dimensionality of the data while retaining essential information, a combination of both, or by 

identifying unusual patterns or outliers, which may indicate errors or novel phenomena (Hastie 

et al., 2009; Libbrecht and Noble, 2015; Dike et al., 2018). UML algorithms are often regarded 

as methods lacking strong predefined assumptions about the underlying structure of the dataset 

(such as population parameters, species numbers, or sample categorization, in the case of 

species delimitation). Nevertheless, it is possible to incorporate heuristic or pragmatic 

assumptions in an UML framework to facilitate their operation. Either way, UML will be 

particularly useful in cases where prior hypotheses are limited or unavailable, provided that the 

assumptions of the chosen method are evaluated. 

 UML clustering methods group input data into subsets, where samples with high 

similarities are placed in the same cluster and exhibit less similarity with samples in other 

clusters. Meanwhile, UML dimensionality reduction techniques compress data to identify a 

smaller distinct set of variables that retain essential features of the original data, while 

minimizing information loss. We highlight this as, when it comes to species delimitation, UML 

approaches often operate through clustering and/or dimensionality reduction algorithms (Fig. 

2), extracting and condensing the necessary information to identify limits between biological 

groups (Derkarabetian et al., 2019; Pyron, 2023; Pyron et al., 2023), while also enabling the 

simultaneous use of different types of data (e.g., genetical, phenotypical and ecological). 
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Fig. 2. Diagram outlining a potential UML workflow for species delimitation, utilizing the t-SNE algorithm as an 
example (inspired by Derkarabetian et al., 2019). A) Data representation is the initial step, and it varies depending 
on the chosen ML tool, which may work with sequence data, SNP matrices, or population genetics metrics 
extracted from them; in this case, samples from different populations are represented by distinct symbols. B) t-
SNE, as a dimensionality reduction technique, iteratively finds a lower-dimensional representation of the original 
data. It identifies local similarity spaces between sample pairs by analyzing Gaussian and lower-dimensional 
distributions, such as the Cauchy or t-student with one degree of freedom. C) The algorithm’s goal is to align the 
new similarity matrix with the original data by iteratively moving data points closer to their nearest neighbors in 
the higher-dimensional space and away from more distant ones. This process continues until the maximum number 
of iterations is reached or no further improvements can be made, resulting in the proper grouping of samples based 
on their similarities (e.g., individuals or populations assigned to a species based on the chosen data representation). 
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Derkarabetian et al. (2019) evaluated the performance of different ML methods for 

species delimitation, including both SML and UML algorithms. Specifically, they evaluated 

the capacity of three approaches: Random Forest (RF, including a supervised and a non-

supervised alternative), and two unsupervised models, variational autoencoders (VAE) and 

t-Distributed Stochastic Neighbor Embedding (t-SNE). In the t-SNE approach, data derived 

from a principal component analysis (PCA) were used as input variables, followed by 

clustering techniques using the output from the UML algorithms. In the VAE approach, single-

nucleotide polymorphism (SNP) matrices were converted via one-hot encoding, where 

nucleotides were transformed into binary variables. In this case, the encoder takes the 

transformed SNP data and infers the distribution of latent variables, given as a normal 

distribution with a mean (μ) and standard deviation (σ). The decoder maps the latent distribution 

to a reconstruction of the one-hot encoded SNP data, offering a two-dimensional depiction.  

Finally, the RF approaches were performed with scaled data derived from a Discriminant 

Analysis of Principal Components (DAPC), and the resulting proximity matrix was then used 

for classical multidimensional scaling (cMDS) and isotonic multidimensional scaling 

(isoMDS). In sum, all approaches yielded, through different clustering strategies (depending 

on the algorithm being investigated), more readily interpretable outcomes compared to other 

traditional delimitation methods (or population structure detection methods) assessed by the 

authors, revealing distinct species groupings (Derkarabetian et al., 2019). Notably, the 

identified groups also corresponded to those of an integrative taxonomy approach, suggesting 

that the limits identified by UML algorithms probably correspond to species-level divergence 

rather than population structure (Derkarabetian et al., 2019). 

Pyron et al. (2023) introduced a novel UML approach designed for delineating species 

limits from extensive genomic datasets, primarily based on self-organizing maps (SOMs). 

This approach produces discrete outcomes rather than continuous ones, grouping genotypes 

based on similarity. Additionally, the authors propose determining the number of species by 

analyzing the degree of grid occupancy in the SOM output. This quantification establishes how 

many units, representing distinct clusters of genotypes, have been effectively mapped from the 

original SNP matrix. Subsequently, the method estimates the cumulative distances from each 

sample to its immediate neighbors. To effectively separate candidate species, Pyron et al. (2023) 

recommend performing cluster analyses, such as k-means. The determination of the optimal 

number of classes, or species, is achieved by selecting the value that maximizes the sequential 

reduction in the weighted sum of squares from k to k + 1. An extension of this method has been 

proposed in the form of a SuperSOM approach, incorporating the possibility of using several 
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trait classes simultaneously, such as genetic, morphological and ecological variables (Pyron, 

2023). 
 

2.2. Validation and supervised methods 

While UML approaches are powerful and widely applicable, SML offers distinct 

analytical advantages in certain scenarios, contributing to its widespread use in population 

genetics and evolutionary biology (Schrider and Kern, 2018). A primary requirement for SML 

is the availability of labeled training data, which is used to teach the algorithm to recognize 

patterns and make predictions. In the context of population genetic analyses, such labeled 

datasets are often unavailable or insufficient in size. To overcome this limitation, simulated 

genetic data based on known evolutionary models are usually generated to represent 

evolutionary scenarios. This simulated data is then encoded, along with observed genetic data, 

into feature vectors used to train the algorithm, which is used to recognize specific patterns in 

new observed data points (Fig. 3). 
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Fig. 3. Diagram illustrating a potential SML workflow for species delimitation, here using a decision-tree based 
algorithm as an example (inspired by the work of Smith and Carstens, 2020). A) The initial step involves, from a 
wider set of priors, extracting relevant subsets of priors for the evolutionary models of interest (clusters of dots 
circled in red). B) Simulated data is generated for each model, typically ranging from 1,000 to 10,000 simulations 
per model, using relevant simulation software; the specified models may involve variations in topology, such as 
scenarios with differing numbers of potential species (‘conservative’ versus ‘splitter’), and can also account for 
the possibility of gene flow. C) The data is represented according to the requirements of the chosen ML tool. D) 
Following data simulation and representation, ML model training begins, involving various preliminary steps like 
data pre-processing, dataset division, feature selection, and algorithm choice. E) Model performance (both in terms 
of biological accuracy and computationally) is assessed using statistical metrics, allowing for retraining and 
adjustment based on the results. F) After the algorithm is properly trained and evaluated, it can be used to predict 
species limits for new datasets (whether they are newly simulated or empirical data), using the model identified as 
best representing the species limits in the biological system (indicated here by the dashed red line). 
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The reliability of SML methods rely on the resemblance between the training data 

(typically simulated) and the actual biological data. Thus, the process of applying ML 

algorithms in species delimitation is influenced by the assumptions of the underlying 

evolutionary processes, such as population size, selection strength, and gene flow. Anyhow, 

SML algorithms generally demand a significantly smaller amount of simulated data compared 

to other methods based on simulations, such as Approximate Bayesian Computation (ABC), 

resulting in reduced computational effort (e.g., a few thousand simulated datasets versus 

hundreds of thousands of simulations per scenario in most ABC approaches; Csilléry et al., 

2010; Pudlo et al., 2016; Raynal et al., 2019).  

CLADES (Pei et al., 2018) is an SML-based approach for species delimitation that 

employs classification models trained and tested on multilocus sequence data. Within this 

framework, support vector machines (SVM) are used to classify population pairs as either 

belonging to the same species or distinct species. Regarding model training, datasets at the 

population level are simulated, with and without gene flow. Then, each training sample is 

represented as a list of summary statistics, and a SVM regression is estimated, through 

iterative training, to minimize the misclassification cost. Subsequently, the SVM classifier 

computes the probability of the training samples belonging to each potential grouping. 

Notably, the training dataset in this study was simulated based on a two-species model 

(A and B) where both species diverged at time τ with identical population size parameters (θA 

= θB = θ). Each species further consisted of two populations that recently split at time τp. 

Migration between A and B was allowed at a rate of M = Nm migrants per generation, with m 

representing the migration rate per generation. Additionally, symmetrical migration between A 

and B was accounted for prior to their divergence into two distinct populations each (A1 and 

A2, and B1 and B2). Multilocus sequence data of length L were simulated under diverse 

parameter combinations using the Mccoal software (Rannala and Yang, 2003). For each 

possible parameter combination (θ, τ, M), sequences were simulated for 100 loci with a length 

of L = 100Kbp for all populations. For each locus, 40 sequences were sampled, with 10 

sequences per population. All training samples were combined to train a global classifier, 

enabling it to adapt to various values of θ and M instead of assuming fixed parameters. With 

regard to CLADES’ performance, longer loci improved its efficiency, and this approach was 

robust to different modeling structures, accommodating various demographic events and 

evolutionary parameters. 

Smith and Carstens (2020) introduced delimitR, a SML approach designed to conduct 

species delimitation in a model selection task; delimitR employs the multidimensional site 
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frequency spectrum (mSFS) with a binning strategy as a predictor variable for a RF classifier. 

In essence, this framework aims to discriminate between various divergence models compatible 

with virtually any species concept, as asserted by the authors. Besides, working with data 

summarized through the mSFS, delimitR facilitates the evaluation of models that vary in terms 

of lineage numbers. Either way, given its supervised nature, delimitR demands researchers to 

define reasonable priors, such as divergence times or migration rates, and decide which models 

will be assessed. For each model evaluated in their study, Smith and Carstens (2020) simulated 

10,000 mSFS. A RF classifier was constructed using 1,000 decision trees to accommodate the 

extensive number of models. delimitR’s performance improved with larger SNP matrices and 

increasing divergence times. Compared to ABC methods, delimitR showed lower error rates, 

even though the detection of migration was challenging in cases of recent divergence between 

lineages (Smith and Carstens, 2020). The authors acknowledge that further research is needed 

to elucidate the association between the model space, number of parameters, and delimitation 

accuracy. 

 
2.3. Deep learning 

 Deep learning is a subset of ML that focuses on training artificial neural networks 

(ANNs) with multiple layers (hence “deep”) to perform complex tasks (Sheehan and Song, 

2016). In terms of data labeling, deep learning algorithms can be both supervised or 

unsupervised. Deep learning techniques have found success in various fields in the Biological 

Sciences (Angermueller et al., 2016; Sheehan and Song, 2016; Schrider and Kern, 2018). 

However, its adoption in Evolutionary Biology is relatively recent (see Angermueller et al., 

2016; Sheehan and Song, 2016; Fonseca et al., 2021; Blischak et al., 2021; Yelmen and Jay, 

2023). The popularity of deep learning can be attributed to their highly flexible data input and 

output structure, allowing networks trained for one task to be repurposed for another by 

modifying their final layers, for instance, through transfer learning approaches. This 

versatility enables the resolution of intricate tasks that might prove challenging for shallow 

learning algorithms. Conversely, deep learning often demands meticulous and more specific 

fine-tuning compared to shallow learning methods. For a detailed description of how neural 

networks work, and their general structure, see Sheehan and Song (2016), Borowiec et al. 

(2022), and Korfmann et al. (2023). 

The fundamental stages involved in creating a deep learning framework for species 

delimitation, especially a supervised one, closely parallel those of a shallow SML workflow, as 

both typically involve formulating evolutionary models and simulating data. Broadly, these 
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steps include data simulation and representation, model training and optimization, and 

ultimately, predicting relevant categories from empirical data (Fig. 3). 
 

 
Fig. 4. Diagram illustrating a potential deep learning workflow applied in the context of species delimitation, using 
CNNs as an example of algorithm that can be used in this context (inspired by Perez et al., 2021). A) The process 
typically begins with the simulation of biological data under various evolutionary models, considering factors like 
topology (e.g., scenarios with differing numbers of potential species, namely ‘conservative’ and ‘splitter’), 
population size (considering potential demographic variations over time, whether of population contraction or 
expansion), gene flow, and many more, similar to a SML pipeline. B) Next, data representation is crucial. For 
CNNs, SNP matrices are often converted into arrays or image files, where pixel contrast reflects differences in 
minor and major frequencies between samples. C) With the simulated and properly represented data, the network 
training phase can commence. The parameter configuration and network architecture may vary, depending on the 
specific study’s requirements. D) Once each model is trained and its performance is rigorously evaluated, the final 
stage of the workflow involves predicting categories for new data. This can include using new simulated data with 
slight parametric modifications, still within the trained model’s limits, as well as empirical data whose evolutionary 
history aligns with the proposed model. In both cases, the goal is to determine which delimitation model best 
applies to the biological system being investigated. 
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Perez et al. (2021) proposed a delimitation approach that accommodates the integration 

of coalescence-based methods with model selection using convolutional neural networks 

(CNNs). In short, this approach can integrate models from coalescent analyses, such as BPP 

(Flouri et al., 2018; 2020), to compare different evolutionary scenarios while incorporating 

information from multiple sources. Specifically, it allows users to combine insights from 

genetic analyses (e.g., coalescent-based methods) with hypotheses derived from other data 

types (e.g., phenotypic traits) that reflect different taxonomic arrangements. This flexibility 

enables the formulation of models informed by multiple lines of evidence. The initial steps in 

this approach involve simulating genetic data for each delimitation hypothesis, with the study 

encompassing 10,000 simulations per model. These simulations are then converted into images, 

which serve as input for training a neural network. It is worth noting that while CNNs used 

10,000 simulations per model in this study, ABC required 100,000 simulations per model. 

Finally, each species hypothesis probability can be predicted through the trained CNNs using a 

test set. Perez et al. (2021) also compared their model selection approach with ABC using 

empirical data. The CNNs consistently demonstrated superior performance in distinguishing 

between the simulated evolutionary scenarios, outperforming ABC in all cases, with fewer 

simulations and faster execution times (Perez et al., 2021). 

 

2.4. How has machine learning changed our approach to delimit species so far? 

 To date, relatively few studies (<20, see Appendix B) have specifically explored ML 

techniques for species delimitation, in particular focusing on molecular data. Among these, only 

five introduced novel ML approaches for species delimitation, providing comprehensive details 

from initial simulations to statistical performance evaluations (Pei et al., 2018; Derkarabetian 

et al., 2019; Smith and Carstens, 2020; Perez et al., 2021; Pyron et al., 2023). 

These approaches, and also other ML frameworks applied in demographic inferences, 

phylogeography and population genetics, are often advocated by the researchers and developers 

themselves on the following arguments: i) challenges and limitations associated with the 

assumptions of coalescent methods (Derkarabetian et al., 2019; Smith and Carstens, 2020; 

Blischak et al., 2021; Martin et al., 2021; Derkarabetian et al., 2022); ii) ML computational 

efficiency and the capacity of handling complex evolutionary models (Pei et al., 2018; Martin 

et al., 2021; Perez et al., 2021; Derkarabetian et al., 2022; Pyron et al., 2023); and iii) ML acting 

as a likelihood-free approach, enabling the consideration of models where likelihood 

computation would be intractable (Smith and Carstens, 2020; Martin et al., 2021; Perez et al., 

2021; Sanchez et al., 2020). Also, while ML algorithms are often used similarly to simulation-
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based approaches like ABC, additional steps are generally incorporated, such as: i) selecting a 

more comprehensive subset of summary statistics based on specific criteria (Smith and 

Carstens, 2020; Martin et al., 2021); ii) handling larger or more complex genetic datasets more 

efficiently compared to model selection tools such as ABC (Smith and Carstens, 2020; Collin 

et al., 2021; Ghirotto et al., 2021). These advantages stem from the fact that ML approaches 

usually require less specificity in summary statistic selection and can manage high-dimensional 

data with fewer concerns about the curse of dimensionality. 

 

2.5. What types of species ML methods might be detecting? 

A significant part of the studies we analyzed were philosophically based on species 

concepts grounded on evolutionary or genealogical independence criteria. This might stem 

from our focus on workflows using molecular data, which generally aims at identifying lineages 

and genetic clusters characterized by significant levels of genetic divergence and restricted 

amounts of gene flow. Also, some studies specifically model parameters like migration, which 

make them in line with concepts focused on reproductive criteria. While evolutionary and 

genealogical independence evidence (or reproductive criteria) may have their limitations in 

investigating species limits, results generated by ML methods in this context can still serve as 

hypotheses for further investigations (e.g., Fujita et al., 2012), aligning with the GLC 

perspective (de Queiroz, 1998; 1999; 2005b). 

So far, there are no definitive coalescent-based solutions to differentiate between 

population structure and species (Sukumaran and Knowles, 2017; Leaché et al., 2019). In this 

context, it is reasonable to assert that ML-based delimitation methods, just as coalescence-based 

methods, might not always be identifying species per se, but rather: i) incompletely separated 

(or incipient) species, which may eventually be classified as distinct (Burbrink et al., 2021), or 

even as ‘subspecies’ (de Queiroz, 2020); or ii) population or phylogeographic variation 

(Rosenblum et al., 2012; Sukumaran et al., 2021). Consequently, while genetic structure (either 

at population or species level) detected through ML can be biologically relevant for species 

delimitation, additional data and an evolutionary process-based perspective remain crucial to 

discern the nature of the inferred biological entities (Smith and Carstens, 2020; Sukumaran et 

al., 2021). Just as phenotypic, ecological, or other biological attributes are not mandatory 

criteria for designating an evolutionary lineage as a species (de Queiroz, 2007; Pyron et al., 

2023), genetic or genealogical groupings identified using ML-based delimitation methods can 

be similarly interpreted. 
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Within this context, while the primary criterion for recognizing a species can still be 

evolutionary independence, other characteristics could serve as secondary evidence of 

divergence and may be also analyzed using ML frameworks. Given ML’s versatility in handling 

diverse data types, future applications in species delimitation should prioritize the explicit 

incorporation and evaluation of diverse biological properties—such as genomic divergence, 

ecological adaptation, and phenotypic differentiation—to enhance species hypothesis testing 

(e.g., Karbstein et al., 2024; Pyron et al., 2024). Several strategies can achieve this, including 

integrating different feature categories as distinct layers within a deep learning architecture. 

Besides, investigating how the contribution of various traits impacts species delimitation across 

different biological systems also represents a key avenue for future research. Only a few 

detailed ML pipelines have been proposed in this context, aiming to explore the relationship 

between evolutionary models and divergence scenarios in terms of distinct characteristics, 

whether genetic, phenotypic, geographic or ecological. Pyron (2023), for instance, implemented 

a UML method using SOMs for learning high-dimensional associations between observations 

(e.g., specimens) across a wide set of input features (e.g., genetics, geography, environment, 

and phenotype). Yang et al. (2022) is another great example, which introduced a CNN method 

that successfully integrates morphological and molecular data for species identification. 

In sum, integrating genetic, ecological, and phenotypic data may be essential for 

achieving robust and reliable species limits assessments, particularly in systems with complex 

evolutionary histories—such as cryptic species complexes or hybridizing lineages. In this 

context, ML-based species delimitation offers a powerful framework to combine domain 

expertise with quantitative hypothesis testing, optimizing the reconciliation of conflicting 

evidence. This approach also paves the way for establishing comprehensive frameworks rooted 

in modern Integrative Taxonomy, potentially enabling the automated synthesis of diverse data 

to accurately define taxonomic units (Karbstein et al., 2024). 

 

3. Advantages, limitations and future perspectives 

3.1. Strengths and benefits of using ML to delimit species 

 In general, ML methods applied to infer species limits based on genetic data offer some 

advantages over coalescent or traditional simulation-based methods. Despite particular 

constraints, ML algorithms can be as accurate (in biological terms) as traditional model 

selection tools and likelihood-based species delimitation methods (Pei et al., 2018; Smith and 

Carstens, 2020; Perez et al., 2021; Derkarabetian et al., 2022). Because of their likelihood-free 

nature, they are computationally more efficient and generally can be trained on models that are 
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at times too intricate for formal statistical estimators (Pei et al., 2018; Kuzenkov et al., 2020; 

Smith and Carstens, 2020; Suvorov et al., 2020; Martin et al., 2021; Perez et al., 2021). Some 

of these algorithms have proven to be highly efficient in complex evolutionary scenarios, 

including situations involving gene flow or population size fluctuations (Pei et al., 2018; Perez 

et al., 2021). This efficiency does not compromise the ability to distinguish between different 

models (Smith et al., 2017), and even simple SML methods provide high selection accuracy 

when comparing multiple models in a single analysis (Gehara et al., 2020 preprint). 

A major advantage of deep learning, in particular, is the capacity to automatically extract 

information from alignments (commonly treated as images), as opposed to relying on summary 

statistics typically required by other methods. This facilitates accurate and efficient 

classification or regression tasks, as observed in studies by Sanchez et al. (2020), Fonseca et al. 

(2021), Perez et al. (2021), and Borowiec et al. (2022), holding promise in future species 

delimitation studies. Besides, especially in supervised approaches, which often use explicit 

evolutionary models to validate species (e.g., Smith and Carstens, 2020), ML enables a more 

in-depth exploration of the speciation and phylogeographic processes that underlie the 

formation of independent evolutionary lineages. Thus, given that properly sampled genomic 

datasets can offer sufficient data for analyzing complex evolutionary models, ML might serve 

a dual role: providing primary evidence for examining species limits patterns, and assisting in 

the investigation and reconstruction of the evolutionary processes responsible for these patterns. 

  

3.2. Factors requiring careful consideration in ML-based species delimitation 

Certain algorithms, especially supervised ones trained on simulated data, may become 

overly specialized. Modern ML methods are proficient at interpolating within the observed 

range of values in the training data, even in cases where specific values have not been 

encountered before, being adaptive and not solely reliant on memorizing specific training 

instances. Even so, as models are typically trained on simulated data with specific values of 

evolutionary parameters, such as θ and M, their performance might be compromised when 

applied far outside the training parameter space (Schrider and Kern, 2018; Borowiec et al., 

2022). Besides, ML algorithms have some degree of inductive bias (Hüllermeier et al., 2013). 

Therefore, exploring in further details the association between training capacity and predictive 

power should be a priority for future studies.  

Methods relying on a substantial volume of simulated data across diverse evolutionary 

scenarios must carefully design prior distributions to ensure that the data generated under these 

models closely reflect the actual biological system being studied. This is a challenge for non-
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model organisms, where data availability may limit the quality of parameter estimates (Tagu et 

al., 2014; Fonseca et al., 2016; Cerca et al., 2021; Jorna et al., 2021). Importantly, simulation 

problems are not exclusive to ML-based workflows, as model selection frameworks such as 

ABC also employ simulated data (Beaumont et al., 2002; Bertorelle et al., 2010). Furthermore, 

it may be unfeasible to simulate data or train an ML algorithm across an entire parameter space, 

especially in complex evolutionary models (Rannala and Yang, 2020), and important 

phenomena may be entirely missing from the simulations (e.g., background selection, Mo and 

Siepel (2023), or missing data Arnab et al. (2023)). Also, limited information is available 

regarding the asymptotic statistical performance of most ML methods applied for species 

delimitation. Thus, such models may never be comprehensive enough, have limitations in 

representing real data, and demand substantial computational resources (Arenas, 2012; Mangul 

et al., 2019; Zaharias et al., 2022). This leads to an inherent challenge in avoiding some degree 

of misspecification in the training data, even considering the variety of powerful genetic data 

simulators currently available. 

Moreover, all model-based methods depend on the chosen models and their parameters, 

whether they are used for simulations or for direct likelihood estimation. As a result, even 

methods that do not rely on simulations can still be sensitive to model misspecification. For 

example, coalescence-based approaches depend on MSC assumptions, which may not always 

accurately represent specific biological systems. Likelihood-based approaches offer advantages 

in exploring parameter space within a defined model—due to their optimality and iterative 

nature—though they can be computationally intensive (e.g., Flouri et al., 2018; Sukumaran et 

al., 2021). Thus, these methods remain important alternatives especially when there is no clear 

reference for simulations. ML approaches, on the other hand, have the potential to explore a 

broader model space. That said, no approach can account for all possible evolutionary 

processes, leaving both traditional SDMs and ML approaches limited in their ability to 

comprehensively explore the broad space of evolutionary models. Only UML approaches might 

be relatively immune to some of these constraints, as they do not rely on predefined models. 

Either way, regardless of the analytical framework, misrepresenting evolutionary relationships 

can lead to misleading outcomes. This underscores the need for biologically informed feature 

processing and modeling. 

Another important perspective to consider is related to data representation. While ML 

can uncover patterns in high-dimensional datasets, its performance heavily relies on the quality 

and relevance of the input data and how it is representated (Guyon and Elisseeff, 2003; 

Domingos, 2012; LeCun et al., 2015). In the context of the present study, there are ML pipelines 
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that utilize data derived from SNPs matrices (Derkarabetian et al., 2019; Sanchez et al., 2020; 

Smith and Carstens, 2020; Blischak et al., 2021; Fonseca et al., 2021; Martin et al., 2021), and 

only a few are extensible to different genetic markers (e.g., Collin et al., 2021). Also, numerous 

studies using ML frameworks, whether focusing on species delimitation, demography, or 

population genetics, use genetic summary statistics as the main input data (e.g., Pei et al., 2018; 

Collin et al., 2021; Ghirotto et al., 2021). 

While summary statistics can be valuable for distinguishing between models, some may 

not be suitable for making inferences about species limits. Besides, the practical implementation 

of such statistics on the detection of specific evolutionary processes often encounters 

confounding factors that can mimic similar effects on gene histories (Flagel et al., 2019). For 

example, Tajima’s D is a statistic sensitive to both positive selection and changes in population 

size (Simonsen et al., 1995). Therefore, unless we have a clear understanding of which type of 

data is truly sufficient to capture the target biological phenomena, relying solely on a specific 

set of statistics can lead to inevitable information loss (Rannala and Yang, 2020). An alternative 

to this is to consider the sequence alignment itself as input, as demonstrated in the deep learning 

approach introduced by Perez et al. (2021), which implicitly enables dimensionality reduction 

while capturing structures within the input data. Notably, deep learning techniques are valuable 

tools in this context, offering the capability to analyze both raw sequence data and summary 

statistics (Korfmann et al., 2023). 

Even considering that data representation is a critical component of any analytical 

framework, its role in species delimitation demands particular attention, where complex 

evolutionary processes such as gene flow and incomplete lineage sorting (ILS) can leave 

distinct signatures in the data. For instance, gene flow may produce localized discordance in 

allele frequencies and introgressed genomic segments, whereas ILS typically results in 

widespread gene tree incongruence due to ancestral polymorphisms. Consequently, how data 

is represented (e.g., via full sequence alignments, SNP matrices, or gene tree reconstructions) 

can impact the ability to detect and distinguish these phenomena, and consequently the 

robustness and interpretability of delimitation results. Therefore, priority should be given to 

representations that retain detailed information for detecting key processes in species 

delimitation while preserving the inherent variability and structure of the data. Future research 

should focus on understanding the extent to which the flexibility of ML to handle various input 

data types provides a true advantage for species delimitation. Moreover, despite the challenges 

associated with comparing ML approaches due to differing assumptions, employing diverse 
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training data representations—from genomic sequences to summary statistics—could help 

illuminate the strengths and limitations of each method for detecting species limits. 

 

3.3. Possible avenues and prospects for future studies 

Mitigating the effects of misspecification during simulation might involve designing or 

using a simulator that enforces high compatibility between simulated and actual data. 

Generative adversarial networks (GANs), a type of deep learning algorithm commonly used for 

creating synthetic images and voices (Chadha et al., 2021), have shown promise in this regard 

(see Wang et al., 2021; Callier, 2022). GANs operate with two networks, the generator and the 

discriminator, trained together (Goodfellow et al., 2014). While the generator simulates data, 

the discriminator distinguishes between real and synthetic data. During training, the generator 

network becomes more powerful at producing realistic examples, and the discriminator 

network becomes more skilled at distinguishing between real and synthetic data. When training 

is complete, the generator network can generate new examples that are indistinguishable from 

real data, providing a reliable way to work with labeled data. Researchers have already assessed 

the utility of GANs in various fields, including genomics, phylogenetics, and population 

genetics (Nesterenko et al., 2022 preprint; Booker et al., 2023; Yelmen and Jay, 2023). Smith 

and Hahn (2023) introduced phyloGAN, a workflow that takes a concatenated alignment (or a 

set of alignments) as input and infers a phylogenetic tree, potentially accounting for gene tree 

heterogeneity. 

The application of GANs is still incipient in Evolutionary Biology. Although the above-

mentioned approaches perform well in relatively simple scenarios, methodological challenges 

arise as the complexity of the evolutionary model space increases. This can result from 

additional variables in evolutionary models or larger phylogenetic trees and sequence 

alignments, potentially affecting both accuracy and computational efficiency (Nesterenko et al., 

2022 preprint; Smith and Hahn, 2023). Therefore, future advancements in the use of GANs in 

should focus on enhancing the efficiency of exploring parameter spaces, reducing 

computational training times, and accommodating more complex evolutionary models (Smith 

and Hahn, 2023). To fully harness the potential of this tool in species delimitation, further 

efforts are required to refine the population genetics parameters estimates (e.g., Wang et al., 

2021), and to improve the accuracy of species limits inferences based on these parameters. 

Future GAN applications in this context should also focus on generating synthetic datasets to 

model realistic scenarios of species divergence under complex evolutionary processes. 
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Potential errors in data simulation can be linked to a “domain adaptation” problem as 

well, where a model trained on one data distribution is applied to a dataset originating from a 

different distribution (Farahani et al., 2021; Mo and Siepel, 2023). A classic illustration of 

domain adaptation is found in image classification: consider a situation in which a recognition 

model needs to identify different dog breeds from photographs (“target domain”), but the only 

labeled training data available are cartoon drawings of dogs (“source domain”). In such cases, 

a ML model must be trained on one dataset with the expectation of performing well on another, 

even in the presence of systematic differences between the two distributions. Recent solutions 

involve learning a “domain-invariant” data representation through a feature extractor neural 

network. This is accomplished by minimizing domain disparities (Rozantsev et al., 2018), using 

adversarial networks (Ganin and Lempitsky, 2015; Liu and Tuzel, 2016; Bousmalis et al., 

2017), or employing auxiliary reconstruction tasks (Ghifary et al., 2016). 

Domain adaptation techniques have found applications in fields such as genomics 

(Cochran et al., 2022) and population genetics (Mo and Siepel, 2023), particularly as an 

unsupervised domain adaptation problem. Through extensive simulation studies, Mo and Siepel 

(2023) convincingly demonstrated that their domain-adapted models significantly 

outperformed standard networks across various simulation misspecification scenarios. This 

outcome underscores the potential of domain adaptation techniques as a promising avenue for 

developing robust deep learning models in evolutionary biology inference (Mo and Siepel, 

2023), potentially including species delimitation. In this area, future efforts should focus on 

mitigating problems introduced by sampling bias or model misspecifications across diverse 

evolutionary scenarios, particularly in supervised frameworks that rely on simulated data. 

Employing domain adaptation strategies to facilitate the integration of naturally heterogeneous 

datasets—such as genomic and morphological, environmental and geographical data—by 

extracting of domain-invariant features will also enhance the resolution and reliability of 

delimitation outcomes. 

Future ML applications to infer species limits should also focus on the development of 

new transfer learning structures. For example, a deep learning architecture originally trained 

for inferring historical population sizes can be repurposed for classifying demographic 

scenarios (Pan and Yang, 2010), even though reusing trained models can be challenging due to 

differences in data dimensionality (Sanchez et al., 2020). Particularly regarding species 

delimitation, improving model generalizability could be achieved by transferring learning 

between well-studied taxonomic groups and those with limited data availability. In order to 

establish baseline models, a practical workflow could involve using ML algorithms to identify 
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species limits in a broad training dataset, such as population-level genomic or morphological 

data from different species. Then, these baseline models could be fine-tuned with smaller, 

taxonomically specific datasets to validate or identify taxa in understudied groups. This iterative 

approach can also optimize computational efficiency by avoiding the need to train models from 

scratch. A methodology relatively aligned with this reasoning is exemplified in the study by 

Derkarabetian et al. (2022). Moreover, ML methods initially designed for other model selection 

purposes, such as phylogeography (Fonseca et al., 2021), could be reasonably adapted for 

species delimitation, provided that the simulated data and initial models adequately capture 

species limits nuances. 

 

4. Optimizing the use of ML in the context of species delimitation 

4.1. Enhancing Species Delimitation through accessible and purpose-built ML 

The introduction of new ML approaches will increasingly enhance researchers’ ability 

to make biologically precise decisions, especially when these methods are purpose-built, from 

conception to implementation, for the specific task of delimiting evolutionary lineages. In order 

to choose the appropriate species delimitation method, researchers must consider the available 

data and putative evolutionary scenarios, while considering the available statistical evaluation 

and performance optimization of each method (Greener et al., 2021; Morimoto et al., 2021). 

However, a comprehensive comparison of the recently proposed ML methods characteristics, 

advantages and disadvantages, and overall performance compared to other SDMs is still 

lacking. 

Such evaluation should consider the inherent properties of the ML algorithms, such as 

how the workflows manipulate the data attributes, and the different types of data. In nearly all 

studies using ML methods to infer species limits, at least a minimal approach to estimating error 

or noise is employed (Pei et al., 2018; Smith and Carstens, 2020; Martin et al., 2021; 

Derkarabetian et al., 2022). For example, it is common for researchers to evaluate the ML 

model’s performance using genetic datasets of varying sizes, or alignments of different 

dimensions. The quantity and quality of data clearly influences the effectiveness of ML 

applications, as analyses conducted on larger, well-filtered datasets consistently yield better 

delimitation results (Pei et al., 2018; Smith and Carstens, 2020; Martin et al., 2021; 

Derkarebetian, et al., 2022). This effect is pronounced in UML approaches, as they tend to be 

more susceptible to data-related issues (Martin et al., 2021).  

From a practical perspective, as should be the case in any scientific field, evaluating the 

suitability of an ML tool for species delimitation also involves assessing its accessibility and 
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reproducibility, particularly compared to traditional SDMs. For example, a thorough 

description of the ML method, but without a detailed reference to the dataset, can lead to 

significant issues within the workflow (Chicco, 2017; Greener et al., 2021). The same rationale 

extends to the availability of the trained models. A good example that circumvents these 

problems can be found on the study by Derkarabetian et al. (2022), where the authors assessed 

a ML approach capability to delimit cryptic species constructing a “customized” training dataset 

from a well-studied lineage with biological characteristics akin to their focal taxon, and clearly 

explained the rationale behind the customizations made to the datasets and pre-trained models. 

In cases like these, where a specific ML classifier has been designed and trained with a 

particular dataset based on a specific evolutionary model’s parameters, it is important to ensure 

both the dataset and the classifier are meticulously described and made accessible to the public. 

Such precautions minimize the need to construct entirely new workflows for each study, 

involving tasks such as data simulation, model training, and the selection of evaluation metrics, 

enabling researchers to evaluate and enhance the method without needing to start from scratch 

(Greener et al., 2021; Heil et al., 2021). 

 

4.2. Integrating analytical frameworks to investigate complex delimitation models 

All models, while inherently limited in representing the underlying nature of species 

diversification and, hence, of the current species limits among the tested entities, will be more 

or less useful depending on their effectiveness in extracting relevant evolutionary information 

from the available data. In some systems, certain methods should be prioritized based on the 

processes driving divergence, and using multiple methods with similar biases might not 

enhance biological interpretability. Therefore, the choice of which species delimitation method 

to use should be done before or during the hypothesis-formulation process, considering the 

nature of the available data and, possibly, prior relevant biological information regarding the 

evolution of the organisms. 

To effectively prioritize methods, researchers should consider key factors such as the 

evolutionary context (e.g., presence of gene flow, divergence times, demographic parameters) 

and the type and quality of the available data (e.g., genomic vs. phenotypic data). For instance, 

Smith and Carstens (2020) precisely argue that traditional methods like BPP can accurately 

infer the number of species but may overlook significant processes, such as secondary contact, 

something that ML workflows like delimitR could address more efficiently. Thus, while some 

ML-based methods may be particularly well-suited for systems where distinguishing between 
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divergence with gene flow and strict isolation is critical, coalescent-based methods may 

perform better in detecting fine-scale population structure. 

As previously discussed, incorporating multiple delimitation criteria is essential for 

capturing the diverse mechanisms driving speciation, as different evolutionary processes leave 

distinct signatures in genetic and non-genetic data. But even considering that inferring species 

limits from molecular data and integrating phenotypic data can be a solution in some cases, 

robust species delimitation still requires mechanistic hypotheses about the speciation process 

itself (Padial and De la Riva, 2021; Pyron et al., 2023; Pyron et al., 2024), as distinguishing 

between population structure and diverging or collapsing species require explicit hypotheses 

and quantifiable tests (Sukumaran and Knowles, 2017; Derkarabetian et al., 2019; Huang, 2020; 

Pyron et al., 2024). In this context, a promising approach that could shape the future of genetic-

based species delimitation (and would greatly benefit from integrating different delimitation 

approaches) is the empirical validation of speciation-based models, which offers a more 

nuanced understanding of the speciation process (see Sukumaran et al., 2021; Hua and Moritz, 

2025). For instance, divergence with gene flow can create a pattern of genomic heterogeneity 

where some loci reflect historical connectivity while others indicate reproductive isolation (see 

Harrison and Larson, 2016). Such cases may be better captured by models that incorporate 

allele frequency shifts across loci or explicit tests for introgression (e.g., network-based 

methods or ML classifiers trained on specific genomic features). Also, the temporal dynamics 

of divergence, such as recent speciation events with ILS, may be more appropriately addressed 

by coalescent-based models that account for stochasticity in gene tree variation. Therefore, such 

a process-based approach might be particular useful in distinguishing intraspecific genetic 

structure from interspecific divergence. 

In the current state of affairs, while ML methods are still being developed and refined, 

explicitly considering the evolutionary mechanisms underlying species divergence, and 

strategically integrating this approach with different delimitation tools can enhance both the 

accuracy and biological realism of species limits. ML-based methods will probably not replace 

coalescent or tree-based approaches in the near future, but rather complement them by 

leveraging their particular strengths. Even so, ML is sure to become an integral part of the 

toolkit used by scientists not only in the field of species delimitation, but for various 

Evolutionary Biology applications. 

Beyond the technical advances of ML workflows and process-based approaches in 

species delimitation, it is also crucial to ensure that such tools are accessible and properly 

interpreted by the broader scientific community. Recognizing the methodological complexity 
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and the potential for misapplication, we developed a science communication piece aimed at 

demystifying the use of machine learning for species delimitation (Appendix C). This material, 

designed for both specialists and early-career researchers, provides a structured overview of the 

strengths, limitations, and appropriate contexts for ML-based methods, highlighting how they 

complement (rather than replace) classical approaches in Evolutionary Biology. By bridging 

the gap between technical development and scientific dissemination, such efforts can foster 

more responsible and informed use of these methods, ultimately enhancing the reproducibility 

and transparency of species delimitation research. 

 

5. Conclusions 

● Relatively few studies have yet applied ML techniques to species delimitation using 

molecular data. Nonetheless, these approaches have already proved to be 

computationally efficient, and capable of being readily integrated into diverse analytical 

frameworks, providing a robust way to explore dataset structure when species-level 

divergences are hypothesized. 

● Existing ML-based genetic species delimitation frameworks use various data 

representation as input (e.g., sequences treated as images, summary statistics, SNPs). 

Although this flexibility can be advantageous, the reliance on particular representations 

may bias the accurate delineation of species limits. Assessing the impact of data 

transformation on delimitation outcomes remains a challenge, and is a key avenue for 

future research. 

● Overly specialized ML algorithms might perform well within the specific ranges of 

evolutionary parameters present in their training data, but struggle when applied beyond 

that parameter space. This is particularly critical given the heavy reliance on simulated 

data in evolutionary biology, where overspecialization can compromise generalizability 

and transferability—especially in supervised pipelines. Emerging approaches offer 

promising solutions, including but not limited to the use of transfer learning approaches 

to exchange knowledge across datasets, GANs to produce more realistic simulated data, 

and domain adaptation techniques to address the challenges of working with inherently 

heterogeneous datasets. 

● Given the flexibility of ML workflows in handling different types of data—and the 

multifactorial nature of divergence processes among evolutionary lineages—future 

research should focus on quantifying how different biological traits contribute to and 

influence species delimitation results across distinct biological systems. 
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● A key priority is the development of robust ML-based species delimitation frameworks 

within the context of Integrative Taxonomy. This will enable the automated integration 

of multiple lines of evidence to accurately define taxonomic units, while facilitating the 

reconstruction of the evolutionary processes underlying species limits patterns. 

● Although no universally superior species delimitation method currently exists, ML 

algorithms present promising prospects for their integration into systematic protocols 

tailored for species delimitation. 
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Appendices 

(A) Glossary 

Architecture: the configuration of neurons, layers, and connections among them in a neural 
network. 

Artificial neural network/ANN: a network of layers of one or more ‘neurons’ which receive 
inputs from each neuron in the previous layer, and perform a linear combination on these inputs, 
which is then passed through an activation function. The first layer is the input layer (i.e., the 
feature vector) and the last layer is the output layer yielding the predicted responses. Intervening 
layers are referred to as ‘hidden’ layers. 

Binning: generally, this is the process of grouping reads, contigs or similar genetic markers and 
assigning them to individual genomes. 

Class: a category of data in a discrete category classification problem. 

Classical Multidimensional Scaling (cMDS): method generally used to visualize the similarity 
or dissimilarity of data in a lower-dimensional space. It works by taking a distance or 
dissimilarity matrix and finding a configuration of points in a Euclidean space that best 
preserves those distances; the primary aim of cMDS is to project high-dimensional data into 



60 
 

 

two or three dimensions for easier interpretation, while retaining as much of the original 
variance as possible. 

Classification: an ML task where the value to be predicted for each example is a categorical 
label. This kind of algorithm classifies input variables to discrete categories, or target variables. 
Contrast with regression models. 

Convolutional Neural Network/CNN: a particular type of ANN commonly used in visual 
recognition, in which connections between different layers allow performing convolutions. 

Curse of dimensionality: briefly, this refers to challenges that arise when analyzing high-
dimensional data, where the number of features approaches or exceeds the number of 
observations. As dimensionality increases, data becomes increasingly sparse in the feature 
space, leading to computational inefficiencies, overfitting of models, and reduced statistical 
power. Key issues include inflated distances between points (making similarity metrics less 
meaningful), exponential growth in the volume of the space (requiring disproportionately larger 
sample sizes for reliable inference), and difficulty in visualizing or interpreting patterns. 

Decision tree: a hierarchical structure that predicts the response variable of an example by 
examining a feature, and branching to the right subtree if the value of that feature is greater than 
some threshold, and branching to the left otherwise. At the next level of the tree another feature 
is examined. The predicted value is determined by which leaf of the tree is reached at the end 
of this process. 

Deep learning: type of learning using ANNs or similarly networked algorithmic models that 
contain multiple ‘hidden’ layers between the input and output layers. 

Discriminant Analysis of Principal Components (DAPC): It combines two steps: (1) principal 
component analysis (PCA) to reduce the dimensionality of the dataset while retaining most of 
the genetic variation, and (2) linear discriminant analysis (LDA) to maximize the separation 
between predefined groups or clusters. Unlike traditional methods, DAPC does not make 
assumptions about Hardy-Weinberg equilibrium or linkage disequilibrium, making it well-
suited for analyzing complex genetic data. It is often applied to identify population structure, 
infer species boundaries, and investigate patterns of genetic variation. 

Example: a dataset is a collection of numbers or values that relate to a particular subject. Each 
one of these numbers or values can be referred to as an example. 

Feature vector: a multidimensional representation of a datapoint made up of measurements (or 
features) taken from it (e.g., a vector of population genetic summary statistics measured in a 
genomic region). 

General Lineage Concept (GLC): a major framework in Evolutionary Biology that defines a 
species as a population or group of populations that represents a distinct, evolving lineage. 
Under this concept, species are considered separately evolving metapopulation lineages, where 
metapopulations consist of connected populations of individuals that interbreed or interact 
across time and space. The GLC emphasizes that the central unifying feature of all species is 
their evolutionary independence, derived from processes like restricted gene flow and 
divergence. Unlike other species concepts (e.g., biological, morphological, or phylogenetic), 
which often focus on specific criteria like reproductive isolation, diagnosability, or shared 
derived traits, the GLC posits that these criteria are secondary properties (or lines of evidence) 
that emerge as a result of lineage divergence. These secondary properties can be used as 
operational criteria to recognize species, but they are not what fundamentally defines a species. 
In essence, the GLC unifies different species concepts under the idea that species are different 
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evolutionary lineages, and previous concepts should be viewed as tools or methods for 
identifying and describing those lineages. 

Incomplete lineage sorting: persistence of ancestral genetic polymorphisms, especially during 
rapid speciation events, inducing incongruences between gene trees and species trees. 

Inductive bias: in the context of machine learning, this term refers to a set of assumptions 
(implicit or explicit) made by a learning algorithm in order to perform induction, that is, to 
generalize a finite set of observations (generally referred as training data) into a general model 
of a particular domain. Treating all these possibilities equally, or without any bias in the sense 
of a preference for specific types of generalization, predictions for new situations could not be 
made. 

Integrative Taxonomy: branch of systematics and taxonomy focused on classifying and naming 
organisms by employing multiple data sources (taxonomical evidence; such as genetic and 
morphological) to achieve a more comprehensive and holistic understanding of the group’s 
diversity. 

Isotonic Multidimensional Scaling (isoMDS): a non-metric multidimensional scaling (NMDS) 
method designed to represent pairwise dissimilarities in a low-dimensional Euclidean space. 
Unlike cMDS, which preserves actual distances, isoMDS focuses on preserving the rank order 
of dissimilarities (i.e., ensuring that objects with higher dissimilarities remain further apart in 
the low-dimensional space). This method is particularly useful when the dissimilarity data are 
non-Euclidean, noisy, or derived from complex models. 

Layers: a logical collection of nodes/neurons layer in a deep learning model, taking information 
from the previous layers and then passes it to the next layer; usually, there are at least three 
types of layers in every ANN: input, hidden and output. 

Labeled data: data examples for which the true response value (or label) is known. 

Likelihood-based approaches: when it comes to species delimitation, such approaches refer to 
methods that use statistical likelihood functions to assess the fit between observed data and 
various delimitation models. These models typically describe how genetic or other data are 
generated under different scenarios of species divergence and gene flow. By comparing the 
likelihood of the data under different species delimitation models, researchers can infer the most 
probable number and limits of species within a study system. 

Machine learning/ML: subset of artificial intelligence that allows a system to learn and improve 
autonomously using mathematical algorithms, without being explicitly programmed, by 
feeding it large amounts of data. 

Migration parameter/M: generally referred to as the parameter describing migration from one 
population to another; can also be referred to as mij, where I and j represent two different 
populations. 

Model: in the context of deep learning, the word “model” is often used to refer to a trained 
neural network. This can be confusing in studies that use neural network classifiers to 
distinguish among data generated under different evolutionary models or models of 
demographic evolution. 

One-hot encoding: a method for representing categorical variables as binary vectors, where 
each category is converted into a binary (0 or 1) feature. For a variable with n categories, one-
hot encoding generates n binary columns, each corresponding to a unique category, with a value 
of 1 indicating the presence of that category and 0 otherwise. This technique ensures categorical 
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data (e.g., nucleotide bases, amino acids, or population labels) can be processed by algorithms 
requiring numerical input while avoiding implicit ordinal relationships between categories. In 
molecular phylogenetics and evolution, one-hot encoding is commonly applied to DNA or 
protein sequence data (e.g., encoding nucleotides A, T, C, G as [1,0,0,0], [0,1,0,0], etc.), 
enabling compatibility with models for sequence classification, phylogenetic inference, or trait 
prediction. It is also used to represent discrete morphological traits or population identifiers in 
multivariate analyses. 

Population size/θ: the population size parameter reflects the mutation–drift balance occurring 
within a population with an effective size of ‘Ne’ individuals, and a mutation rate of ‘μ’ per site 
per generation. The most common equation is: θ = 4Neμ (with 2Neμ for haploid organisms). 

Principal Component Analysis (PCA): a multivariate statistical technique used to reduce the 
dimensionality of a dataset while preserving as much variability as possible. It does this by 
transforming the original variables into a new set of uncorrelated variables, called principal 
components, which are ordered by the amount of variance they explain. The first principal 
component captures the most variation in the data, the second captures the next highest variation 
(orthogonal to the first), and so on. PCA is commonly used for data visualization, noise 
reduction, and identifying patterns in high-dimensional datasets. 

Random forest: an ensemble of semi-randomly generated decision trees. An example is run 
through each tree in the forest, and these trees then vote to determine the predicted value. 
Random forests can perform both classification and regression. 

Regression: an ML task where the value to be predicted for each example is a continuous 
number. Example: a neural network estimating demographic parameter values of a population 
from genetic data. Contrasts with classification. 

Self-organizing maps/SOMs: artificial neural networks trained using competitive learning 
(rather than error correction via back-propagation with gradient descent), assessed by relative 
distance to the closest unit across clusters. They can be used to produce two-dimensional 
representations of complex datasets preserving the higher-dimensional topological structure of 
the input data. 

Shallow learning: contrasts with deep learning, where we have several nonlinear data 
processing layers; in shallow learning, we have only two data processing layers, with the second 
one generally being linear. Consequently, shallow learning models are comparatively less 
complex than deep learning architectures, often consisting of only a few layers. Shallow 
learning methods use simple algorithms and perform relatively simple tasks, usually working 
with lower-dimensional data and solving straightforward problems. While these models might 
be less powerful for capturing intricate patterns, they are faster to train and require less data. 
They are particularly effective for tasks with straightforward patterns or where complex feature 
hierarchies are not necessary. 

Single nucleotide polymorphisms (SNPs): single-base-pair differences in DNA sequences 
among individuals within a population. 

Site frequency spectrum/SFS: the distribution of allele frequencies in a population sample. 

Speciation-based models: theoretical or computational frameworks in evolutionary biology that 
explicitly incorporate the processes and mechanisms driving the formation of new species. 
These models account for factors such as genetic divergence, reproductive isolation, natural 
selection, and ecological differentiation to delineate species boundaries. By directly modeling 
speciation events, they provide insights into how evolutionary processes shape biodiversity and 
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help predict or infer the emergence and maintenance of distinct species from genetic and 
phenotypic data. 

Splitter: a classification approach that prioritizes dividing organisms into multiple distinct 
lineages rather than grouping them into fewer, broader species. This perspective often 
emphasizes subtle morphological, genetic, or ecological differences to justify species 
recognition, leading to a more fine-grained classification of biodiversity. A splitter approach 
contrast with those which tend to group similar populations under fewer species, emphasizing 
continuity and intraspecific variation over differentiation. 

Support vector machine/SVM: an ML approach that seeks to find the hyperplane that optimally 
separates two classes of training data. These data are often mapped to high-dimensional space 
using a kernel function. Variations of this approach can be performed to accomplish multiclass 
classification or regression. 

t-Distributed Stochastic Neighbor Embedding (t-SNE): a nonlinear dimensionality reduction 
technique designed to visualize high-dimensional data in a low-dimensional space (typically 
2D or 3D) while preserving the local structure of the data. It employs a probabilistic approach 
to model pairwise similarities between data points in the original high-dimensional space and 
their counterparts in the reduced space. T-SNE emphasizes the retention of local relationships 
by converting distances between points into conditional probabilities, which are then optimized 
using gradient descent. A key feature of t-SNE is its use of the Student’s t-distribution in the 
low-dimensional space. Note that t-SNE is primarily a visualization tool and does not preserve 
global geometric relationships or serve as a feature extraction method. 

Test set: a set of labelled examples for use during testing that is independent of the training set. 

Training: the process of generating from a training set a function that seeks to correctly predict 
the response variable of the datum by examining its feature vector. This process is generally 
used to measure error and improve performance, and complete training usually involves 
multiple iterations over the entire training set, or epochs. A training set is a set of labelled 
examples for use during training. 

Variational autoencoders (VAE): a model that combines neural networks with variational 
inference to learn a compressed, probabilistic representation (latent space) of high-dimensional 
data. Unlike traditional autoencoders, VAEs encode inputs into a distribution over the latent 
space rather than discrete points, enabling the generation of new data samples by sampling from 
this distribution. The model consists of an encoder, which maps input data to parameters of a 
probability distribution (e.g., mean and variance), and a decoder, which reconstructs data from 
latent variables. 
 
(B) Additional tests regarding ML and species delimitation problems 

 Martin et al. (2021) employed the same methods featured in Derkarabetian et al. (2019), 
supplemented by an assessment of algorithm performance under various data filtering 
strategies. In general, they observed that data filtering does influence the signal-to-noise ratio 
and the level of disagreement among resolved clusters. Nonetheless, both studies concur that 
ML represents a viable alternative for species delimitation. Newton et al. (2020) pursued a 
similar approach to Derkarabetian et al. (2019) by utilizing UML to explore cryptic diversity 
patterns within the Antrodiaetus unicolor species complex. They specifically employed the 
VAE algorithm, which operates as a neural network. Being a UML framework, this approach 
relies solely on the inherent data structure for sample grouping, reducing the necessity for a 
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priori assumptions about the biological system. It’s worth noting that the clustering results 
derived from VAE differed from other analyses performed by the authors, such as 
STRUCTURE (Pritchard et al., 2000). Furthermore, they observed that the amount of missing 
data had an impact on the result quality obtained through VAE, likely due to a reduction in 
informative sites. Derkarabetian et al. (2022) employed the CLADES approach, tailoring their 
training data to be more biologically relevant to their specific study. They focused on genetic 
data from harvestmen of the Theromaster group, using two distinct sets of training data. First, 
they used the “All” training dataset from Pei et al. (2018), which was originally generated 
through simulations with varying values of population size, migration rate, and divergence time 
in a two-species model (as explained earlier). This dataset is broadly applicable to various taxa, 
as it covers a wide range of genetic metrics encompassing both plants and animals. 
Subsequently, they developed a “customized” training dataset, derived from a well-studied 
lineage with biological characteristics similar to those of Theromaster, namely Metanonychus.  
In analytical terms, the process of forming this “customized” training dataset involved sending 
UCE loci from Metanonychus to CLADES using the “general” training dataset. As the output 
files generated by this procedure contained pairwise comparisons between specified 
populations, such files were manually adjusted to represent the samples from the same species 
within populations as defined in Derkarabetian et al. (2019). Only after creating the 
“customized” training set the T. brunneus data was imputed to CLADES. The outcome 
indicated that analyses based on the training dataset provided by Pei et al. (2018) classified all 
populations as distinct species. In contrast, analyses relying on the “customized” training 
dataset developed by Derkarabetian et al. (2022) supported a different scenario, suggesting the 
presence of at least two cryptic species. Either way, the authors suggest that this approach 
allows for more informed, context-specific decisions regarding species limits, particularly when 
using genetic data from an evolutionary lineage with similar biological characteristics to the 
focal organism. They also propose that this approach can be considered a logical and analytical 
extension of the species delimitation process, applicable to a wide range of biological systems 
(Derkarabetian et al., 2022). Another integrative approach is the multi-layer Kohonen Self-
Organizing Maps (“SuperSOMs”) proposed by Pyron (2023). In practical terms, this new R 
package expands the approach proposed in Pyron et al. (2023), incorporating the possibility of 
delimiting species based on allelic, spatial, climatic, and phenotypic data. 
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I Outreach material regarding machine learning applied to species delimitation 

 



 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. CAPÍTULO II: CHOICES THAT MATTER: THE IMPACT OF 
SUBSTITUTION MODELS ON MACHINE LEARNING-BASED SPECIES 

DELIMITATION INFERENCE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 

 
RESUMO 

 

A escolha do modelo de substituição de nucleotídeos é um elemento central na inferência 
filogenética, pois influencia diretamente a precisão das estimativas de parâmetros 
evolutivos e, em consequência, a seleção de modelos demográficos e de delimitação de 
espécies. Com o uso crescente de métodos de aprendizado de máquina baseados em dados 
simulados, ainda não está claro até que ponto o modelo de substituição empregado 
durante o treinamento pode afetar o desempenho e a robustez dos classificadores quando 
aplicados a dados empíricos, geralmente marcados por intensa heterogeneidade 
genômica. Para investigar essa questão, realizamos um estudo de simulação controlada 
que avaliou o impacto da escolha incorreta do modelo de substituição na inferência por 
aprendizado supervisionado. Treinamos classificadores do tipo Random Forest com 
dados simulados sob três modelos amplamente utilizados (JC69, HKY e GTR) e testamos 
seu desempenho na identificação do modelo de delimitação correto em conjuntos de 
dados com uma combinação de processos de substituição entre loci, um cenário que 
reproduz de forma realista a heterogeneidade observada em genomas. Os resultados 
mostraram que classificadores treinados com um único modelo simples foram capazes de 
generalizar bem para dados de teste mais complexos, identificando de forma consistente 
o modelo demográfico verdadeiro com alta probabilidade posterior (média superior a 0,86 
mesmo com apenas 100 SNPs). O desempenho aumentou até cerca de 600–800 SNPs, 
ponto em que atingiu um platô. As diferenças de acurácia entre os classificadores 
treinados sob JC69, HKY ou GTR foram mínimas, sugerindo que o sinal demográfico 
capturado pelo espectro de frequência de sítios (site frequency spectrum) prevalece sobre 
possíveis distorções causadas pela escolha do modelo de substituição dentro do intervalo 
de parâmetros testado. Ainda assim, essa robustez depende do contexto evolutivo. 
Cenários mais extremos (como divergências profundas, forte variação de taxas entre sítios 
ou dados de regiões codificantes) provavelmente extrapolam as condições avaliadas aqui 
e podem reduzir significativamente o desempenho dos classificadores. Além disso, uma 
boa capacidade de seleção de modelos não garante estimativas precisas de parâmetros, já 
que comprimentos de ramos e taxas evolutivas continuam sensíveis à escolha do modelo 
de substituição. Concluímos que, em muitas aplicações práticas de delimitação de 
espécies, o treinamento sob modelos simples pode ser uma estratégia válida e eficiente, 
desde que acompanhado de testes rigorosos de validação, avaliação de adequação e uma 
compreensão clara das limitações impostas pela complexidade dos dados genômicos. 
Nossos resultados oferecem, assim, um caminho pragmático para integrar a seleção de 
modelos filogenéticos a fluxos de trabalho modernos baseados em aprendizado de 
máquina, equilibrando eficiência computacional e rigor biológico. 
 
Palavras-chave: aprendizado supervisionado; random forest; espectro de frequência de 
sítios; filogenia; simulação. 
 

 

 

 

 

 



 
 

 

 

ABSTRACT 

 

The choice of nucleotide substitution models is a cornerstone of phylogenetic inference, 
influencing the accuracy of the estimated evolutionary parameters and, by extension, 
demographic and species delimitation model selection. With the growing adoption of 
machine learning methods trained on simulated data, it remains unclear how the 
substitution model used during simulation training influences classifier performance and 
robustness when applied to empirical data, usually characterized by pervasive genomic 
heterogeneity. To address this gap, we conducted a controlled simulation study to 
evaluate the impact of substitution-model misspecification on supervised machine 
learning inference. We trained Random Forest classifiers on data simulated under three 
common substitution models (JC69, HKY, and GTR) and evaluated their performance in 
selecting the correct delimitation model from test datasets featuring a mixture of 
substitution processes across loci, a realistic scenario mimicking genomic heterogeneity. 
Our results demonstrate that classifiers trained under a single, simplistic substitution 
model generalized effectively to mixed-model test data, consistently identifying the true 
demographic model with high posterior probability (mean probability > 0.86 even using 
100 SNPs), with highest performance plateauing beyond 600–800 SNPs. Notably, the 
differences in accuracy among classifiers trained under JC69, HKY, or GTR were 
minimal, indicating that the demographic signal captured by the site frequency spectrum 
predominates over substitution-model artifacts within the tested parameter space. 
However, this robustness is context-dependent. We caution that some extreme, though 
realistic, evolutionary scenarios (such as deep divergence, strong among-site rate 
variation, or protein-coding data) likely exceeds the conditions tested here and may 
severely degrade classifier performance. Furthermore, robust model selection does not 
imply accurate parameter estimation, as branch lengths and evolutionary rates remain 
sensitive to model misspecification. We conclude that for many practical applications in 
species delimitation, faster and computationally efficient training under simple models 
can be sufficient, provided it is coupled with rigorous validation, model-adequacy 
assessment, and an awareness of the limitations imposed by complex genomic data. Our 
findings offer a pragmatic framework for integrating phylogenetic model selection with 
modern ML workflows, balancing computational efficiency with biological rigor. 
 
Key words: supervised learning; random forest; site frequency spectrum; phylogenetics; 
simulation. 
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2.1 INTRODUCTION 

 

The selection of nucleotide substitution models is a critical step in phylogenetic 

analysis, directly influencing the accuracy of evolutionary inferences, including tree 

topology, branch lengths, and divergence times (Yang, 1996; Naser-Khdour et al., 2019). 

These mathematical models approximate the complex process of sequence evolution by 

parameterizing factors such as transition-transversion bias, equilibrium base frequencies, 

rate heterogeneity across sites, and codon-position effects (see Reviews in Sullivan & 

Joyce, 2005; Yang & Rannala, 2012). Due to the super-exponential growth in possible 

tree topologies with increasing taxa and the computational cost of likelihood calculations, 

commonly used models can be interpreted as necessarily simplified abstractions of 

biological reality. 

The simplest models (e.g., JC-69: Jukes & Cantor (1969)) assume uniform rates 

and state sets across sites, treating sequence evolution as an unconstrained random 

process. While tractable and parameter-sparse, such models are often biologically 

inadequate, as ignoring rate heterogeneity can produce biased estimates (Yang, 1996). 

Consequently, most models incorporate subsets of higher complexity, such as substitution 

biases and among-site rate variation modeled via a discrete gamma distribution (Sullivan 

& Joyce, 2005; Yang & Rannala, 2012; Arenas, 2015). Therefore, an inevitable trade-off 

exists between biological realism, statistical identifiability, and computational 

tractability. 

Biological complexity further extends beyond rate variation to include site-

specific constraints on permissible states. Functional pressures (such as those acting on 

protein active sites, codon positions, or RNA structures) restrict the repertoire of 

acceptable substitutions (Echave et al., 2016). This challenge is further compounded, for 

example, by pervasive heterogeneity in evolutionary processes across the genome. For 

instance, functionally constrained regions evolve under distinct patterns compared to 

more flexible regions, creating heterogeneity that a single model cannot capture (Xia, 

2000). Furthermore, stationarity, reversibility, and homogeneity (SRH) violations 

frequently occur in specific genomic contexts (e.g., third codon positions, viral and 

mitochondrial genes), and these violations are genuine features of the data rather than 

artifacts of sampling noise (Naser-Khdour et al., 2019). This implies that different 

genomic partitions can yield statistically distinct phylogenetic patterns, underscoring the 

importance of partition-specific model assessment. 
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To address heterogeneity, partitioned analyses and codon models allow different 

substitution processes for distinct loci or codon classes (Lanfear et al., 2012). However, 

this approach introduces a new trade-off: too few partitions risk underfitting, while 

excessive partitioning can lead to overfitting and increased parameter error (Lanfear et 

al., 2012; Gupta & Vadde, 2023). Furthermore, although site-specific preferences can, in 

principle, be inferred (Meyer & Haeseler, 2003), accurate estimation of such specific 

substitution models requires extensive data to overcome phylogenetic correlations and 

the large number of involved parameters (Puller et al., 2020). Model selection criteria 

(e.g., AIC, BIC, among many others) are consequently used to identify an optimal balance 

between fit and complexity by grouping sites that evolve under similar processes (Posada 

& Crandall, 2001; Ripplinger et al., 2010). 

Sensitivity to substitution model choice is greater for protein data than for 

nucleotide data, mainly due to the larger amino acid state space (20 vs. 4), which increases 

the influence of model assumptions on inference accuracy. This expectation is confirmed 

by empirical evidence for nucleotides, which indicates that while complex nucleotide 

models (e.g., GTR+I+G) can often function as reliable defaults (Abadi et al., 2019), the 

prevailing view in protein phylogenetics is that explicit model selection is essential. The 

consequences are especially acute for protein evolution and ancestral sequence 

reconstruction (ASR), where inferences under best-fitting models yield superior 

topologies and branch lengths (Del Amparo & Arenas, 2022; 2023). In contrast, 

inappropriate models, particularly those with divergent amino acid exchangeability 

matrices, introduce systematic biases that propagate across all internal nodes of a tree, 

jeopardizing downstream biological interpretations (Del Amparo & Arenas, 2022). 

Naturally, these critical principles of model impact extend directly to fields like 

species delimitation and demographic inference. Failure to account for model 

heterogeneity can bias essential evolutionary parameters (such as divergence times, 

effective population sizes, and migration rates), thus potentially compromising the 

distinction of species limits (Momigliano et al., 2021; Tiley et al., 2023). Because 

substitution models shape the likelihood surface from which gene trees and branch 

lengths are estimated, the uncertainty in these trees directly influences coalescent-based 

estimates of population parameters and species boundaries. Consequently, misspecified 

models (for example, ignoring across-site rate variation, compositional heterogeneity, 

heterotachy, codon structure in coding loci, or differences among loci that merit separate 

partitions) can produce systematic errors in tree topology and branch-length scaling, 
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increase gene-tree estimation error, and thereby alter inferred levels of genealogical 

discordance that delimitation methods interpret as evidence for or against lineage 

independence. Contemporary species delimitation methods, such as those available in 

BEAST (Baele et al., 2025) and BPP (Flouri et al., 2018), allow integration of substitution 

models within the multispecies coalescent, but they commonly require user choices about 

partitioning and model parametrization; if those choices are not tested or if model 

uncertainty is not propagated, downstream delimitation and demographic inferences may 

be imprecise. 

Building upon this foundation, machine learning (ML) has emerged as a powerful 

tool for navigating complex model spaces in species delimitation and demographic 

inference (Salles & Domingos, 2025). These approaches, specially supervised ones, are 

typically trained on a vast amount of simulations (Schrider & Kern, 2018). Furthermore, 

ML applications used in species delimitation commonly learn to map patterns in 

multidimensional feature vectors, composed of population genetics summary statistics, 

or to perform model selection of demographic or delimitation models (Salles & 

Domingos, 2025). A critical, yet often underappreciated, assumption of such a framework 

is that the joint distribution of features in the training data (simulations) must match that 

of the empirical data to which the classifier is applied. This is because the learned decision 

boundaries are intrinsically tied to the data parameter space on which the model was 

trained. Consequently, the substitution model chosen for simulation becomes a 

fundamental pillar of the entire ML pipeline. 

Genomic data is characterized by pervasive heterogeneity in evolutionary 

processes, meaning that a single, uniform substitution model is biologically implausible 

for most genome-scale datasets. If an ML classifier is trained on alignments simulated 

under a simplistic or uniform model (e.g., JC69, or GTR+G applied homogeneously), the 

distribution of its input features will likely reflect this artificial homogeneity. 

Consequently, if this classifier is then deployed on empirical data comprising distinct 

partitions (e.g., exons, introns) that evolved under divergent substitution processes, the 

feature vectors will likely be drawn from a different, distorted distribution. This 

distributional shift induces a covariation, causing the classifier to operate in a region of 

feature space it was not trained on, potentially leading to poorly calibrated probabilities, 

misclassification, and a lower predictive performance. Ultimately, if this error propagates 

forward, parameter estimation and model selection might become biased, thus potentially 

leading to significant mistakes in species delimitation. Therefore, the accuracy of ML-
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based inferences is not only a function of the evolutionary model being tested but is 

inextricably linked to the biological realism of the substitution models used in its training 

phase. 

In this context, the present study evaluates the effect of substitution-model 

heterogeneity on ML-based inference of species limits and demographic models. Using 

controlled multi-locus simulations and supervised classifiers, we compare uniform versus 

partition-aware model selection, assess how partitioning schemes (that is, how finely the 

data are subdivided into partitions with distinct substitution models) trades off model fit 

and classifier performance across a range of SNP densities, and characterize the direction 

and magnitude of biases that arise when among-locus heterogeneity is ignored. Finally, 

we integrate these results into practical recommendations for combining phylogenetic 

model-selection and ML workflows in species-delimitation and demographic inference. 

 

2.2 METHODS 

 

2.2.1 OVERVIEW AND SOFTWARE 

All training and test datasets were generated with popai v1.0 

(https://github.com/SmithLabBio/popai), a Python-based framework for simulating 

population genomic data under user-specified demographic and mutational models, with 

an emphasis on species delimitation. Popai orchestrates simulation runs through 

configuration files that specify the phylogenetic background, migration matrix, 

population assignment, and parameter space. The software natively accommodates key 

evolutionary processes, including divergence, secondary contact, and divergence with 

ongoing migration. Global keys in the configuration file define elements such as random 

seed, number of replicates, substitution model, prior distribution for mutation rates, flags 

for symmetric versus asymmetric migration, and options to enable secondary contact or 

divergence-with-gene-flow models. Popai generates simulation commands for the 

underlying coalescent and sequence simulators, logs metadata for each replicate, and 

preserves the complete configuration, ensuring reproducibility and traceability of all 

experimental steps. 
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2.2.2 DEMOGRAPHIC MODELS 

We evaluated five competing demographic scenarios (FIGURE 1), which 

included divergence-only, divergence with secondary contact, and divergence with gene 

flow between non-sister populations. The species tree topology, with three populations 

[(A, (B, C))], was fixed with 10 diploid individuals sampled per population and 20 loci 

per dataset. Effective population sizes were kept constant across all populations. 

Migration was modeled through a Boolean migration matrix that specified eligible 

population pairs. We restricted rates to symmetric values in the range 10−5–10−4 per 

generation and limited each model to a single migration event. Secondary contact models 

were activated via a flag, introducing migration at the midpoint between the most recent 

divergence and the present, persisting until the present. In contrast, divergence-with-

gene-flow models, in which migration begins immediately after divergence and ceases 

halfway to the next split, were not considered in this study. Mutation rates followed a 

uniform prior U(5×10−9, 5×10−7) substitutions/site/generation. 
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FIGURE 1. Five competing demographic models tested in the present study. Models include scenarios 
with divergence without gene flow, divergence with secondary contact between sister populations, and 

divergence with asymmetric gene flow between non-sister populations. The model simulated to generate 
the empirical test datasets (assumed as the true one) is highlighted in red. Time is given in generations 

before the 76otaling. 

 
SOURCE: the author (2025). 

2.2.3 SIMULATION DESIGN 

Training data for the five demographic scenarios (Figure 1) were generated under 

three substitution models (JC69, HKY, and GTR). Sequence lengths ranged from 500 to 

3,500 bp in 500 bp increments, corresponding approximately to 100, 300, 600, 800, 1,000, 

1,200, and 1,400 segregating sites (SNPs). These SNP counts were used directly to build 

the site frequency spectrum (SFS). We here define a regime as a specific combination of 

substitution model and matrix size (i.e., one substitution model applied to one alignment 
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length & SNP count). For each regime, we simulated the five fixed demographic 

scenarios, resulting in a total of 3 substitution models × 7 alignment sizes × 5 

demographic scenarios = 105 training datasets. All simulations used the same tree 

topology (Figure 1), so the only sources of variation across regimes were the substitution 

model and alignment length. Importantly, we did not perform mixed-model training: each 

training dataset was generated under a single substitution model. 

Test datasets were generated independently from the training sets and we assumed 

Model 4 (Figure 1) as the true demographic scenario. For each SNP matrix size (100–

1400), we simulated 100 independent replicates per substitution model. Unlike the 

training sets, test datasets consisted of heterogeneous substitution regimes: each dataset 

included 20 loci drawn from a fixed mixture of models (e.g., 7 loci JC69, 7 loci HKY, 6 

loci GTR). This design mimics realistic heterogeneity across loci. Because all data were 

fully simulated, no missing genotypes were present and down-projection was 

unnecessary. 

 

2.2.4 CLASSIFIER TRAINING AND EVALUATION 

 The folded SFS (based on minor allele frequencies) was used as the main 

summary statistic. For each test replicate, 10 SFS were generated, preserving stochastic 

variance across replicates. These were used as input features for classification. For each 

substitution model regime, a separate Random Forest (RF) classifier was trained using 

the corresponding datasets. Features included SFS bins exported from popai. Each trained 

classifier was then evaluated against the 100 independent test datasets per SNP size. 

Evaluation mostly considered model-mismatched conditions (e.g., training under JC69, 

testing with mixed JC69/HKY/GTR). Probability outputs across demographic models 

were recorded for each replicate. Performance metrics included mean, median, standard 

deviation, amplitude, and 95% confidence intervals, which were estimated from the 100-

test set resamples. 

The full workflow of dataset generation, classifier training, and evaluation is 

summarized in FIGURE 2. 
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FIGURE  2. Workflow of the experimental design. Input files were processed with popai to generate 
multilocus datasets of varying SNP sizes. Then, training datasets simulated under different substitution 

regimes were used to train RF classifiers. Each classifier was evaluated on 100 independent test datasets 
per SNP size, simulated under the true demographic model and including a fixed mixture of substitution 

models. 

 
SOURCE: the author (2025). 

 

2.2.5 REPRODUCIBILITY 

All simulations were executed with fixed random seeds to ensure reproducibility. 

Complete configuration files, scripts, together with input and output data are archived in 

Zenodo [https://doi.org/10.5281/zenodo.17274456], including: 1. The species tree file 

(tree.nex); 2. The population assignment file (populations.txt), 3. The migration matrix 

file (migration.txt), and 4. Simulation configuration files for each substitution model × 

alignment length combination. Together with step-by-step execution instructions, these 

resources allow full replication of the workflow, from simulation to classifier training and 

evaluation. 
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2.3 RESULTS 

 

Trained classifiers consistently identified the correct demographic model with the 

highest posterior probability across all simulated regimes. That is, for every dataset used 

for testing, the correct scenario (Model 4, as previously described) was always ranked as 

the most probable, demonstrating strong classification performance. Mean probabilities 

of correct model assignment, along with their 95% confidence intervals, are summarized 

in TABLE 1. Overall, accuracy increased with the number of SNPs included in the 

alignment, although performance stabilized beyond approximately 600–800 SNPs. For 

instance, under the JC69 training regime, the mean probability of correctly inferring the 

model increased from 0.8693 (95% CI: 0.7100–0.9780) with 100 SNPs to 0.9234 (95% 

CI: 0.8120–0.9800) with 800 SNPs, with comparable values at larger matrix sizes. A 

similar pattern was observed for HKY and GTR training regimes, both of which exhibited 

slightly higher accuracies for larger alignments, reaching mean probabilities above 0.93 

with 1200 SNPs. Importantly, performance differences among training regimes (JC69, 

HKY, and GTR) were minimal, suggesting that the classifiers were robust to the specific 

substitution model used during training. For example, with 1200 SNPs, mean 

probabilities were 0.9264 (JC69), 0.9380 (HKY), and 0.9318 (GTR), with overlapping 

confidence intervals. 

 
TABLE 1. Mean probability of correct model selection and corresponding 95% confidence intervals (in 
brackets) across different training regimes (JC69, HKY, and GTR) and matrix sizes (100–1400 SNPs). 
For every test set, the correct evolutionary scenario (Model 4) was always inferred with the highest 
posterior probability. 

Substitution model 
used during training 
↓ / matrix size  → 

100 
SNPs 

300 
SNPs 

600 
SNPs 

800 
SNPs 

1000 
SNPs 

1200 
SNPs 

1400 
SNPs 

JC69 

0.8693, 
[0.7100, 
0.9780] 

0.9088, 
[0.8100, 
0.9800] 

0.9239, 
[0.8160, 
0.9860] 

0.9234, 
[0.8120, 
0.9800] 

0.9170, 
[0.8320, 
0.9720] 

0.9264, 
[0.8340, 
0.9780] 

0.9207, 
[0.8400, 
0.9820] 

HKY 

0.8680, 
[0.7100, 
0.9660] 

0.9114, 
[0.8000, 
0.9840] 

0.9197, 
[0.8000, 
0.9800] 

0.9277, 
[0.8520, 
0.9800] 

0.9276, 
[0.8460, 
0.9800] 

0.9380, 
[0.8660, 
0.9840] 

0.9247, 
[0.8500, 
0.9760] 

GTR 
0.8669, 
[0.6980, 
0.9660] 

0.9134, 
[0.8100, 
0.9820] 

0.9295, 
[0.8300, 
0.9800] 

0.9304, 
[0.8520, 
0.9860] 

0.9248, 
[0.8460, 
0.9760] 

0.9318, 
[0.8720, 
0.9760] 

0.9299, 
[0.8420, 
0.9820] 

SOURCE: the author (2025). 
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 Across classifiers from all SNP sizes and training regimes, the demographic model 

most frequently assigned the second-highest probability (and thus the primary source of 

classification confusion) was consistently Model 2. The mean probability assigned to this 

alternative model decreased with increasing SNP counts, falling from approximately 

0.089 with 100 SNPs to around 0.046 with 1200 SNPs, which aligns with the observed 

narrowing of confidence intervals and improved discriminatory power with larger 

datasets. 

 

2.4 DISCUSSION 

 

We used simulation-trained RF classifiers to evaluate how substitution-model 

assumptions influence the selection of species delimitation models. In our controlled 

framework (training separate classifiers under single substitution models and testing on 

independent datasets that deliberately mixed substitution models) classifiers were 

consistently able to recover the true model with high posterior probability. Even with only 

100 SNPs the mean posterior for the correct model exceeded ~0.86, and performance rose 

with increasing SNP counts before reaching a plateau near ~600–800 SNPs. Confidence 

intervals narrowed with more SNPs, indicating greater precision as phylogenetic signals 

increased. 

Two aspects of these results are particularly informative. First, classifier 

performance improved with additional SNPs but exhibited diminishing returns beyond a 

moderate data size; this suggests there is a practical “sweet spot” where additional data 

yield marginal gains. Second, differences among classifiers trained under JC69, HKY and 

GTR were small across the SNP range we explored. For example, at 1,200 SNPs mean 

correct-model posteriors were 0.9264 (JC69), 0.9380 (HKY) and 0.9318 (GTR) with 

overlapping confidence intervals. Within our simulation design these results indicate that 

delimitation signals (or demographic ones) encoded in the SFS and related summaries 

dominated the idiosyncratic differences induced by substitution models, so that even 

classifiers trained under simpler models often generalized well to heterogeneous test sets. 

Furthermore, the pattern of model misassignment offers a critical biological 

interpretation. Across all SNP sizes and training regimes, Model 2 (divergence between 

three species, without gene flow) was consistently identified as the second-most probable 

scenario. This systematic confusion is phylogenetically meaningful. Although Model 2 

lacks gene flow, it shares an identical topology with the true model (Model 4, divergence 



81 
 

 

with ongoing migration), which likely results in similar site frequency spectrum 

signatures that require substantial data to disentangle. The consistent decrease in 

probability assigned to Model 2 as SNP number increased demonstrates that larger 

datasets progressively sharpen the discrimination between these topologically equivalent 

but demographically distinct histories. In contrast, the remaining models attracted 

negligible support, underscoring their clear distinguishability from the true scenario. 

These findings are useful but must be interpreted within the limits of our 

experimental design. First, all results derive from simulations in which the evolutionary 

scenario, including species topology, sampling scheme, locus number, among many other 

factors, were fixed by design. Furthermore, the test sets were independent but drawn from 

the same family of delimitation scenarios. Real empirical data often violate simplifying 

assumptions in ways not captured by our simulations. For instance, Naser-Khdour et al. 

(2019) have shown that model violation in phylogenetic analysis is common and 

heterogeneous across genomic partitions, and that distinct partitions from a single dataset 

can produce statistically discordant trees. Such partition-level violations alter the 

distribution of summary statistics used by ML classifiers and therefore may degrade 

predictive performance if not identified and handled. 

Second, several forms of model misspecification that we did not explore in this 

study can materially influence classifier performance and therefore limit the scope of our 

conclusions. In particular, molecular phenomena such as strong among-site rate 

heterogeneity, highly skewed equilibrium base frequencies, deep sequence divergence 

(saturation), and time-dependent shifts in site preferences, may all change the distribution 

of site patterns and hence the SFS and other summary statistics potentially used as inputs 

to the classifiers. These changes can move empirical feature vectors outside the parameter 

space sampled by our training simulations, producing miscalibration and 

misclassification. Work on site-specific models (Puller et al., 2020) shows that estimating 

per-site preferences can improve local fit when many moderately diverged sequences are 

available, but identifiability problems and residual branch-length errors persist, a 

reminder that even more realistic models do not always recover true divergence times or 

eliminate bias. Likewise, protein datasets (Del Amparo & Arenas, 2023), with a larger 

state space and more complex exchangeability structure, are substantially more sensitive 

to model choice than the SNP data we simulated. Taken together, these points imply that 

the robustness we observed for classifiers trained under simple nucleotide models should 

not be extrapolated to datasets exhibiting extreme heterogeneity or deep divergence. For 
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such cases, strategies like model-adequacy screening, targeted simulations covering those 

regimes, and validation (e.g., mixed-model training or posterior-predictive checks) before 

applying classifiers to empirical data, may still be necessary. 

It is also important to stress that robustness in model selection does not imply 

robustness in parameter estimation. Our experiments targeted model-choice accuracy (a 

classification task), but parameter inference (e.g., divergence times, migration rates, 

substitution rates) might be more sensitive to substitution-model misspecification because 

these estimates depend directly on branch-length scaling and substitution–time mapping. 

Potentially, even when model choice is correct, incorrectly specified substitution models 

may bias branch lengths, distort SFS summaries, and mislead parameter estimates. Thus, 

successful model choice should be treated as necessary but not sufficient, with follow-up 

sensitivity analyses under alternative models and posterior predictive calibration to 

evaluate estimator reliability. 

 Finally, the reproducibility and stability of classification accuracy across many 

independent replicates reinforce the robustness of our pipeline, built upon frameworks 

such as popai. Supervised learning approaches based on summary statistics like the SFS 

are now well established in evolutionary inference and species delimitation (Schrider & 

Kern, 2018; Smith & Carstens, 2020). Our results extend this literature by showing that, 

within the tested ranges, substitution-model differences alone do not undermine classifier 

accuracy. This finding supports a pragmatic strategy: training classifiers under simpler 

substitution models can be computationally more efficient without substantially 

compromising performance, provided that empirical safeguards (such as partition-level 

adequacy tests, calibration diagnostics, and validation on more realistic simulations) are 

employed. 

 This point becomes particularly relevant as we consider that the computational 

burden of data simulation escalates rapidly with increasing model complexity. Integrating 

realistic features such as heterogeneous substitution processes, heterotachy, or among-

locus heterogeneity can impose prohibitive runtime and memory costs, especially for 

genome-wide datasets or diverse demographic scenarios. This trade-off is fundamental to 

supervised machine learning, where simulated data are paramount. When robust 

simulators exist (as in population genetics) they permit the generation of virtually 

unlimited training data, a capability bounded chiefly by computational resources 

(Korfmann et al., 2023). In line with this, we have documented comprehensive runtime 

benchmarks across our simulation regimes; these data, which clearly illustrate the 
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associated computational trade-offs, will be presented in the final manuscript. 

Collectively, these factors underscore the critical need to balance biological realism with 

practical feasibility in the construction of training datasets for supervised inference. 

 

2.4.1 FUTURE DIRECTIONS 

Several avenues can deepen and generalize our findings. A first step is to 

implement mixed-model training, where substitution models are randomly assigned 

across training replicates. This would test whether robustness extends to heterogeneous 

training regimes and whether demographic signal truly overrides substitution-model 

artifacts. Expanding demographic heterogeneity in training (e.g., sampling a wider range 

of divergence times, migration rates, population sizes, bottlenecks, and expansions) 

would also test robustness under more realistic evolutionary scenarios. Likewise, testing 

across alternative tree topologies and sampling schemes would help confirm that 

robustness is not tied to a particular design. 

Improving interpretability is another priority. Decision-tree algorithms like RF 

allow feature-importance analyses, which could identify which joint-SFS bins or 

summary statistics most influence classification decisions, and link them to population-

genetic expectations (e.g., excess rare variants under growth or migration). Benchmarking 

against other approaches, such as DIYABC-RF (Collin et al., 2021), under the same 

simulations would provide context on accuracy, sensitivity to misspecification, and 

computational cost. Broader comparisons, including alternative machine learning 

algorithms, could reveal distinct strengths (higher accuracy, better interpretability, or 

improved scalability) relative to RF. Finally, constructing formal learning curves with 

larger SNP matrices (e.g., 2,000–5,000 SNPs) would quantify marginal gains of 

additional data and help define sequencing targets for empirical studies. 

 

2.5 CONCLUSION 

 

Within the controlled parameter space explored in this study, supervised 

classifiers trained under single substitution models generalized well to mixed-model test 

data and offered a computationally efficient route to demographic/delimitation model 

selection. The reproducibility of posterior probabilities across many replicates supports 

their practical reliability. At the same time, model violation in empirical datasets, deep 

divergence, and site-specific complexity impose real information and identifiability 
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limits. Robust model choice does not guarantee accurate parameter estimation, 

underscoring the need for empirical adequacy checks, calibration diagnostics, and 

validation under more complex simulation regimes. For future applied work, we 

recommend pairing efficient training under simple substitution models with explicit 

adequacy testing, targeted validation under complex models, and interpretability 

analyses. This dual strategy may balance computational efficiency with empirical rigor, 

supporting stronger and more reliable biological inferences. 
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3. CAPÍTULO III: MITOCHONDRIAL GENOME EVOLUTION: THE 
INFLUENCE OF PARTITIONING, CALIBRATION, AND GENE 

HETEROGENEITY ON PLEURODONTAN SUBSTITUTION RATES 
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Esta seção apresenta um dos artigos desenvolvidos ao longo do doutorado, já submetido. 
A formatação do artigo segue as normas da revista em que o manuscrito foi divulgado 
na forma de pré-publicação. 
 
REFERÊNCIA: Salles, M. M. A., & Domingos, F. M. C. B. (2025). Mitochondrial 
genome evolution: the influence of partitioning, calibration, and gene heterogeneity on 
pleurodontan substitution rates. EcoEvoRxiv. https://doi.org/10.32942/X2BW7B. 
 

ABSTRACT 

 

Substitution rate estimates are a key source of information in modern evolutionary 
biology, underpinning divergence time inference and other evolutionary analyses. 
Mitochondrial DNA nucleotide substitution rates, in particular, are commonly used for 
these purposes. However, these rates are typically derived from a small set of genes, 
closely related species, or from a limited number of model organisms. Such limitations 
become increasingly problematic at deeper phylogenetic levels, where errors in rate 
estimates and divergence times tend to accumulate with evolutionary distance. Here, we 
use nearly complete mitogenomes of 27 pleurodontan (Squamata: Pleurodonta) species 
to estimate substitution rates for the whole clade, paying special attention to the effect of 
data partitioning, calibrations and model choices on these estimations. The substitution 
rate estimates we obtained are consistent with previous findings for specific lineages 
within the group. Rates across individual genes ranged from approximately 0.004 to 0.02 
substitutions/site/million years, with notable differences between coding and non-coding 
regions, and among codon positions. Calibrations had a less pronounced effect on the 
analyses than anticipated, although subtle differences were observed. These findings 
underscore the challenges of estimating targeted nucleotide substitution rates, especially 
for lineages with limited genomic data, as is the case for several Squamata lineages. 
Moreover, the results provide valuable insights into the evolutionary dynamics of 
Pleurodonta and emphasize the importance of incorporating robust data and models to 
improve accuracy in substitution rates and divergence time estimations. 
 
Key words: divergence time, mitogenome, molecular evolution, phylogenomics, 
Squamata. 
 
Introduction 

 Genomic datasets are essential for addressing complex questions in modern 

evolutionary biology. In this context, substitution rate estimates are a cornerstone, 

providing critical insights into molecular evolution and serving as a foundation for 

various applications. For instance, in the absence of fossils or other secondary calibration 

points, substitution rates often represent the main available data for estimating divergence 

times (e.g., Ho, 2007; Arcones et al., 2021). Mitochondrial DNA (mtDNA), in particular, 

has long been used for this purpose, mainly due to its relatively stable coding function, 

high mutation rates, small effective population size, matrilineal inheritance, and relatively 
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fast coalescent times (Avise et al., 1987; Ballard & Rand, 2005). Besides, mitochondrial 

proteins play a critical role in the oxidative phosphorylation pathway and exhibit 

functional conservation across different metazoan lineages (Gray et al., 1999; Broughton 

& Reneau, 2006). Consequently, the accuracy of mitochondrial substitution rate estimates 

is fundamental to advancing evolutionary biology. 

 Substitution rates vary considerably across the mitochondrial genome and among 

different taxonomic groups. Empirical studies have revealed substantial variation among 

different mitochondrial genes (Williams & Hurst, 2002; Sloan et al., 2009; Pons et al., 

2010; Duchêne et al., 2011; Zhu et al., 2014; Yang et al., 2018) as well as across lineages 

(Parkinson et al., 2005; Bininda-Emonds, 2007; Mower et al., 2007; Nabholz et al., 2008; 

Welch et al., 2008; Eo & DeWoody, 2010; Yan et al., 2021). Importantly, many studies 

have historically relied on a limited fraction of the mitogenome—primarily cytochrome 

b, cytochrome c oxidase I, II, and III, and the 12S and 16S ribosomal RNAs (Johns & 

Avise, 1998; Hebert et al., 2003; Roe & Sperling, 2007; Patwardhan et al., 2014)—and 

have been based on a few model organisms, typically at the intraspecific level or between 

closely related species (Avise et al., 1987; Ballard & Whitlock, 2004; Funk & Omland, 

2005; Ballard & Rand, 2005; Rubinoff & Holland, 2005). 

 Consequently, despite their widespread use, molecular clock approaches based on 

mtDNA have important practical limitations. Overlooking those variations can introduce 

substantial biases in substitution rate estimates, posing challenges for accurate 

evolutionary inference. This is particularly concerning in deep-level phylogenies, where 

errors in phylogenetic inference tend to amplify with increasing branch length (Buckley, 

2002; Lemmon et al., 2009). To mitigate this problem, some studies have attempted to 

calibrate molecular rates using complete (or nearly complete) mitogenomes, across 

different groups (Pons et al., 2010; Park et al., 2012; Plazzi et al., 2016; Mackiewicz et 

al., 2022). This specificity is crucial, as accurate divergence time estimates rely on the 

precision and accuracy of calibration points and the rates applied to each marker and 

lineage under investigation (Mello & Schrago, 2014; Zheng & Wiens, 2015; Ritchie et 

al., 2017; Smith et al., 2018). Also, effective calibrations help to counteract errors arising 

from clock model misspecification (Duchêne et al., 2014). 

 Squamates (lizards, snakes, and amphisbaenians; Order Squamata) form a 

globally distributed clade of reptiles comprising approximately 11,000 extant species 

(Simões & Pyron, 2021; Uetz et al., 2025), making them one of the most diverse 

vertebrate orders (Uetz et al., 2021). Despite recent advancements in next-generation 
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sequencing, squamates remain underrepresented in genomic research compared to 

mammals and birds (Feng et al., 2020; Genereux et al., 2020; Gable et al., 2023). This 

limited genomic data availability hinders a comprehensive understanding of key 

evolutionary parameters within the group, including substitution rates. In particular, the 

Pleurodonta clade (the main focus of this study) encompasses a wide range of taxa 

predominantly distributed throughout the New World, with desert iguanas, horned, spiny, 

and collared lizards dominating many modern squamate faunas in North and South 

America (Pianka and Vitt, 2003; Losos, 2011; Avila et al., 2013; Carvalho et al., 2013). 

Although Pleurodontan evolutionary history is marked by multiple adaptive radiations in 

response to varied ecological pressures (Blankers et al., 2013; Alencar et al., 2024), 

mitochondrial evolutionary parameters remain scarce for the group. Commonly used 

substitution rate values broadly range from 0.005 to 0.02 substitutions per site per lineage 

per million years (subs/site/MY), depending on the gene (e.g., Zarza et al., 2008; Chan et 

al., 2012; Fontanella et al., 2012; Olave et al., 2015; Werneck et al., 2015; Román-

Palacios et al., 2018; Bernardo et al., 2019; Camurugi et al., 2022; Carvalho et al., 2024; 

Rogers et al., 2024). However, as in most vertebrate groups, these estimates are often 

based on a limited number of species, typically at shallow evolutionary scales, and 

frequently rely on a small set of mitochondrial genes. 

 To address this issue, we integrated recently sequenced mitochondrial data with 

existing mitogenomic data to conduct comprehensive phylogenetic analyses, assessing 

evolutionary rate variation among Pleurodonta mitochondrial genes. Specifically, we 

analyzed their mitochondrial genomes to estimate its mitochondrial substitution rates. 

Using fossil-calibrated Bayesian phylogenetic analyses, we inferred molecular 

evolutionary rates across several families and characterized new nearly complete 

mitogenomes for seven Tropidurus species: T. guarani, T. melanopleurus, T. sp. nov. 

(species currently under formal description), T. spinulosus, T. tarara, T. teyumirim, and 

T. xanthochilus. We expect that these newly estimated rates will improve the precision of 

molecular clock dating and evolutionary inferences in squamates, offering deeper insights 

into the evolutionary processes influencing biodiversity patterns in this group. 
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Methods 

 We assembled a comprehensive dataset of Pleurodontan mitochondrial genomes 

available from GenBank by November 2024, including seven recently described 

sequences from different Tropidurus species (Salles et al., 2025). One Chamaleonidae 

species (Calluma parsonii) was included as an outgroup, resulting in a final dataset with 

28 species (Table 1). Only coding regions (13 genes) and the two mitochondrially 

encoded ribosomal RNAs (12 and 16s) were used. We excluded additional mtDNA 

markers because they represent regions that are either non-coding and hyper-variable (D-

loop) or ultra-conserved (tRNAs), and therefore inadequate for molecular clock 

calibrations. We separately aligned each mitochondrial gene with MAFFT v7.471 (Katoh 

& Standley, 2013) using specific customized settings (-globalpair, --maxiterate 1000, --

adjustdirection). Alignments were broadly examined by eye, and AMAS (Borowiec, 

2016) was used to concatenate alignments and compute final summary statistics. 
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Table 1. Species used in all analyses in the present study. New mitochondrial genomes are in bold. 

Species Family GenBank accession number 

Calluma parsonii Chamaeleonidae AB474915 

Basiliscus vittatus Corytophanidae AB218883 

Amblyrhynchus cristatus 

Iguanidae 

NC_028031 

Conolophus subcristatus NC_028030 

Cyclura pinguis NC_027089 

Iguana delicatissima NC_044899 

Iguana iguana NC_002793 

Leiocephalus personatus Leiocephalidae AB266739 

Liolaemus darwinii 

Liolaemidae 

NC_057242 

Liolaemus millcayac NC_057243 

Liolaemus parthenos NC_057244 

Chalarodon madagascariensis 
Opluridae 

AB266748 

Oplurus grandidieri AB218720 

Holbrookia lacerata 

Phyrnosomatidae 

NC_041001 

Phrynosoma blainvillii NC_036492 

Sceloporus occidentalis AB079242 

Urosaurus nigricaudus NC_026308 

Anolis punctatus 

Polychrotidae* 

NC_044125 

Anolis cybotes AB218960 

Polychrus marmoratus AB266749 

Plica plica 

Tropiduridae 

AB218961 

Tropidurus guarani will be submitted to genbank 

Tropidurus melanopleurus will be submitted to genbank 

Tropidurus sp. nov. will be submitted to genbank 

Tropidurus spinulosus will be submitted to genbank 

Tropidurus tarara will be submitted to genbank 

Tropidurus teyumirim will be submitted to genbank 

Tropidurus xanthochilus will be submitted to genbank 
* Traditionally, Anolis was classified within Polychrotidae. However, molecular phylogenetic studies have led to a major taxonomic 
reassessment. Recent evidence supports placing Anolis and related genera within Dactyloidae, rendering Polychrotidae paraphyletic 
or obsolete. While some taxonomic authorities now recognize Dactyloidae, references to Polychrotidae persist in the literature. Our 
option here was to consider Anolis and Polychrus to form a distinct phylogenetic group, despite of their taxonomical status. The 
group monophyly was not enforced and, hence, taxonomic arrangements had no influence in our analyses. 
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Effect of calibration points on substitution rate estimates 

 We implemented different calibration strategies to understand its possible effects 

on substitution rate estimates. Specifically, estimates were obtained separately through 

calibrated and non-calibrated analyses. Calibration points within the Pleurodonta clade 

were obtained consulting the specialized literature, prioritizing those that have been used 

in multiple evolutionary studies, and which are broadly supported by the fossil record 

(Table 2). Some possibly accurate calibrations, also commonly cited in the literature, but 

for groups whose monophyly is still under debate, were not used here, as monophyly was 

enforced for each calibrated node. We also note that estimating a fully resolved topology 

or divergence times for the entire group was not our primary objective, as the species 

included in this study represent only a limited sample of Pleurodontan diversity and 

exclude some of the group’s most representative lineages. 

 
Table 2. Values (million years, MY) of uniformly distributed calibration priors applied in dating 
analyses, based on both fossil and molecular data. Settings for calibration Bayesian prior mean, standard 
deviation and offset are provided. MRCA = most recent common ancestor. 

Calibrated node 
(MRCA prior) Species included Lower 

value 
Upper 
value Offset References 

Pleurodonta All except outgroup 
(Calluma parsonii) 65 85 0.5 

Conrad & Norell (2007); 
Townsend et al. (2011); 
Prates et al. (2015); 
Scarpetta (2019) 

Anolis Anolis cybotes, 
Anolis punctatus 40 60 0.5 

Sherratt et al. (2015); 
Zheng & Wiens (2016); 
Román-Palacios et al. 
(2018) 

Phrynosomatidae 

Holbrookia lacerata, 
Phrysonoma blainvillii, 
Sceloporus occidentalis, 
Urosaurus nigricaudus 

35 55 0.5 

Townsend et al. (2011); 
Leaché & Linkem 
(2015); Zheng & Wiens 
(2016) 

Liolaemus 2 
Liolaemus darwinii, 
Liolaemus parthenos, 
Liolaemus millcayac 

30 45 0.5 Portelli et al. (2022) 

Liolaemus 1 Liolaemus darwinii, 
Liolaemus parthenos 10 25 0.5 Fontanella et al. (2012); 

Portelli et al. (2022) 

 
 

Bayesian estimation of mitochondrial nucleotide evolution rates  

 For each mitochondrial partition, mean nucleotide substitution rates were 

estimated using BEAST v2.7 (Drummond & Rambaut, 2007), applying a relaxed 

molecular clock with an uncorrelated log-normal distribution (ucld) and either a Yule or 
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Calibrated Yule speciation model, depending on the test. The relaxed ucld-model assumes 

independent substitution rates across branches, as there is no assumed correlation between 

the rate of a given lineage and that of its ancestor. This model requires a prior for the 

mean clock rate. For coding sequences, we set the mean clock rate to 0.01 

substitutions/site/MY, and for rRNAs, to 0.0055, based on prior estimates for various 

Pleurodonta species (Supporting Table S1). A normal distribution was used for the ucld 

mean rate prior, with the above values as the mean, a standard deviation (Sigma) of 0.005 

for coding sequences and 0.0015 for rRNAs, with these same values used as the Offset. 

These hyperprior values (Sigma and Offset) were determined based on preliminary 

analyses to ensure appropriate parameterization, and also computational and statistical 

demands. 

 For each calibration scheme (whether or not it included calibration points), we 

estimated substitution rates for each mitochondrial gene and for each codon position 

within protein-coding sequences. Tree topologies were linked across partitions, while 

clock models were unlinked both between genes and among codon positions within 

genes. Site models were linked across codon positions within individual genes but 

unlinked between genes, with model selection performed using BEAST Model Test 

(bModelTest; Bouckaert and Drummond, 2017) under the ‘namedExtended’ model set. 

Uncalibrated analyses consisted of two independent MCMC runs of 500 million 

generations each, with parameters sampled every 25,000 generations. Calibrated analyses 

followed the same sampling scheme, but each run was extended to 850 million 

generations. Convergence of all parameters was verified using Tracer v1.4 (Rambaut et 

al., 2007), ensuring effective sample sizes (ESS) ≥ 200 whenever possible. In summary, 

we performed four BEAST analyses (two calibrated and two uncalibrated) and reported 

the final results as the combination of two runs per analysis using LogCombiner (Rambaut 

and Drummond 2014). 
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Results 

Alignments and evolutionary models 

 The alignment of protein-coding sequences alone comprised 11,426 bp, while the 

inclusion of non-coding sequences increased the total length to 14,059 bp. All coding 

genes exhibited multiple substitution models within the 95% highest posterior density 

(HPD) interval estimated through the bModelTest. Only the two rRNAs had a single best-

fitting model to explain site substitution, specifically the GTR model (Supporting Table 

S2). 

 
Substitution rates 

 Analysis of substitution rates across codon positions revealed heterogeneity in 

evolutionary rates across the mitochondrial genome of Pleurodontans; 95% posterior 

distributions of substitution rates for each gene can be observed in Fig. 1. When 

considering only protein-coding sequences, substitution rates appear relatively 

homogeneous across genes, with substantial overlap of the HPD intervals (Fig. 1A). 

Conversely, coding and non-coding regions exhibit markedly different substitution rates, 

with non-coding regions evolving approximately ten times slower (Fig. 1B). Calibrated 

analysis (for all genes) has consistently shown similar rates to non-calibrated ones, but 

with slightly smaller estimates. Median substitution rate estimates for individual genes, 

based exclusively on third codon positions, are presented in Table 3 (estimates for all 

codon positions are available in the original BEAST output files archived on Zenodo). In 

the case of non-calibrated analysis, the fastest mean rate was observed for ND4 and the 

slowest for 12s and 16s. Regarding calibrated analysis, rRNAs also exhibited the lowest 

estimates, but in this case ND2 presented the higher value. 

 

 

 

 

 
 



96 
 

 

 

 
Fig. 1. Posterior distributions of mitochondrial substitution rates (substitutions/site/MY) from calibrated 
(pink) and non-calibrated (blue) analyses. (A) Violin plots for 13 protein-coding genes, illustrating the 
range and density of estimated rates for each codons position (B) Violin plots for two rRNA genes. In both 
cases, the width of each violin indicates the distribution density, and horizontal lines represent median 
values. 
 
Table 3. Nucleotide substitution rates per site per million years estimated from 13 mitochondrial protein-
coding genes (3rd codon position) and 2 rRNAs across 27 Pleurodontan species plus one outgroup. These 
rates were inferred using BEAST with a relaxed clock model assuming a lognormal distribution. The 
reported values represent the combined results from two independent runs. 

Gene Non-calibrated Calibrated 
 ucld mean rate Stdev ucld mean rate Stdev 
12s 0.00598 0.0016623 0.00518 0.0017229 
16s 0.00632 0.0015115 0.00468 0.0019285 
ATP6 0.02059 0.0044696 0.01861 0.0049339 
ATP8 0.01977 0.0038046 0.01958 0.0038725 
COX1 0.02036 0.0039585 0.01578 0.0042038 
COX2 0.01945 0.0055384 0.01706 0.0055097 
COX3 0.01995 0.0043769 0.01836 0.0048264 
CYTB 0.02136 0.0042930 0.01840 0.0045799 
ND1 0.02011 0.0045590 0.01826 0.0047083 
ND2 0.02114 0.0043318 0.02025 0.0044484 
ND3 0.02049 0.0044802 0.01977 0.0046298 
ND4 0.02151 0.0042928 0.01986 0.0048263 
ND4L 0.02036 0.0045192 0.01996 0.0045306 
ND5 0.02157 0.0042466 0.01991 0.0044204 
ND6 0.02121 0.0044322 0.02006 0.0048847 
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Discussion 

The influence of different partitioning schemes on the estimation of substitution rates 

 Our data support the widely accepted theory that nucleotides at the third codon 

position evolve at distinct rates and through different mechanisms compared to those at 

the first and second codon positions (Kimura, 1980). In practical terms, this also means 

that, within a gene, first codon positions are expected to evolve more similarly to other 

first codon than to second or third positions, with the same reasoning applying to each 

position (Bofkin & Goldman, 2007)—which is exactly what we detected here (Fig. 1). 

Thus, we emphasize that any studies drawing inferences from mitochondrial data must 

carefully account for the inherent heterogeneity in the composition of each gene, as 

ignoring this fact can introduce different phylogenetic artifacts (Hassanin, 2006).  

 In this context, codon-position models offer a more robust framework for 

capturing the evolution of coding sequences in most multiple sequence alignments. By 

accounting for site heterogeneity and other evolutionary parameters, these models should 

provide greater accuracy and biological relevance compared to simpler alternatives. 

Consequently, substitution model testing can be a fundamental approach on this regard, 

and our results once again reveal notable patterns. We observed substantial differences in 

the evolutionary models best suited for each mitochondrial gene, including complex 

models that consider heterogeneity both in rates and nucleotide frequencies (Table S2), 

reflecting the inherent heterogeneity in substitution rates across the mitogenome. While 

the limitations of using overly simplistic evolutionary models may vary depending on the 

dataset, simpler models might invariably misestimate different evolutionary parameters 

by failing to account for the occurrence of multiple substitutions at the same site (Yang 

& Nielsen, 2000; Anisimova & Kosiol, 2009; Duchêne et al., 2014)—which can also lead 

to errors in phylogenetic inferences (Buckley et al., 2001; Su et al., 2014). 

 Although the mitogenome evolves as a single non-recombining unit, and typically 

exhibits a largely consistent phylogenetic signal across genes, our results also align with 

established evidence that evolutionary pressures act differentially on individual 

mitochondrial genes (Saccone et al., 1999; Xu et al., 2006). While substitution rates 

showed broad similarity across the mitogenome, some degree of heterogeneity was 

observed among specific genes. In the calibrated analyses, genes such as ND2 and ND6 

had substitution rates above 0.02 substitutions/site/MY, while others like COX1 and 

COX2 generally ranged between 0.015 and 0.017. These findings highlight the 

importance of using partitioned analyses that account for both site- and gene-specific rate 
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variation, along with appropriately selected substitution models, given the observed 

heterogeneity across loci and codon positions (Table S2). Such approaches are critical for 

improving the precision of evolutionary inferences, including divergence time estimation 

and substitution rate calibration. 

 

Substitution rates heterogeneity depending on the presence of calibration points 

 Our study also evaluated the influence of temporal calibrations on Pleurodontan 

mitochondrial substitution rate estimates. Analyses incorporating fossil calibrations 

yielded estimates slightly lower than those from uncalibrated analyses (Table 3), 

consistent with evidence that well-constrained calibrations reduce biases in molecular 

dating (Hipsley & Muller, 2014; Warnock et al., 2015). This underscores the importance 

of integrating multiple fossil calibrations, particularly at deep nodes, to improve the 

accuracy of divergence time inferences—a critical consideration for groups like 

Pleurodonta, that exhibit complex biogeographic histories and potential rate 

heterogeneity across subclades (Blankers et al., 2013; Alencar et al., 2024). Nonetheless, 

uncalibrated estimates did not depict large standard deviations, highlighting that, at least 

in the Bayesian framework we implemented, node calibrations were not as important as 

the used priors in the estimate’s variation.  

 

Difference between coding and non-coding regions 

 Mitogenomes are often established as superior to single genes-based approaches 

for divergence time estimation, as the latter typically overestimate node ages (e.g., 

Duchêne et al., 2011). In Pleurodontan squamates, our analyses revealed minimal 

substitution rate variation across mitochondrial coding regions, implying that, except for 

the rRNAs, practically any chosen gene subset may effectively capture their genome-

wide evolutionary rate patterns. This finding offers practical advantages for research on 

this squamate group, where targeted sequencing of subsets could reduce costs and labor 

while preserving phylogenetic signal. Selecting loci with intermediate substitution rates 

and robust phylogenetic resolution might be an important strategy for future research 

design. For instance, the use of genes such as 12S and 16S rRNAs should be critically 

pondered, as they present considerably lower substitution rates (Table 3), likely driven 

by functional constraints on ribosome assembly and saturation in conserved domains 

(Mueller, 2006; Duchêne et al., 2011). Additionally, loci exhibiting reduced phylogenetic 

informativeness (whether due to limited variability, homoplasy, or alignment ambiguity) 
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require rigorous evaluation to avoid compromising analytical resolution (Zardoya and 

Meyer, 1996; Non et al., 2007). Either way, delineating such gene subsets demand taxon-

specific substitution models and rigorous calibration to minimize biases, underscoring the 

need for tailored analytical frameworks, which can now be achieved by using our 

provided estimates. 

 

Pleurodontan evolutionary dynamics and future perspectives 

 The substitution rate estimates from this study (nearly 0.01–0.02 

substitutions/site/MY) align with prior estimates reported for Pleurodontan lineages 

(Supporting Table S1). However, we note that many of these earlier values were 

extrapolated from studies of distantly related taxa rather than empirically derived from 

lineage-specific calibrations. This reinforces the reliability of our methodological 

framework, which incorporated different partitioning schemes, appropriate substitution 

models, and string prior calibration strategies. Furthermore, our chosen priors, which 

were informed by values for different taxa within the Pleurodontan clade already reported 

on the literature (Table 2), proved to be robust. The close agreement of our substitution 

rate estimates with those previously reported for Pleurodonta also highlights the relative 

stability of mitochondrial evolutionary rates within the group. Prior research has 

demonstrated that mitochondrial substitution rates tend to cluster within narrow ranges 

among closely related taxa, often reflecting shared evolutionary constraints (Päckert et 

al., 2007; Pons et al., 2010). On the other hand, while mitochondrial protein-coding genes 

show conserved rate variation patterns across vertebrates—a phenomenon stable for ~450 

million years (Broughton & Reneau, 2006)—the drivers of this variation remain poorly 

understood. This gap highlights an opportunity to explore how structural, functional, and 

selective pressures differentially shape mitochondrial gene evolution. 

 Furthermore, by providing robust substitution-rate estimates for Pleurodontans as 

a whole, our study offers a valuable resource for future molecular dating analyses. In any 

case, lineage-specific rates for individual clades or species within the group might be 

warranted, depending on the study design. Such an approach could offer valuable insights 

into the evolutionary dynamics of particular species, particularly when ecological, 

physiological, or demographic factors influence mitochondrial evolution (e.g., Welch et 

al., 2008; Nabholz et al., 2016; Jing et al., 2024). Estimating lineage-specific rates could 

thus help identify these patterns and refine our understanding of the drivers of molecular 

evolution within Pleurodonta. However, the limited availability of complete 
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mitochondrial genomes for several Pleurodontan lineages still hinders a full 

understanding of their evolutionary history from being achieved. 

 In this context, it is important to recognize that multiple methods exist for 

estimating substitution rates beyond the approach used here. For instance, germline-based 

estimates (e.g., Bergeron et al., 2023) are particularly relevant for assessing average 

nuclear genomic variation, a task that has only recently become feasible with advances in 

genomic sequencing and bioinformatics. However, obtaining such estimates is 

challenging, as it requires genomic data from multiple generations. Additionally, these 

methods remain taxonomically limited (Chintalapati & Moorjani, 2020; Bergeron et al., 

2023), posing a major challenge in groups like Pleurodonta, where evolutionary 

parameters remain largely unknown for most species. Branch-specific substitution rate 

estimates, such as those generated using PAML (Yang, 2007), offer a robust alternative 

but are influenced by several factors that may affect their reliability for specific research 

objectives (e.g., sequence quality, alignment accuracy, and model assumptions) 

(Rasmussen & Kellis, 2007; Yan et al., 2023). 

 Lineage-specific rate estimation approaches can be computationally demanding, 

as it requires constructing tailored substitution models that account for codon position 

variation, partition-specific evolutionary dynamics, and rate heterogeneity across the 

mitochondrial genome, as demonstrated here. Also, the accuracy of such specific 

estimates depends on the availability of high-quality sequence data and well-supported 

calibration points, both of which remain limited for many species, including those within 

Pleurodonta. This gains further importance as incomplete or biased sampling and poorly 

chosen calibrations can introduce substantial uncertainty into divergence time estimates 

(Zheng & Wiens, 2015; Schenk, 2016). Therefore, while lineage-specific rate estimation 

has the potential to refine our understanding of evolutionary rates, it must be applied 

cautiously, weighing the benefits of increased resolution against computational and 

methodological challenges. 

 

Conclusion 

 In this study we examined the phylogenetic utility of nearly complete 

mitogenomes regarding the estimation of substitution rates, offering critical insights into 

the application of mitochondrial data in evolutionary studies. Despite the study’s focus 

on a specific taxonomic scope (the Pleurodonta clade), the framework applied here may 

be broadly applicable across different taxa and divergence times. 
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 Our findings reveal relatively homogeneity in substitution rates across 

Pleurodontan mitochondrial protein-coding genes, but heterogeneity between these and 

non-coding regions. Also, there is a considerable amount of difference in substitution 

rates when accounting for codon positions. Although this heterogeneity is relatively 

localized, employing rate estimates specific to the genes or genomic regions under study 

clearly enhance the accuracy of evolutionary inferences. Future research will be essential 

to determine whether this heterogeneity arises primarily from conserved replication 

mechanisms that drive variation in mutation rates across genomic regions, the effects of 

natural selection on individual genes, a combination of these factors, or other evolutionary 

processes. 

 Furthermore, evaluating the best modelling and partitioning schemes when 

conducting evolutionary analyses constitute a key factor and must not be overlooked 

when using mitochondrial markers. While subsets of informative genes might 

approximate these results, their effectiveness depends on robust methodological 

frameworks and careful taxon-specific selection. On this regard, our results provide a 

valuable reference for future investigations into evolutionary dynamics specifically 

within the Pleurodonta clade and its closely related lineages, offering a foundation for 

comparative studies across Squamata. We then hope that our findings establish a 

foundation for optimizing mitochondrial phylogenetics in squamates, facilitating more 

accurate evolutionary reconstructions across diverse taxa and timescales. 
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Supporting information 
Table S1. References regarding values for substitution rate priors adopted in the present study. 

Gene Values References 

COX1 0.01  
Phrynosomatidae: Bernardo et al., 2019; 
Tropidurus: Camurugi et al., 2022 

CYTB 0.019355 | 0.0113 | 0.0223 
Cyclura: Rogers et al., 2024; Liolaemidae: Olave et 
al., 2015; Liolaemus: Fontanella et al., 2012; 
Tropidurus: Werneck et al., 2015;  

ND1 0.013876 Oplurus: Chan et al., 2012 

ND2 0.013 Anolis: Román-Palacios et al., 2018 

ND4 0.0113 | 0.0078 
Cyclura: Rogers et al., 2024; Iguaninae: Zarza et 
al., 2008 

12s & 16s 0.006339 | 0.00576 
Liolaemidae: Olave et al., 2015; Liolaemus: 
Fontanella et al., 2012; Tropidurus: Carvalho et al., 
2024;  
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Table S2. Model selection results from BEAST, including only models within the 95% HPD interval for 
each gene. The four-digit model code represents how substitution rates are grouped, following the order 
of relative rates for A-C, A-G, A-T, C-G, C-T, and G-T. A complete list of model codes can be found 
here: https://taming-the-beast.org/tutorials/Substitution-model-averaging/. 

Gene Non-calibrated Calibrated 
Models 

12s GTR GTR 
16s GTR GTR 

ATP6 
HKY, GTR, K81123324, 
TIM123345, TVM123425  

GTR, K80, K81123324, 
TIM123345, TN93121131, TIM123345  

ATP8 
K80, K81123321, K81123324, 

TIM123341, TIM123345, TN93121131 
K80, K813321, K813324, 
TIM3341, TIM3345, TN931131 

COX1 TIM3341, TIM3345, TN931131 TIM3341, TIM3345, TN931131 

COX2 
K80, K813321, K813324, 

TIM3341, TN931131 
K80, K813321, K813324, 
TIM3341, TN931131 

COX3 K80, K813321, K813324, TIM3345, TN931131 
K80, K813321, K813324, 

TIM3341, TN931131 
CYTB GTR, TVM3425 GTR, K813324, TVM3425 
ND1 GTR, K813324, TIM3345, TVM3425 GTR, K813324, TIM3345, TVM3425 
ND2 K813324, TIM3345, TVM3425 K813324, TIM3345, TIM3345 

ND3 K80, K813321, TIM3341, TIM3345 
K80, K813321, TN931131, 
K813324, TIM3341 

ND4 GTR, TIM3345, TN931131 GTR, TIM3345 

ND4L 
GTR, K80, K813321, 
K813324, TIM3341, TIM3345 

K80, K813321, K813324, 
TIM3341, TIM3345, TVM3425 

ND5 K813324, TIM3345, TVM3425 K813324, TIM3345, TVM3425 
ND6 GTR, TVM3425 GTR, TVM3425 
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ABSTRACT 

 

Mitonuclear discordance—evolutionary discrepancies between mitochondrial and 
nuclear DNA phylogenies—can arise from various factors, including introgression, 
incomplete lineage sorting, recent or ancient demographic fluctuations, sex-biased 
dispersal asymmetries, among others. Understanding this phenomenon is crucial for 
accurately reconstructing evolutionary histories, as failing to account for discordance can 
lead to misinterpretations of species boundaries, phylogenetic relationships, and historical 
biogeographic patterns. We investigate the evolutionary drivers of mitonuclear 
discordance in the Tropidurus spinulosus species group, which contains nine species of 
lizards inhabiting open tropical and subtropical environments in South America. Using a 
combination of population genetic and phylogenomic approaches applied to 
mitochondrial and nuclear data, we identified different instances of gene flow that 
occurred in ancestral lineages of extant species. Our results point to a complex 
evolutionary history marked by prolonged isolation between species, demographic 
fluctuations, and potential episodes of secondary contact with genetic admixture. These 
conditions likely facilitated mitochondrial genome capture while diluting signals of 
nuclear introgression. Furthermore, we found no strong evidence supporting incomplete 
lineage sorting or natural selection as primary drivers of the observed mitonuclear 
discordance. Therefore, the unveiled patterns are most consistent with neutral 
demographic processes, coupled with ancient mitochondrial introgression, as the main 
factors underlying the mismatch between nuclear and mitochondrial phylogenies in this 
system. Future research could further explore the role of other demographic processes, 
such as asymmetric sex-biased dispersal, in shaping these complex evolutionary patterns. 
 
Key words: Introgression; Mitogenome; Molecular Evolution; Phylogenomics; 
Squamata. 
 
Introduction 

 Mitochondrial and nuclear genomes evolve independently, through distinct 

processes, often leading to conflicting genetic patterns—a phenomenon known as 

mitonuclear discordance. Cases of mitonuclear discordance are increasingly reported 

across a wide range of animal species. Recent examples can be found among mammals 

(Good et al. 2015; Phuong et al. 2016; Seixas et al. 2018; Fedorov et al. 2022), birds 

(Andersen et al. 2021; DeRaad et al. 2023), reptiles (Firneno et al. 2021), amphibians 

(Zieliński et al. 2013; Dufresnes et al. 2020; Rancilhac et al. 2021), and insects (Hinojosa 

et al. 2019; Dong et al., 2023). Generally, conflicting patterns between nuDNA and 

mtDNA arise from processes such as introgression, demographic fluctuations, sex-biased 

dispersal asymmetries, incomplete lineage sorting (ILS), human introductions, or 

Wolbachia infection in insects (see reviews by Toews and Brelsford 2012; Bonnet et al. 

2017; Deprés 2019). Determining whether mitonuclear discordance is driven by any of 

these factors requires a clear understanding of the genealogies among different loci, the 
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demographic history of populations, and their historical introgression/migration patterns 

and rates. Notably, these complexities often present significant empirical challenges in 

resolving the underlying causes of discordance. 

 Most cases of mitonuclear discordance are attributed to mtDNA introgression 

(Toews and Brelsford 2012), although the extent of introgression varies widely among 

animal groups. For instance, Zozaya et al. (2024) showed that, despite frequent hybrid 

formation across multiple contact zones in Australian Heteronotia geckos, mtDNA 

exchange can be limited to narrow geographic areas, indicating that hybridization does 

not necessarily result in widespread mitochondrial replacement. When discordance is 

attributable to introgression, it is most often linked to processes such as gene flow across 

hybrid zones (Zieliński et al. 2013; Good et al. 2015; Dufresnes et al. 2020; Mao and 

Rossiter 2020) or mitochondrial capture (Andersen et al. 2021). The latter refers 

specifically to a form of complete introgression, where the mitochondrial genome of one 

species is entirely replaced by another’s (Zieliński et al. 2013). Mitochondrial capture can 

occur at various stages of the speciation process and between distantly related species 

(Rancilhac et al. 2021). Additionally, mitochondrial introgression can take place with 

minimal or no accompanying nuDNA introgression (Zieliński et al. 2013; Good et al. 

2015; Andersen et al. 2021; Rancilhac et al. 2021; Fedorov et al. 2022), making it 

challenging to detect introgressed nuclear and mitochondrial markers simultaneously 

(Bonnet et al. 2017; Seixas et al. 2018). Therefore, ILS is another phenomenon that cannot 

be overlooked in the discussion of mitonuclear discordance, given the challenges in 

distinguishing it from introgression (Andersen et al. 2021; DeRaad et al. 2023). While 

some studies have identified ILS as a primary driver of mitonuclear discordance, these 

remain relatively rare (e.g., Firneno et al. 2021). 

 Demographic factors, such as population size fluctuations, particularly at the 

periphery of a species’ geographic range, can also contribute to mitonuclear discordance 

(Phuong et al. 2016; Dufresnes et al. 2020; Fedorov et al. 2022). In this scenario, neutral 

processes such as genetic drift can help in the fixation of mtDNA haplotypes at range 

edges of expanding populations (Bonnet et al. 2017). Even in situations where 

introgression involves both mtDNA and nuclear loci, mtDNA is expected to reach 

fixation faster, since it has a smaller effective population size and is non-recombining 

(Moore 1995). Following demographic expansions and secondary contact, nuclear 

genomes can fully recombine, thereby diluting historical introgression signals, whereas 

divergent, non-recombining mitochondrial haplotypes may persist. 
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 Finally, selection can also play a role in generating mitonuclear discordance 

(Toews and Brelsford 2012). If a beneficial mitochondrial mutation arises but is initially 

incompatible with the nuclear genetic background of a population, selection may favor 

nuclear variants that restore mitonuclear compatibility. This compensatory selection 

could lead to a scenario where the advantageous mitochondrial mutation spreads widely, 

while the nuclear DNA follows a different evolutionary trajectory. Empirical evidence 

robustly demonstrates that natural selection can drive mtDNA introgression between 

populations through hybridization, even in the absence of corresponding nuDNA 

introgression, provided there is even a minor selective advantage (Excoffier et al. 2009; 

Zieliński et al. 2013; Good et al. 2015; Phuong et al. 2016). As a result, the mitochondrial 

genome with the highest fitness may introgress into another species, regardless of whether 

it originates from the resident or the invading population. 

 Here, we investigate the drivers of mitonuclear discordance in a biological system 

with known occurrences of this phenomenon, the lizard family Tropiduridae (e.g., 

Microlophus: Benavides et al. 2007; 2009; Tropidurus: Carvalho et al. 2016). 

Specifically, we explored the evolutionary history of nine lineages within the T. 

spinulosus group using a multi-locus genomic approach. This diverse group of lizards is 

distributed across open-vegetation tropical and subtropical environments in South 

America and predominantly inhabit rocky and arboreal habitats (Frost et al. 1998; 

Carvalho 2013, 2016; Carvalho et al. 2013). Although the taxonomy of the T. spinulosus 

group has been relatively stable, new species continue to be described (e.g., Carvalho 

2016). Additionally, our research includes all taxa presently admitted to the group plus 

one undescribed species, which is currently undergoing formal description (Carvalho et 

al. in prep) and is referred to as Tropidurus sp. nov. in this study. 

 We integrated mitochondrial genomes, nuclear ultraconserved elements (UCEs), 

and single-nucleotide polymorphisms (SNPs) derived from UCEs to assess whether the 

mitochondrial genealogy corresponded to reciprocally monophyletic nuclear lineages. To 

determine the potential sources of the mitonuclear discordance, we examined the relative 

contributions of neutral and selective processes. Specifically, we first compared mtDNA 

and nuclear phylogenies to identify conflicts and potential introgression patterns, using 

methods that either account for ILS or do not. In a scenario where these approaches yield 

largely congruent results, ILS would not play a significant role in the observed 

mitonuclear discordance. Second, we evaluated whether mtDNA introgression was 

accompanied by detectable levels of nuDNA introgression, as most cases of discordance 
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are attributed to processes such as gene flow across hybrid zones. We also assessed 

signals of positive selection on mtDNA to evaluate potential adaptive processes in 

shaping mitonuclear discordance. Finally, as demographic processes can contribute to 

emerging phylogenetic discordant patterns as well, we examined historical changes in 

population size to assess their role in shaping the observed discordance, as this would 

align with expectations under a non-adaptive scenario. 

 

Methods 

Sampling and Lab work 

The phylogenomic approaches used in this study were based on anchored 

sequencing methods, specifically Ultraconserved Elements (UCE) as described by 

Faircloth et al. (2012). We sequenced a total of 43 individuals (Supplementary Material, 

Table S9), representing all species of the Tropidurus spinulosus group. RAPiD Genomics 

LLC (Gainesville, FL) was tasked with sample library preparation and target enrichment 

of UCEs using the tetrapod 5k probe set (Faircloth et al. 2012), followed by multiplexed 

paired-end (PE) sequencing (2 × 100 bp) of UCEs on an Illumina HiSeq 3000 PE100 

platform. Our samples are mainly distributed around the Pantanal Basin, with some 

extending to dry environments of Paraguay and Argentina (Figure 1). 

 



118 
 

 

 

 
Figure 1. Sample distribution with species assignments based on our concatenated phylogenetic analysis. 
The map at a larger scale shows the distribution of samples across various South American ecoregions, 
according to the classification of “Terrestrial Ecoregions of the World” adopted by the World Wildlife 
Fund”. For a detailed review of the resolution and delimitation differences in these categories, see Olson et 
al. (2001). The smaller-scale map highlights the specific region where the analyzed samples are distributed. 
Phylogenetically identified groups are marked with three distinct dashed line patterns, emphasizing their 
allopatric distribution: (1) the T. spinulosus + T. guarani + T. teyumirim clade (multi-species), (2) the T. 
tarara clade (with T. lagunablanca tentatively considered a synonym of T. tarara), and (3) the T. 
xanthochilus + T. sp. nov. clade. The map in the smaller box also shows part of the course of the Paraguay 
River (light blue), which separates the T. spinulosus lineages to the west from T. guarani and T. tarara to 
the east. 
 
UCEs and mtDNA pipeline 

 We assembled reads using the Phyluce v1.7.1 pipeline (Faircloth 2016). 

Demultiplexed reads were cleaned to remove low-quality bases and adapter sequences in 

Trimmomatic (Bolger et al. 2014), using the wrapper program illumiprocessor in Phyluce. 

To accelerate assembly and render challenging datasets tractable, we normalized read 

depth to a minimum of 5 with the bbnorm.sh script from the BBTools suite (Bushnell 

2018). Trimmed and normalized reads were inspected for quality and adapter 
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contamination using FastQC v0.11.9 (Andrews 2010), and then assembled into contigs 

with SPAdes v3.15.5 (Bankevich et al. 2012). We used Phyluce to align assembled 

contigs back to their associated UCE loci, remove duplicate matches, create a taxon-

specific database of contig-to-UCE matches, and extract UCE loci for all individuals. 

Specifically, contigs matching UCE loci were identified and extracted using the program 

LastZ v1.0 (Harris 2007) within Phyluce, both in incomplete and complete (75% and 95% 

of completeness) matrices (see Faircloth 2016). After probes and UCEs were matched, 

we aligned UCE contigs with MAFFT v7.471 (Katoh and Standley 2013) using specific 

customized settings (-globalpair, --maxiterate 1000, --adjustdirection), and trimmed the 

resulting alignments using the internal-trimming algorithm (Gblocks: Castresana 2000). 

As a final step, AMAS (Borowiec 2016) was used to compute final summary statistics 

for all alignments. 

Due to the high abundance of mtDNA in samples and the less-than-perfect efficiency of 

target enrichment methods, mitochondrial data (including entire mitogenomes) are often 

generated as a byproduct of the UCE sequencing process (Allio et al. 2020). Thus, we 

extracted mtDNA from our contig assembly produced through Phyluce using MitoFinder 

(Allio et al. 2020), which can find and extract multiple mitochondrial genes or even entire 

mitogenomes from assembled sets of bulk sequences. In general terms, mitochondrial 

sequences were aligned following the same procedure applied to UCE data, as described 

above. 

 

SNP calling workflow 

 We selected the sample with the largest number of UCE loci among all individuals 

(‘MTR 29586’, with 4800 loci) retrieved during the extraction step described above as 

the primary reference during the process of calling SNPs as recommended in the Zarza 

et. Al. (2016) pipeline to extract SNPs from UCE reads. Then, we followed the workflow 

developed by Harvey et al. (2016) to sequence capture data from population-level 

samples. The first step involves BWA, which we used to map raw reads from individuals 

to contigs (Li et al. 2009; Li 2013). Thus, SAM files were converted to BAM with 

SAMtools (Li et al. 2009). Alignments were checked for BAM format violations, read 

group header information was added, and PCR duplicates were marked for each 

individual using Picard (v. 1.106). The resulting BAM files for each individual in a 

lineage were merged into a single file with Picard, which was then indexed with 

SAMtools. The Genome Analysis Toolkit (GATK; v. 3.4-0; McKenna et al. 2010) was 
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used to locate and realign around indels, which was followed by calling SNPs using the 

‘UnifiedGenotyper’ tool in GATK. SNPs and indels were then annotated, and indels were 

masked. Finally, we used GATK to restrict our datasets to high-quality SNPs (Q30 filter) 

and performed read-backed phasing. After that, we used the R packages SNPfiltR 

(DeRaad 2022) and vcfR (Knaus and Grunwald 2017) to visually and iteratively filter our 

SNP dataset based on specific quality and completeness metrics. For analyses requiring 

unlinked SNPs, a linkage disequilibrium-based filtering approach was applied using 

PLINK (Purcell et al. 2007) with fixed parameters (--indep-pairwise 50 10 0.5). At the 

end of this process, two datasets were generated. The first, referred to as the ‘unlinked 

SNP dataset I’, included 42 samples and excluded the Tropidurus melanopleurus sample, 

retaining only one sample external to the largest clade within the group, namely T. 

callathelys (used in D-suite analysis; 40,265 SNPs, 25.34% missing data). The second 

one, ‘unlinked SNP dataset II’, with 37 samples, excluding the T. melanopleurus, T. 

callathelys, T. teyumirim, and Tropidurus sp. nov. samples, and assigning the T. 

lagunablanca sample as T. tarara (used in Stairway Plot analysis; 27,454 SNPs, 24.71 % 

missing data). 

 

Gene and species tree analysis 

 Gene trees for all UCE loci and the mtDNA locus were inferred using IQ-TREE 

v2.2.6 (Minh et al. 2020), and support was inferred using 1000 ultrafast bootstraps (≥ 95 

considered as strong support). For partitioned ML analyses, ModelFinder 

(Kalyaanamoorthy et al. 2017), part of the IQ-TREE package, was used to select the best-

fit model for each partition, followed by tree reconstruction (-m TESTNEWMERGE 

option), allowing partitions to have different evolutionary rates (-spp option). Support 

was inferred using 1000 ultrafast bootstraps. Additionally, species trees were inferred for 

the UCE dataset using ASTRAL v5.15.4 (Zhang et al. 2018), which does this from gene 

trees and provides internal branch lengths in coalescent units of gene tree discordance, as 

well as branch support values in the form of local posterior probabilities (LPPs). In our 

ASTRAL analyses, we used the topology resulting from the partitioned approach 

produced through IQ-TREE as a reference. Finally, we used BPP v.4.6 (Flouri et al., 

2018) to estimate a species tree for the Tropidurus spinulosus group, based on the full 

dataset of 820 UCE loci. 

 In the case of mitochondrial data, besides partitioning by gene, the alignment was 

also partitioned by third codon positions (in the case of coding sequences), and we did an 
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additional analysis including two outgroup species to evaluate the monophyly of the 

Tropidurus spinulosus group — Plica plica and T. torquatus (Figure S6; GenBank 

accession numbers: AB218961 for P. plica, and KU245273, KU245300, KU245090 and 

KU245062 for T. torquatus). We present only the trees (both based on nuDNA and 

mtDNA) featuring species from the T. spinulosus group (our in-group) in the results 

section. In all cases, trees were manually rooted in T. melanopleurus using FigTree 

(Rambaut 2014), following the topology obtained in the previously described analysis. 

 

Divergence time estimation 

 A time tree was inferred using two different approaches. The first was the 

RelTime‑Branch Lengths method (Tamura et al., 2018) implemented in MEGA11 

(Tamura et al., 2021), which infers divergence times from a previously estimated 

phylogenetic tree with branch lengths. In this case, the time-tree was computed using the 

UCE-based phylogenetic tree (complete matrix) with one calibration constraint, namely 

the node separating Tropidurus callathelys from all the other species in the group (and 

using T. melanopleurus as the outgroup). We used 10.74 Ma as the reference value for 

this constraint, following the estimates obtained by Zheng and Wiens (2016) regarding 

the node separating T. callathelys and the rest of the species in our ingroup. The method 

described in Tao et al. (2020) was used to estimate confidence intervals and set a normal 

distribution (mean = 10.74 and standard deviation = 0.5) on the node for which calibration 

densities were provided. 

 Alternatively, divergence time estimates were also estimated using MCMCTree 

v4.10 (dos Reis and Yang 2019), which uses an approximate likelihood approach. In this 

case, the 100 most clocklike UCE loci within our dataset were selected, particularly the 

loci with the least root-to-tip variance. Clock-likeness was assessed using SortaDate 

(Smith et al. 2018), which measures root-to-tip variance within gene trees and then sorts 

them from highest to lowest variance. The calibration in this case was performed by 

constraining the age of the same node described above to be between 10 and 11 Ma, using 

a fixed topology. Molecular clock estimates were obtained using the independent rates 

model, and we used the HKY85 model. The gamma prior on the mean substitution rate 

for partitions (rgene_gamma) was set to G (7, 9.75), which means a substitution rate of 

approximately 0.00717 substitutions/site/Ma (value available for the phylogenetically 

closest species to Tropidurus in the germline mutation rate study of Bergeron et al. 2023). 

The gamma rate variance (sigma2_gamma) was specified with G (1, 10). Two 
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independent runs were performed, each consisting of 550.000 MCMC iterations, with 

10.000 as burn-in, ‘nsample’ = 100.000, and ‘sampfreq’ = 5. The ESS of the MCMCTree 

runs were examined in Tracer v.1.7 (Rambaut et al. 2018) to determine convergence, and 

values > 200 were retained. 

 

Gene flow and phylogenetic network estimation 

 Failing to consider the potential influence of gene flow and introgressive 

hybridization among species can negatively impact phylogenetic inference (e.g., Solís-

Lemus and Ané 2016; Solís-Lemus et al. 2016). Therefore, given the mitonuclear 

discordance observed in the Tropidurus spinulosus clade, we evaluated the potential for 

reticulate evolution in our dataset using five different approaches: (i) the phylogenetic 

networks applying quartets (SnaQ) method implemented in PhyloNetworks (Solís-Lemus 

and Ané 2016; Solís-Lemus et al. 2017); (ii) the maximum pseudolikelihood estimate 

(MPL) method implemented in PhyloNet (Wen et al. 2018); (iii) the extension of the 

typical tree-based model to general networks, assuming no ILS and independent loci, 

available in the NetRAX program (Lutteropp et al. 2022); (iv) ABBA-BABA tests for 

detecting gene flow between pairs of species, through the D-suite program (Malinsky et 

al., 2021); and (v) the MSC-M model implemented in BPP v.4.6 (Flouri et al. 2018; 2023) 

to estimate migration rate between pair of species that showed signals of mitonuclear 

discordance. The first four methods serve as exploratory tools to identify potential 

reticulations or gene flow events, while the BPP-based approach directly quantifies 

migration rates. Regarding the phylogenetic network and the ABBA-BABA approaches, 

please refer to the Supplementary Material, section “Details on phylogenetic networks 

methodology and results”, for a detailed explanation of all reticulation tests. 

 To directly assess how gene flow differentially impacted nuclear and 

mitochondrial genomes, we used the migration model (MSC-M) available in BPP v.4.6 

(Flouri et al. 2018; 2023). This allowed us to estimate the number of migrants per 

generation and the direction of gene flow for species showing the strongest mitonuclear 

discordance in our phylogenetic trees. This was done in two stages, either using the 

nuclear species tree or the mitochondrial genealogy as the guide tree. In the first case, we 

used only a portion of the nuDNA dataset—specifically, the 100 most clocklike UCEs 

selected using SortaDate (Smith et al. 2018). A second migration analysis was performed 

using that same dataset, but this time incorporating mitochondrial data alongside nuclear 

data. In other words, two analyses were conducted using the nuclear topology as the guide 
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tree: one using nuclear markers only (100 UCE loci, 93,246 bp) and another combining 

nuclear data with mitochondrial data (100 UCE loci, 93,246 bp + 1 mitochondrial 

partition, 13,578 bp). 

 In both cases, we tested bidirectional migration scenarios with the following 

species: Tropidurus xantochilus  T. guarani, T. xanthochilus  T. spinulosus, and T. 

xanthochilus  T. tarara. Scenarios involving ancestral populations or species of the 

following groups were also tested. For analyses using the mitochondrial genealogy as the 

guide tree, these included: (A) T. tarara and one T. xanthochilus group; (B) T. guarani 

and T. spinulosus; (C) T. guarani, T. spinulosus, and another T. xanthochilus group. When 

using the nuclear topology as the guide tree, the same scenarios with current species 

mentioned above were tested, while also considering the following scenarios involving 

ancestral nodes: (B) T. guarani and T. spinulosus; (D) Tropidurus sp. nov. and T. 

xanthochilus; I T. tarara, T. guarani, T. spinulosus, and T. teyumirim; (F) T. guarani, T. 

spinulosus, and T. teyumirim. Population sizes (θ) were also estimated and recorded for 

each species and ancestral node involved in the migration pairs. In all cases, we used an 

inverse gamma prior of G(3, 0.04) for the Θ parameter and  G(3, 0.2) for the τ parameter, 

fixing the species model prior on the topologies described above. The gamma migration 

prior used was 0.1 (  = 1,  = 10). We ran analyses for 4 x 105 MCMC generations, taking 

samples every five and using 5 x 103 burn-in generations. To check for consistency of 

results, we conducted two independent runs for each analysis. 

 Furthermore, we also used POPART v. 1.7 (Leigh et al. 2015) to generate a TCS 

haplotype network (Clement et al. 2002), based on three mitochondrial genes – 

cytochrome c oxidase I, II, and III (COX1, COX2, and COX3). 

 

Tests for positive selection and demographic changes through time 

 To detect significant deviations from the hypothesis of neutral evolution in the 

mtDNA dataset, we tested for the evidence of positive selection using MEME (Mixed 

Effects Model of Evolution; Murrell et al. 2012), BUSTED (Branch-Site Unrestricted 

Statistical Test for Episodic Diversification; Murrell et al. 2015), aBSREL (adaptive 

Branch-Site Random Effects Likelihood; Smith et al. 2015), and FUBAR (Fast, 

Unconstrained, Bayesian Approximation; Murrell et al. 2013). MEME is designed to 

identify sites underlying episodic selection, BUSTED provides a gene-wide (not site-

specific) test for positive selection by asking whether a gene has experienced positive 

selection at least one site on at least one branch, aBSREL focuses on tree branches and 
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can be used to test if positive selection has occurred on a proportion of branches, while 

FUBAR uses a Bayesian approach to infer nonsynonymous (dN) and synonymous (dS) 

substitution rates on a per-site basis for a given coding alignment and corresponding 

phylogeny. All of these tests were performed utilizing the HYPHY package through the 

DataMonkey server, using default parameters, and the threshold of p < 0.05 for all four 

analyses. The same alignment of mitochondrial genes used for the phylogenetic analyses 

was utilized here, with the stop codons of each coding gene removed manually to perform 

the selection analyses. Also, Tajima’s D was calculated to evaluate evidence of natural 

selection and population size changes in the mitogenome using the R function 

‘tajima.test’, from the ‘pegas’ package (Paradis 2010). Mitochondrial nucleotide diversity 

was estimated for populations of T. guarani, T. spinulosus, T. tarara, and T. xanthochilus 

using the ‘nuc.div’ function, also from the ‘pegas’ package. 

 Because selection tests indicated neutrality in the mtDNA dataset (see results), we 

then inferred multilocus coalescent-based Extended Bayesian Skyline Plots (EBSP; 

Heled and Drummond 2008) implemented in BEAST v2.7.6 (Bouckaert et al. 2019) to 

estimate changes in effective population sizes over time. To infer the demographic history 

using the nuDNA dataset, we first generated a folded SFS file for the SNP dataset with 

easySFS (Gutenkunst et al. 2009). We then used Stairway Plot v. 2.18 (Liu and Fu 2020) 

to estimate historical effective population size changes of Tropidurus xanthochilus, T. 

tarara, T. spinulosus, and T. guarani. At this point, it is important to note that although 

EBSP, Stairway Plot, and Tajima’s D were applied to monophyletic clusters below the 

species level, these methods are designed for unstructured samples drawn from local 

populations. Consequently, the presence of intraspecific population structure violates 

their underlying assumptions. In coalescent-based approaches, for instance, such structure 

often results in inflated estimates of historical effective population size (e.g., Heller 

et al. 2013). While we proceeded with these analyses, we acknowledge that their results 

may be biased and interpret them with extreme caution. Please refer to the Supplementary 

Material, section “Details on demographic inference methodology and results”, for a 

detailed explanation of these tests. 

 Table 1 provides a summary of all analyses conducted in this study, along with 

their respective objectives and main results. 
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Table 1. Overview of the analytical workflow used in this study, detailing the rationale behind each step. 
SNP = single nucleotide polymorphism; MSA = multiple sequence alignment; nuc = nuclear; mt = 
mitochondrial. 

Method Data Analysis Objectives Main results 

IQ-TREE 

MSA-nuc (100, 95, 
and 75% UCE 
matrices) 

 

MSA-mt (coding + 
non-coding regions) 

Individual-level 
phylogenies 

What are the 
phylogenetic 
relationships of 
sampled 
individuals? Do 
nuc and mt 
topologies 
agree? 

Nuc: Three main 
clades detected: 
(Tropidurus 
xanthochilus + T. 
sp. nov.), (T. tarara 
+ T. lagunablanca), 
(T. teyumirim + T. 
guarani + T. 
spinulosus), in 
addition to T. 
melanopleurus and 
T. callathelys as 
external lineages to 
the clade 
comprising all those 
species. 

Mt: Strong 
disagreement 
between 
mitochondrial and 
nuclear-based 
phylogenies. 

ASTRAL 
MSA-nuc (100, 95, 
and 75% UCE 
matrices) 

Species-level 
phylogenies 

Does the 
species tree 
agree with the 
relationships 
inferred in the 
individual-level 
phylogenies? 

Overall, it agrees 
with the IQ-TREE 
nuclear 
phylogenies. BPP MSA-nuc (100% 

matrix) Species tree 

RelTime-
Branch Lengths 

Nuclear phylogenetic 
tree (100% UCE 
complete matrix) 

Divergence 
times 

When did the 
diversification 
of the T. 
spinulosus 
group occur? 
Could this 
temporal 
pattern be 
linked to the 
species’ 
demographic 
history, or 
might it help 
explain gene 
flow events 
throughout their 
evolution? 

Major divergence 
events occurred 
from 20 Ma 
onward. The initial 
split occurred 
between 20 and 15 
Ma, with T. 
melanopleurus 
diverging first. 
Around 10 Ma, T. 
callathelys 
separated from the 
remaining taxa, 
while most 
subsequent 
speciation events 
took place between 
7.5 and 2.5 Ma. 

MCMCTree 

MSA-nuc (100 most 
clocklike UCE loci 
selected through 
SortaDate) 

PhyloNetworks 
(SnaQ) 

Unrooted nuclear 
gene trees (100% 
UCE complete 
matrix) + 
concordance factors 

Phylogenetic 
Network 

Can we detect 
introgression in 
the nuclear 
genome? Is 
evolutionary 

All phylogenetic 
network results 
suggest minimal or 
no introgression 
within the T. 
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PhyloNet 
Rooted nuclear gene 
trees (100% UCE 
complete matrix) 

history better 
explained by 
networks or 
bifurcating 
trees in this 
case? 

spinulosus species 
group. 

NetRAX 

Unrooted nuclear 
gene trees (100% 
UCE complete 
matrix) 

POPART (TCS 
haplotype 
network) 

Three mtDNA coding 
genes (COX1, COX2, 
and COX3) 

Population 
structure 

How is mtDNA 
structured in 
the group’s 
lineages? 

The clusters align 
with the groupings 
in the mt-
phylogenetic tree, 
exhibiting the same 
pattern of 
discordance with 
the nuclear data. 

D-suite (ABBA-
BABA tests) SNP dataset Gene flow 

Is gene flow 
occurring 
between species 
within the 
Tropidurus 
spinulosus 
group? 

Minimal 
interspecific 
nuclear admixture, 
suggesting that 
introgressive 
hybridization has 
had limited impact 
on the nuclear 
genomes of these 
species. 

BPP (MSC-M 
model) 

MSA-nuc (100 most 
clocklike UCE loci 
selected through 
SortaDate) + MSA-
mt (coding + non-
coding regions) 

Multiple 
parameter 
estimation 
(mainly ancestral 
population sizes 
and migration 
rates) 

Evaluate the 
differential 
impact of gene 
flow on nuclear 
and 
mitochondrial 
genomes. 
Determine 
which 
phylogeny 
more accurately 
represents the 
history of 
population 
divergence. 
Specifically, 
assess whether 
the 
mitochondrial 
genealogy 
reflects species 
history, with 
discordance in 
the nuclear tree 
attributable to 
other processes, 
or whether the 
nuclear 
phylogeny 
instead captures 
the true species 
relationships, 

The nuclear 
phylogeny likely 
reflects the true 
species 
relationships and 
the actual history of 
population 
divergence. In 
contrast, the 
mitochondrial 
genealogy appears 
discordant, 
potentially due to 
processes such as 
introgression and 
historical gene 
flow. 
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with the 
mitochondrial 
tree being 
discordant due 
to factors like 
introgression 
and gene flow. 

HYPHY MSA-mt (coding 
regions) Selection tests 

Is there 
evidence of 
positive 
selection in the 
mitogenomes of 
Tropidurus 
spinulosus 
lineages, 
supporting an 
adaptive-based 
process leading 
to mitonuclear 
discordance? 

Overall, there is no 
strong evidence of 
adaptive processes 
influencing 
mtDNA, with 
positive selection 
detected at only a 
few sites in the 
mitogenome. 

Skyline Plot 
(BEAST) 

MSA-mt (three 
partitions, comprising 
six genes) Demography 

tests 

Estimate 
changes in 
effective 
population sizes 
over time 

Demographic 
expansions in all 
analyzed species, 
particularly from 70 
kya onward. Stairway Plot SNP dataset 

 

Results 

UCE and mtDNA phylogenomic datasets 

 We obtained a final dataset including 820 UCE loci for 43 individuals of nine 

lineages of the Tropidurus spinulosus species group. Our complete matrix comprised 

alignments with 725,505 bp after internal-trimming. Matrices with 75% and 95% of 

completeness generated alignments with 2,269 and 1,613 loci, 1.98M and 1.40M bp, 

respectively. Nuclear phylogenetic analyses using both the partitioned approach in IQ-

TREE, based on complete and incomplete matrices (Figures S1-S3), and the BPP species 

tree approach (Figure 2), indicated that our samples can be grouped into three main 

clades: (Tropidurus sp. nov. + T. xanthochilus), (T. lagunablanca + T. tarara), (T. 

guarani + T. spinulosus + T. teyumirim), in addition to T. callathelys and T. 

melanopleurus as external lineages to the clade comprising the remaining species. The 

trees inferred using ASTRAL, which account for ILS, produced similar patterns (Figures 

S4-S6). Compared to the UCE dataset, the mtDNA dataset (alignment with 40 samples, 

15 genes, and 13,578 bp) produced markedly different results regarding topology, 

indicating a clear case of mitonuclear discordance (Figure 2; Figures S7-S8). Notably 

different from the nuclear trees, our mitochondrial genealogy shows that while most T. 

xanthochilus samples were grouped as sister to the clade containing T. spinulosus and T. 
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guarani, two T. xanthochilus samples, the T. sp. nov. and the T. teyumirim samples, were 

all recovered within the T. tarara + T. lagunablanca clade. Furthermore, despite T. 

xanthochilus and T. sp. nov. forming a clade based on nuclear data, they do not appear 

closely related in the mitochondrial dataset. Similarly, most groups observed in these two 

phylogenetic trees are reflected in the haplotype network inferred for the T. spinulosus 

group, showing the same pattern of discordance compared to the nuclear data (Figure S9). 

 

 
Figure 2. Comparison between the nuclear species tree and the mitochondrial gene tree for the group 
Tropidurus spinulosus. The left panel shows the species tree inferred from multilocus nuclear data using 
BPP, with branch support values indicated next to nodes (posterior probabilities). The right panel displays 
the mitochondrial gene tree inferred through IQ-TREE, with branch support shown as bootstrap values (in 
this case, we only show values above 70). Colored clades correspond to the same taxa in both trees. 
Collapsed branches in the mitochondrial tree represent intraspecific variation (for the fully detailed tree, 
see the Supplementary Material). *All nuclear gene trees recovered T. lagunablanca nested within T. tarara 
samples, indicating that these lineages likely represent a single evolutionary unit. Accordingly, the T. 
lagunablanca sample was assigned to T. tarara in the BPP analysis, so that they represent a single branch 
in the estimated species tree. However, for a clearer comparison with the mitochondrial genealogy, here we 
present the two lineages as separate branches within the same clade. 
 

 Divergence dating with nuclear data indicates that the initial split within the 

Tropidurus spinulosus group occurred between 20 and 15 million years ago (Ma), 

separating T. melanopleurus from the other lineages. The split involving T. callathelys 

occurred approximately 10 Ma ago, and most subsequent divergence events among the 

remaining species of the group took place between 7.5 and 2.5 Ma (Figure 3; Figure S10). 

In most cases, the divergence times estimated using RelTime fall within the same 95% 
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highest posterior density (HPD) intervals provided by MCMCTree, but some differences 

can be noticed (Figures S10-11). 

 

 
Figure 3. Divergence times (Ma) estimated for the Tropidurus spinulosus species group using the UCE 
dataset. The 95% HPD interval of the posterior estimates (blue shaded bars), as estimated through the 
MCMCTree program, is shown above each node of the tree. The scale bar is in Ma. Specimen names are 
collapsed (for the fully detailed tree, see the Supplementary Material). 
 
Phylogenetic networks and gene flow 

Analyses of the UCE dataset using PhyloNetworks revealed that models 

incorporating up to three reticulation events provided a better fit to our data compared to 

strictly bifurcating trees, where gene tree discordance is attributed solely to ILS. 

However, these events are mostly intraspecific and do not involve the species with 

discordant relationships; thus, Phylonetworks does not indicate that reticulation is the 

primary source of mitonuclear discordance (Figures S12-S15; Table S1). Analyses using 

the other phylogenetic network approaches corroborated the pattern of minimal 

reticulations between species observed in our UCE data (Figures S16-S18), and ABBA-

BABA tests for detecting gene flow also do not indicate significant nuclear admixture 

within the Tropidurus spinulosus species group (Table S2). Please refer to the 

Supplementary Material, section “Details on Phylogenetic Networks methodology and 

results,” for a detailed explanation of all reticulation tests and respective results. 

 Analyses in BPP under the MSC-M model with nuclear data indicate minimal or 

no gene flow among extant species, but inclusion of ancestral populations yields higher 

migration rate estimates (Figure 4; Tables S3-S4), particularly those associated with the 

observed phylogenetic discordance. This pattern is robust to the choice of different guide 

trees: whether constrained by the mitochondrial topology or by the partitioned nuclear 

topology, although the former produces relatively higher migration rate values. Notably, 
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both guide tree inferences implicate Tropidurus xanthochilus, or its ancestors, in these 

ancient gene flow events, suggesting that historical mitochondrial capture involving this 

lineage may underlie the main observed discordances between nuclear and mitochondrial 

phylogenies. Also, when combining the nuclear dataset alongside the complete 

mitochondrial genome, higher rate estimates were generally produced than those obtained 

using the nuclear dataset only. In this case, migration rates using the combined dataset 

(with mitochondrial and nuclear partitions) were higher than the estimates using solely 

the nuclear data (Table S4). In summary, all migration scenarios evaluated, including 

information derived from the mitochondrial data (whether based on topology or 

mitogenome alignments), consistently resulted in higher inferred migration rates 

compared to nuclear-only analyses, demonstrating that the inclusion of mtDNA in the 

analysis strengthens the detection of historical gene flow in this system.  

 

 
Figure 4. Migration (MSC-M) model for Tropidurus spinulosus species, displaying only the scenarios with 
the highest estimated migration rates. For a complete list of all tested migration scenarios and their 
corresponding rate values, please refer to the Supplementary Material. Population size (theta, θ) values for 
each species or ancestral node involved in gene flow events are shown above the branches, with the 
remaining theta values also provided in the Supplementary Material. The upper panel presents the analysis 
using the mitochondrial topology as the guide tree; the lower panel shows the same analysis based on the 
nuclear topology, in this case using both nuclear and mitochondrial data as input. In both trees, the circled 
letters below the nodes denote the ancestral lineages included in the migration tests. 
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Estimates of population size (θ) for both current species and ancestral populations 

further support the previously described scenario (Figure 4; Tables S5-S6), for instance, 

indicating a directional gene flow event in which the larger ancestral population of the 

T. guarani + T. spinulosus clade might have captured T. xanthochilus mitochondrial 

genomes. 

 

Selection 

 Regarding the mtDNA dataset, our analyses indicate minimal evidence of positive 

selection acting on the mitogenomes of Tropidurus spinulosus lineages. Codon-based 

tests detected limited signatures of episodic positive or diversifying selection: MEME 

identified nine sites (two in ATP6, one in ATP8, one in COX1, two in COX2, and one in 

COX3) with p-values ≤ 0.05, while FUBAR detected two sites (one in COX1 and one in 

COX2) with posterior probabilities ≥ 0.95. In contrast, both BUSTED and aBSREL 

analyses did not reveal significant episodic selection along any branches in the 

mitogenomic phylogeny, even after formal testing of 36 branches with correction for 

multiple comparisons. Furthermore, we did not observe any species with extreme 

nucleotide diversity (π) values, which could indicate selection on mitochondrial lineages; 

instead, the diversity values were nearly identical across all populations (Table S7). 

Notably, the significantly negative Tajima’s D (p ≤ 0.05, Table S8) indicates an excess 

of rare variants, a pattern that can arise from both demographic expansion and selection. 

Subsequent analyses support a scenario of recent expansion for the main populations, 

suggesting that this signal is evidence of historical demographic changes rather than 

selection acting on the mitogenomes. 

 

Demographic history 

 As previously demonstrated, BPP estimates of population size reveal differences 

among ancestral populations likely involved in the ancient introgression events 

underlying the observed discordance; these differences also support the inferred direction 

of gene flow (please refer to the Migration tests in the BPP section of the Supplementary 

Material as well). Furthermore, EBSP results indicated a marked increase in 

mitochondrial effective population size across all populations, particularly within the last 

100,000 years (Figure S19). In the nuclear dataset, Stairway Plot analyses showed a 
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consistent pattern of population expansion beginning around 60,000 years ago, followed 

by relatively stable sizes thereafter (Figure S20). 

Discussion 

 Our genomic analysis of the Tropidurus spinulosus species group reveals a 

complex evolutionary history characterized by: (a) significant discordance between 

nuclear and mitochondrial phylogenetic groupings, with very low levels of nuclear 

introgression; (b) at least two major mitochondrial capture events, specifically involving 

ancient T. xanthochilus populations and non-sister groups such as the T. spinulosus + T. 

guarani clade and T. tarara; (c) no signs of strong positive selection acting on mtDNA; 

and (d) demographic evidence of recent population expansions in both nuclear and 

mitochondrial genomes across various species in the group, along with differences in the 

sizes of ancestral populations that may have reinforced directionality of introgression 

events. Given these findings, the mitonuclear discordance observed in this study likely 

originated from admixture among ancient populations of the T. spinulosus species group 

that experienced long-term isolation, followed by secondary contact. 

 

Methodological challenges in investigating introgression as a cause of mitonuclear 

discordance 

Some caution is warranted when interpreting our results, especially given the 

nature of our dataset. UCEs, by definition, represent highly conserved genomic regions 

shared across evolutionarily distant taxa (Faircloth et al. 2012). While this might suggest 

that such data are primarily suited for addressing ‘deep’ phylogenetic questions, multiple 

studies have demonstrated their utility at the population and individual levels (Smith et 

al. 2014; Raposo do Amaral et al. 2018). Additionally, the introgression and gene flow 

tests we used can capture events on different time scales. For instance, the ABBA-BABA 

test assumes that multiple substitutions at a given site are rare, as an excess of 

substitutions can distort patterns of site discordance. This assumption tends to break down 

in deeply divergent taxa (Hibbins and Hahn 2022), making the ABBA-BABA test more 

suitable for detecting recent introgression events. We detected only one significant case 

of interspecific gene flow (both in the case of the PhyloNetworks analysis and the ABBA-

BABA tests; however, it warrants caution (as discussed below). Conversely, phylogenetic 

networks, which analyze discordance between gene trees and other concordant factors, 
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are less impacted by multiple substitutions at individual sites, making them better suited 

for detecting older introgression events (Hibbins and Hahn 2022). 

Therefore, as we used different methodologies capable of detecting signals across 

distinct time scales, our results cannot be considered dependent on the nature of the used 

markers, even considering that the accuracy of phylogenetic network methods may also 

depend on the number of gene trees used. In this regard, previous studies found that a 

similar number of gene trees compared to our dataset is sufficient to reliably recover an 

accurate network topology, even though the exact direction of reticulation events may 

remain uncertain depending on the evolutionary scenario (Solís-Lemus and Ané 2016). 

Moreover, the consistency of recovered topologies across multiple analyses, with varying 

levels of data completeness, suggests that the majority of our UCE gene trees are resolved 

and phylogenetically informative. Therefore, although other genomic markers may offer 

greater sensitivity for detecting introgression, the consistency of our results across 

multiple analytical frameworks—each suited to detecting gene flow over different 

temporal scales—supports the conclusion of minimal or no nuclear introgression within 

the Tropidurus spinulosus group. In any case, future comparative studies are warranted 

to evaluate how the choice of genomic markers may influence the detection of complex 

evolutionary processes such as introgression. 

 

Decoupled histories: mitonuclear discordance with minimal nuclear introgression 

 Reports of mitonuclear discordance are not unexpected, given that mitochondrial 

and nuclear genomes evolve semi-independently. In this context, while previous studies 

have documented nuclear introgression associated with mitonuclear discordance (e.g., 

Zieliński et al. 2013; Myers et al. 2022), our findings point to a different scenario. We 

found little evidence of substantial nuclear genome introgression, and even the two 

specific results that could indicate historical hybridization within the group—a significant 

nuclear reticulation event involving Tropidurus callathelys (Figure S14) and a significant 

D‑statistic involving T. teyumirim (Table S2)—should be interpreted with caution. First, 

there is no evidence suggesting contemporary hybridization within the T. 

spinulosus group. The known biology and distribution of these specific lineages do not 

suggest the occurrence of hybridization events between them (Carvalho et al. 2013; 

Carvalho 2013; 2016), although this may reflect a distinction between contemporary gene 

flow and the ability of our methods to detect introgression over evolutionary timescales. 

Second, the extreme sampling disparity (n=1 for both T. teyumirim and T. 
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callathelys versus larger samples for other taxa) could have contributed to false positives 

in ABBA-BABA tests, which have reduced sensitivity at low admixture levels (Durand 

et al. 2011), and PhyloNetworks analyses due to stochastic effects. 

 ILS is another phenomenon that can contribute to mitonuclear discordance, and 

its signals can easily be mistaken for those caused by introgression (Andersen et al. 2021; 

DeRaad et al. 2023). In our case, if some samples of a species coalesced deep in the tree, 

before this lineage diverged from its common ancestor, a significant portion should have 

coalesced if ILS were the predominant factor driving the discordance with mitochondrial 

data. However, even our phylogenetic network analyses, which explicitly account for ILS 

(particularly PhyloNetworks and PhyloNet), did not detect substantial nuclear 

introgression events. Moreover, the agreement between partitioned (based on IQ-TREE) 

and ASTRAL analyses of nuclear markers also suggests that ILS has a limited impact on 

the phylogenetic signal (Figures S1-S6), as ASTRAL is designed to recover the correct 

topology even under high levels of ILS (Zhang et al. 2018).  

 Finally, it is essential to acknowledge the lack of methods specifically designed 

to detect mitochondrial genome introgression with the same level of precision available 

for nuclear markers. The approach adopted in this study—particularly the BPP-based 

framework using both mitochondrial and nuclear topologies as guide trees and integrating 

the mitochondrial partition with multiple nuclear loci (Figure 4)—was designed to 

illustrate how gene flow may differ between nuclear and mitochondrial genomes due to 

their distinct inheritance patterns and evolutionary dynamics. Furthermore, we sought to 

highlight the value of a genome‑wide analytical perspective for elucidating the role of 

introgressive hybridization in animal speciation—an approach still underrepresented in 

many biological systems (Good et al. 2015). Notably, recent studies have shown that, 

even in contact zones with frequent hybridization, genetic exchange can remain confined 

to very narrow geographic ranges, indicating that mitochondrial transfer does not 

necessarily lead to widespread introgression (Zozaya et al. 2024). This contrast illustrates 

how the relative permeability of nuclear and mitochondrial genomes to gene flow can 

vary markedly among squamate clades, underscoring the utility of our BPP‑based 

framework for revealing a distinct pattern in Tropidurus. 

 Specifically, we discovered that while our nuclear data largely dismisses the 

occurrence of prominent introgression within our species group, the mitochondrial 

genome presents a contrasting picture. Migration rate estimates increase when 

mitochondrial DNA is included—either as an additional partition or by using the 
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mitochondrial topology as the guide tree (Tables S3-S4). Specifically, while BPP 

analyses of 100 UCE loci produced minimal migration rate estimates (under the nuclear-

guided topology), incorporating the mitogenome into the dataset increased the estimated 

values despite the much larger size of the nuclear dataset. Notably, higher migration rate 

estimates appeared only in scenarios involving ancestral populations (regardless of 

whether the nuclear or mitochondrial topology was used as the guide tree), producing 

more realistic values (Figure 4). These findings not only underscore the analytical value 

of including mitochondrial data in gene flow estimates but also support the conclusion 

that the nuclear phylogenies more accurately reflect species history in the T. spinulosus 

system. 

 

Proximate explanations of mitonuclear discordance in the Tropidurus spinulosus 

species group 

 Evidence supporting a demography-related hypothesis regarding introgression 

typically falls into three main categories (e.g., Hinojosa et al. 2019; Palacios et al. 2023; 

Shen et al. 2025): (i) prolonged periods of isolation; (ii) population growth leading to 

secondary contact; and (iii) a biogeographic signal related to the discordance. Below, we 

discuss how our findings align with this framework, as the primary cause of the 

mitonuclear discordance reported in this study is mitochondrial capture associated with 

the demography of the lineages within the Tropidurus spinulosus group. Specifically, our 

results indicate ancient gene flow events occurring in populations that were likely isolated 

for extended periods before undergoing secondary contact, although we detected limited 

evidence of nuclear introgression. Additionally, both nuclear and mitochondrial datasets 

reveal widespread historical fluctuations in population size (Figures S19-S20; Tables S5-

S6). Similar cases have been documented in lizards (e.g., Myers et al. 2022), where 

geographic isolation, followed by range and demographic expansions, led to secondary 

contact and gene flow between previously diverged groups.  

 First, our divergence time estimates support a gradual and prolonged separation 

among species in the Tropidurus spinulosus group, with divergence events between 

species occurring from 20 Ma onward. Specifically, the initial split occurred between 20 

and 15 Ma, with T. melanopleurus diverging first. Around 10 Ma, T. callathelys separated 

from the remaining taxa, while most subsequent speciation events took place between 8 

and 2.5 Ma (Figure 3). Related to that, it is essential to note that the evolutionary history 

of South America’s dry diagonal has been shaped by multiple Neogene (23 Ma onward) 
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geological and climatic processes, with individual taxa responding uniquely to local 

conditions (Guillory et al. 2024). Deep divergences among Squamates, including those 

within the T. spinulosus group, likely stem from Miocene events such as the uplift of the 

Central Brazilian Plateau and marine incursions in the southern dry diagonal (Guillory et 

al., 2024; Bezerra et al., 2025). 

 If such geological events led to prolonged geographic isolation of lineages, their 

gradual cessation would have increased opportunities for secondary contact and potential 

introgression, particularly when coupled with demographic and range expansions. In such 

a scenario, periods of secondary contact may have led to the formation of hybrid zones 

with varying levels of interbreeding, followed by contrasting patterns of gene flow 

between the nuclear and mitochondrial genomes. During periods of geographic and/or 

demographic expansion, nuclear genomes—subject to recombination and meiotic 

segregation—undergo widespread admixture and tend to homogenize over time, diluting 

distinct traces of past isolation and secondary contact. In contrast, divergent 

mitochondrial haplotypes, which are non-recombining and inherited solely from the 

females, may persist due to genetic drift, particularly if introgression occurred early in 

the population expansion or when the population sizes were relatively low. 

 The directionality of gene flow events is another factor that could have played a 

crucial role in facilitating neutral mitochondrial capture. Because genetic drift is more 

pronounced in small populations, neutral mutations in mitogenomes are more likely to 

become fixed (Moore 1995; Després, 2019). Consequently, unidirectional introgression 

from a larger, resident population into a smaller, invading one would be more probable 

during the early stages of contact. If the ancestral populations of any species in the 

Tropidurus spinulosus group were more range-restricted, such conditions would further 

facilitate the fixation of captured mitochondrial variants through drift. The repeated 

instances of discordance involving T. xanthochilus, due to ancient introgression, may 

suggest that this lineage had a smaller population size compared to others. Our ancestral 

population size estimates are consistent with this scenario. For instance, in the model 

where migration rates are higher (in this case, using the mitochondrial topology as the 

guide tree; Tables S3-S4), Θ estimates of T. xanthochilus are considerably lower than 

those of the ancestor involved in the gene flow event—in this case M (T. xanthochilus ͢  

ancestor (T. guarani, T. spinulosus)) = 0.3629, with Θ values of 0.0006258 and 0.02017, 

respectively (Table S5). A similar pattern was observed when the nuclear topology was 

used as the guide tree, with the ancestors of the T. tarara + T. spinulosus + T. guarani 
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clade exhibiting higher Θ values than those of the ancestral T. xanthochilus populations 

(Table S6). Under this scenario, it would be plausible to suggest that the mitogenomes of 

some T. xanthochilus individuals could have been incorporated by the larger ancestral 

populations of the T. guarani + T. spinulosus clade, and also by ancestral populations of 

T. tarara. 

 It is also noteworthy to emphasize that two of our demographic analyses (EBSP 

and Stairway Plot) may capture only a narrower temporal window than the full span of 

historical gene‐flow events. Furthermore, both approaches assume panmictic, 

unstructured populations (an assumption likely violated by our sampling of divergent 

lineages), which can bias demographic reconstructions (Heller et al. 2013). Even so, it is 

reasonable to assume that relatively recent demographic shifts during the Pleistocene 

(2.5 Ma–12 ka) may have contributed to the observed mitonuclear discordance, either by 

facilitating the fixation of mitochondrial variants or by reducing detectable signatures of 

nuclear introgression. Our results suggest that population expansions might have begun 

at least 100 ka ago in the mitochondrial dataset (Figure S19) and around 60 ka in the 

nuclear dataset (Figure S20), with relative stability thereafter. Similar late‐Pleistocene 

demographic fluctuations shaping phylogeographic patterns have been documented in 

other squamate lineages (Guillory et al. 2024). Finally, the temporal mismatch between 

mitochondrial and nuclear estimates likely reflects the distinct mutation rates applied to 

each dataset; as with many non‐model organisms, specific substitution rate estimates for 

Tropidurus species are unavailable, adding uncertainty to absolute time estimates. For 

these reasons, we interpret our demographic inferences with caution, recognizing that 

both population structure and rate uncertainty may influence the magnitude and timing of 

inferred events. 

 In addition, the two particular instances of mtDNA capture involving Tropidurus 

xanthochilus are also associated with biogeographic signals: one possibly occurring to 

the west of T. xanthochilus’ distribution, involving ancestral populations of the T. 

spinulosus + T. guarani clade, and another to the south, involving T. tarara. Tropidurus 

spinulosus is found west of the Paraguay River, from north-central Argentina and 

northwestern Paraguay to southeastern and central Bolivia, covering both the Chaco and 

dry forest zones (Frost et al. 1998; Carvalho 2013). Although distributional data remain 

limited, the known ranges of T. spinulosus and T. xanthochilus are allopatric. The nearest 

known populations of T. spinulosus are located at least 350 km south of the type locality 

of T. xanthochilus, near the ‘Serranía de Huanchaca’ (Harvey and Gutberlet, 1998). Even 
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so, Harvey and Gutberlet (1998) proposed that T. xanthochilus and T. spinulosus might 

be parapatric in the area where the forests of the Tarvo and Paraguá Rivers merge with 

the semideciduous ‘Chiquitania’ dry forest. On the other hand, T. tarara is known from 

the northern portion of Eastern Paraguay, east of the Paraguay River, to the Brazilian state 

of Mato Grosso do Sul (near the southern limit of the distribution of T. xanthochilus). 

 Future studies (whether empirical or based on modelling scenarios) will be crucial 

to assess the potential overlap (past or present) in the distributions of Tropidurus 

xanthochilus with T. spinulosus + T. guarani clade, and T. tarara as well. Such overlap 

would provide additional biogeographical evidence for mitochondrial capture among 

these lineages. Environmental changes can increase opportunities for hybridization and 

introgression through neutral demographic processes (Excoffier et al. 2009; Phuong et al. 

2016), with mitonuclear discordance of this nature often linked to climatic instability and 

its effects on demographic dynamics (Phuong et al. 2016). Phylogenetic niche modeling, 

which combines past and present climate data with occurrence records and time-

calibrated phylogenies to reconstruct historical geographic ranges (e.g., Guillory and 

Brown, 2021), may be beneficial for testing these hypotheses in the future. 

 Finally, our findings suggest that mitochondrial capture in the Tropidurus 

spinulosus group likely occurred during a period when the current lineages were not yet 

fully differentiated and still overlapped in both space and time. This interpretation is 

supported by our migration rate results, which show that the highest estimated values 

were associated with scenarios involving ancestral populations (Figure 4). Notably, this 

aligns with the “gray zone of speciation” concept—a transitional phase where populations 

shift from widespread admixture to complete genetic isolation (Roux et al. 2016; 

Burbrink et al. 2021), facilitated by pre- and/or post-zygotic barriers (Stankowski and 

Ravinet, 2021). The complexity of our evolutionary scenario also suggests that a 

bibliographic synthesis indicating the major evolutionary drivers and consequences of 

introgression and genomic capture across taxonomic groups and biogeographic regions 

providing research avenues and broad hypothesis-testing frameworks would be of great 

interest to the evolutionary biology community. 

 

Mitonuclear discordance beyond neutral processes: a case for natural selection? 

 Our analyses did not reveal strong evidence of positive selection acting on the 

mitochondrial genome of the Tropidurus spinulosus species group. Site-model tests 

across the phylogeny identified only a few individual codons under selection, indicating 
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that these methods captured limited signals of episodic or pervasive positive selection 

acting on the mitogenome. However, these approaches are designed to detect selection at 

the level of specific codons or phylogenetic branches, rather than to assess the rapid 

fixation of mitochondrial haplotypes following introgression (see the HyPhy 

documentation for a detailed explanation). In such a scenario, an entire haplotype could 

be fixed in a new species, a process that might not be directly detectable by the methods 

adopted here. 

 Nonetheless, complementary analyses, including nucleotide diversity estimates 

and Tajima’s D test results, do not provide support for natural selection either. First, 

comparable π levels across the lineages involved in the discordance (Table S7) are not 

indicative of selective forces strongly acting on the mitogenomes of Tropidurus 

spinulosus species. Similarly, the negative Tajima’s D values (Table S8), while 

theoretically compatible with both selection and population expansion, are here 

interpreted as indicative of historical demographic changes in light of the additional 

evidence previously discussed. Furthermore, in lizards—where mitochondrial function is 

less constrained by high metabolic demands compared to endotherms (Chung and Schulte 

2020)—the selective pressure for rapid fixation of an introgressed mitogenome is likely 

lower. Nonetheless, while selective factors are unlikely to be the primary drivers of 

mitonuclear discordance in T. spinulosus lineages, adaptive explanations may still be 

underrepresented in the literature (e.g., Mao and Rossiter 2020), which may partly reflect 

the inherent challenges in reliably detecting selection on mtDNA (Bonnet et al. 2017). 

 

Sex-biased dispersal in Tropiduridae and its potential role in mitonuclear discordance 

Finally, future investigations could look further into the role of mitonuclear 

incompatibilities and mating systems in explaining contrasting signals between nuDNA 

and mtDNA. Asymmetries between sexes in mating behavior, offspring production, and 

dispersal are well-known demographic factors contributing to mitonuclear discordance 

(Dessi et al. 2022). For example, in species where males exhibit greater dispersal, nuDNA 

is expected to show higher genetic homogeneity across distant populations, as male-

mediated gene flow facilitates the spreading and mixing of their genetic material. 

Conversely, if females are more philopatric (i.e., remain near their birthplace), mtDNA 

may display greater population structure, preserving historical patterns of isolation. As a 

result, while nuDNA may indicate a single, cohesive population over a broad geographic 

range, mtDNA could reveal distinct subpopulations shaped by limited female dispersal. 
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This process can lead to geographically structured mitochondrial lineages that persist 

despite widespread nuclear gene flow (see reviews in Toews and Brelsford 2012; Bonnet 

et al. 2017). Currently, empirical data on the dispersal behavior of Tropidurus species are 

lacking. However, among close relatives of Tropiduridae (e.g., Phrynosomatidae), 

females exhibit strong philopatry and possibly territoriality, whereas males may disperse 

further from contact zones, facilitating nuclear gene flow but limiting mitochondrial 

inheritance (Qi et al. 2013). Although limited studies have been conducted on squamate 

reptiles, some evidence indicates that sex-biased differences in behavior and fitness can 

influence dispersal patterns. Therefore, we recommend future research to investigate 

whether sex-related dispersal contributes to the mitonuclear discordance observed in 

Tropidurus. 
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RESUMO 

 

A biodiversidade sul-americana foi moldada por uma complexa interação entre processos 
geológicos e climáticos, mas as contribuições relativas de eventos específicos na evolução 
de sua fauna nativa ainda são pouco compreendidas. Investigamos os padrões evolutivos 
e os processos de especiação do grupo de espécies Tropidurus spinulosus (Squamata: 
Tropiduridae), amplamente distribuído pelos habitats abertos do centro-sul da América 
do Sul, como modelo para desvendar esses fatores. Para isso, integramos dados de 
filogenômica, inferência de tempos de divergência, reconstrução de caracteres ancestrais, 
projeções paleoclimáticas e seleção de modelos demográficos. Sequenciamos loci de 
elementos ultraconservados (UCE) de representantes de todas as espécies reconhecidas, 
além de uma linhagem ainda não descrita. As análises filogenômicas revelaram que as 
relações dentro do grupo são mais complexas do que se reconhecia anteriormente, 
indicando a necessidade de uma possível revisão taxonômica. Por exemplo, T. 
lagunablanca está inserido dentro de T. tarara, sugerindo que ambas devem ser 
sinonimizadas. Além disso, T. guarani mostrou-se parafilético em relação a T. spinulosus, 
evidenciando fronteiras ainda indefinidas entre esses táxons. A estimativa dos tempos de 
divergência situou as separações mais antigas do grupo no Mioceno, coincidindo com 
incursões marinhas no continente. Esses resultados apontam a vicariância induzida por 
eventos marinhos como o principal fator inicial de isolamento de linhagens, 
especialmente em T. melanopleurus, a espécie que divergiu mais precocemente no grupo. 
Eventos geológicos subsequentes também influenciaram a especiação e os padrões de 
estrutura populacional. A subsidência da Bacia do Pantanal e a reorganização hidrográfica 
associada (que culminaram no estabelecimento do curso moderno do rio Paraguai durante 
a transição Plio–Pleistocênica) reforçaram a compartimentalização populacional e 
contribuíram para a atual alopatria de espécies-irmãs (por exemplo, T. spinulosus a oeste 
e T. guarani a leste). As reconstruções de caracteres ancestrais indicam um ancestral 
saxícola, com pelo menos três transições independentes para o hábito arborícola (T. 
spinulosus, T. tarara e T. xanthochilus), sugerindo que mudanças de micro-habitat 
complementaram o isolamento geográfico ao promover divergência ecológica e 
reprodutiva. As reconstruções de distribuições ancestrais combinadas com modelos 
demográficos revelam ainda expansões de distribuição no Pleistoceno, que remodelaram 
as distribuições e possibilitaram episódios de contato secundário e introgressão. Em 
conjunto, nossos resultados descrevem um processo em camadas temporais: a vicariância 
miocênica induzida por incursões marinhas foi responsável pela separação inicial das 
linhagens; o particionamento hidrográfico no Plio–Pleistoceno reforçou o isolamento 
espacial; e as oscilações climáticas pleistocênicas modularam as dinâmicas demográficas 
e histórias de introgressão. Esse arcabouço integrativo destaca como eventos geológicos 
e climáticos do Neógeno e do Quaternário atuaram conjuntamente na geração da 
diversidade herpetofaunística contemporânea e oferece previsões explícitas e testáveis 
para estudos biogeográficos comparativos de vertebrados co-distribuídos nos 
ecossistemas abertos do sul da América do Sul. 
 
Palavras-chave: especiação; filogenômica; Neógeno; Pleistoceno; Rio Paraguai; 
transgressões marinhas; vicariância. 

 
 



 
 

 

 
ABSTRACT 

 

South American biodiversity has been shaped by a complex interplay of geological and 
climatic processes, yet the relative contributions of specific events on the evolution of its 
native fauna remain poorly resolved. We investigated the evolutionary patterns and 
speciation processes of the Tropidurus spinulosus (Squamata: Tropiduridae) species 
group, widespread across open habitats of south-central South America, as a model to 
disentangle these drivers by integrating phylogenomics, divergence-time inference, 
ancestral trait reconstruction, paleoclimatic projections, and demographic model 
selection. We sequenced ultraconserved elements (UCE) from representatives of all 
recognized species plus one undescribed lineage. Phylogenomic analyses revealed that 
relationships within the group are more complex than previously recognized, warranting 
potential taxonomic revision. For instance, T. lagunablanca is nested within T. tarara, 
suggesting that it should be synonymized. Moreover, T. guarani is paraphyletic with 
respect to T. spinulosus, highlighting unresolved boundaries between these taxa. 
Divergence-time estimation placed the earliest splits within the group in the Miocene, 
coincident with marine incursions in the continent. These results implicate marine-driven 
vicariance as an initial driver of lineage isolation, particularly in T. melanopleurus, the 
earliest-diverging species in the group. Subsequent geological events further influenced 
speciation and patterns of population structure in the group. The subsidence of the 
Pantanal Basin and associated hydrographic reorganization, culminating in the 
establishment of the modern Paraguay River during the Plio–Pleistocene transition, 
reinforced population compartmentalization and contributed to the current allopatry of 
sister taxa (e.g., T. spinulosus west vs. T. guarani east). Ancestral state reconstructions 
indicate a saxicolous ancestor with at least three independent transitions to arboreality (in 
T. spinulosus, T. tarara, and T. xanthochilus), suggesting that microhabitat shifts 
complemented geographic isolation in promoting ecological and reproductive 
divergence. Reconstructions of ancestral distributions combined with demographic 
models further reveal Pleistocene range expansions that reshaped distributions and 
facilitated episodes of secondary contact and introgression. Taken together, our results 
describe a temporally layered process: Miocene vicariance driven by marine incursions 
was responsible for initial lineage splitting; Plio–Pleistocene hydrographic partitioning 
reinforced spatial isolation; and Pleistocene climatic oscillations modulated demographic 
dynamics and introgressive histories. This integrative framework highlights how 
Neogene and Quaternary earth-history events jointly generated contemporary 
herpetofaunal diversity and provides explicit, testable predictions for comparative 
biogeographic studies of co-distributed vertebrates in the southern open ecosystems of 
South America. 
 
Key words: marine transgressions; Neogene; Paraguay River; Pleistocene; 
phylogenomics; speciation; vicariance. 
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5.1 INTRODUCTION 
 

5.1.1 BIOTIC DIVERSIFICATION IN SOUTH AMERICA AND THE ROLE OF 
GEOCLIMATIC EVENTS 

The evolutionary history of South American biodiversity has been shaped by 

diverse geological and climatic processes, particularly since the Neogene (~23–2.5 Ma; 

Rull, 2011; Hoorn et al., 2023; Jaramillo, 2023), with taxa responding differently to local 

conditions (Guillory et al., 2024). This period was characterized by intense Andean 

orogeny, with successive uplift events that fundamentally reshaped South America’s 

landscapes and climate, leaving a lasting impact on the biotic composition of the 

Neotropics (Gregory-Wodzicki, 2000; Antonelli et al., 2009; Hoorn et al., 2010). A large 

amount of evidence has illuminated the main processes defining South American 

biological diversity (Antonelli et al., 2018; Rull, 2020; Palma-Silva et al., 2022), with 

finer-scale phylogeographic investigations testing multiple hypotheses of population 

dynamics and diversification (Turchetto-Zolet et al., 2013; Esquerré et al., 2019; Guillory 

et al., 2024). However, the exact mechanisms linking geological and climatic events to 

current biodiversity patterns remain debated, particularly due to limited data availability 

in terms of taxonomic representation and regional coverage. 

Nevertheless, molecular and paleontological evidence is sufficient to suggest that 

the origins of many South American Squamata lineages likely date back to the Miocene 

period (~23–5 Ma). Empirical evidence from various taxa has progressively reinforced 

the importance of events that occurred in this period in shaping South American 

herpetofauna diversification (Guarnizo et al., 2016; Pereira and Schrago, 2017; Sheu et 

al., 2020; Bezerra et al., 2025). Specifically, geological events such as the uplift of the 

Brazilian Central Plateau (BCP) and marine incursions had a major role in this context 

(Guillory et al., 2024; Bezerra et al., 2025). On the other hand, although Neogene events 

contributed to deep divergences and broad biodiversity patterns, studies indicate that 

Quaternary processes, particularly during the Pleistocene (~2.5 Ma–12 Ka), also played 

a significant role, particularly in shaping specific environmental conditions, which 

directly influenced population structure, genetic diversity, and the historical demography 

of squamate species (Ledo et al., 2020; Marques-Souza et al., 2020; Fonseca et al., 2024). 

Therefore, it is important to consider the influence of both older and more recent 

geoclimatic events on the evolutionary history of our focal group, Tropidurus Wied, 

1825. 
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5.1.2 THE Tropidurus spinulosus GROUP: DISTRIBUTION, ECOLOGY AND 
KNOWLEDGE GAPS 

With approximately 31 recognized species (Carvalho 2016; Carvalho et al. 2024; 

Ferreira et al., 2025), Tropidurus lizards occupy tropical and subtropical open habitats 

across South America, particularly along the Dry Diagonal, Amazonian savanna 

enclaves, and portions of the Atlantic Forest (Ávila-Pires, 1995; Carvalho, 2013; 

Carvalho et al., 2013; Werneck et al., 2015). Most species are sedentary and show 

consistent substrate associations, living on trees, rocky outcrops, or sandy soils 

(Rodrigues, 1987; Carvalho, 2013; Carvalho et al., 2013). These contrasting 

environments impose distinct mechanical demands: stable rock surfaces facilitate rapid 

acceleration, whereas loose sand reduces traction and increases locomotor costs, often 

selecting for enhanced sprint performance under predation and thermal pressures 

(Lejeune et al., 1998; Rocha, 1998). Empirical comparisons show that sister species can 

diverge quickly in locomotor performance despite minimal skeletal differentiation, 

particularly when they occupy different substrates (Kohlsdorf et al., 2001). Such 

functional trade-offs, together with repeated transitions in habitat use documented across 

the genus (Vitt, 1991; Ellinger et al., 2001; Kohlsdorf et al., 2001, 2008; Kohlsdorf et al., 

2004; Grizante et al., 2010), highlight how ecological specialization has shaped their 

morphological and performance traits. This combination of ecological heterogeneity, 

morphological diversity, and broad geographic distribution makes Tropidurus a powerful 

model for studying ecologically driven divergence (e.g., Kohlsdorf et al., 2001; Grizante 

et al., 2010). 

In this context, the evolutionary history of Tropidurus has been investigated using 

diverse types of data. Early phylogenetic analyses were mostly based on morphological 

traits, including osteological characters, external and hemipenial morphology, and scale 

patterns (Frost, 1992; Harvey and Gutberlet, 2000; but see Frost et al., 1998 for the first 

molecular study of this group, and Frost et al., 2001 for the first study incorporating 

molecular evidence in a combined analysis). Since then, molecular approaches, especially 

phylogeographic studies, have greatly expanded our understanding on the evolution of 

the genus (Werneck et al., 2015; Carvalho et al., 2016, 2018; Domingos et al., 2017; 

Carvalho et al., 2024; Ferreira et al., 2025). Despite these advances, many studies have 

focused on sampling near type localities, limiting the representation of broader population 

diversity. Additionally, the wide distribution of many species (Carvalho, 2013) 

underscores the need for more comprehensive population-level sampling. Recent studies 
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have clarified important phylogenetic issues within two of its four unranked species 

groups, the Tropidurus semitaeniatus (Werneck et al., 2015; Ferreira et al., 2025) and T. 

torquatus (Carvalho et al., 2016, 2018, 2024) groups. However, the evolutionary history 

of the remaining two clades—particularly the Tropidurus spinulosus group, with the T. 

bogerti group being monotypic—remains relatively less understood. 

In particular, the Tropidurus spinulosus group is widely distributed across tropical 

and subtropical open environments in South America, predominantly in rocky and 

arboreal habitats (Álvarez et al., 1994; Frost et al., 1998; Harvey et al., 1998; Carvalho, 

2016). Initially recognized by Frost et al. (2001) as comprising five species, the group 

currently includes at least eight recognized taxa: T. callathelys, T. guarani, T. 

lagunablanca, T. melanopleurus, T. spinulosus, T. tarara, T. teyumirim, and T. 

xanthochilus (Frost et al., 1998; Harvey and Gutberlet, 1998; Frost et al., 2001; Carvalho, 

2016). Additionally, there is evidence of undescribed species, one of which is currently 

undergoing formal description (Carvalho, in preparation; here referred to as T. sp. nov.). 

Rivadeneira (2008) also mentioned two T. melanopleurus subspecies that may represent 

valid species (T. melanopleurus melanopleurus and T. melanopleurus pictus). The 

diversification timeline of Tropidurus remains poorly resolved (Carvalho et al., 2024), 

and this is particularly true for the T. spinulosus group, in which sparse molecular 

sampling and a shortage of reliable calibration points preclude precise divergence‐time 

estimates. This scenario highlights the need for integrative studies combining broader 

population sampling, improved molecular clock analyses, and detailed phylogenetic and 

biogeographic reconstructions to provide a clearer picture of their evolution. 

 

5.1.3 GEOLOGICAL CONTEXT FOR Tropidurus spinulosus DIVERSIFICATION: 
ANCIENT MARINE INCURSIONS, THE PANTANAL, THE BRAZILIAN SHIELD 
AND THE PARAGUAY RIVER 

Among the major geoclimatic events that shaped the evolution of our focal group, 

marine incursions represent a key process. Conceptually, marine incursions, or 

transgressions, occur when ocean waters flood continental interiors due to global sea-

level rise and regional tectonic subsidence, and have reshaped terrestrial habitats on every 

continent with varying extent and timing (Hoorn, 1993; Lovejoy et al., 2006; Bloom et 

al., 2011). By inundating lowland environments, these events render vast areas 

inhospitable to land-dwelling organisms, forcing populations into upland refugia or 

isolated pockets with favorable local conditions. Over prolonged periods, such habitat 
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fragmentation can drive genetic divergence and ultimately allopatric speciation, and 

highland zones often serve as biodiversity reservoirs that generate high endemism and 

species richness (Bloom et al., 2011; Yang et al., 2013). Despite their potential 

importance, marine transgressions have received limited empirical scrutiny in 

Neotropical terrestrial systems, hindering the formulation of explicit hypotheses. 

Nevertheless, pioneering studies have provided potential explanations regarding marine-

driven diversification. For instance, Nores (2004), examining avian distribution patterns 

across the lowlands of northern South America, proposed that a sea-level rise of 

approximately 100 m would have inundated extensive lowland areas, isolating upland 

“islands” within a flooded landscape and thereby promoting vicariant speciation. This 

hypothesis is supported by patterns of bird endemism that correspond closely to the 100 

m paleocontours. Molecular phylogenetic studies across diverse groups in the 

Neotropical region (e.g., birds: Aleixo 2004; fishes: Cooke et al. 2012) have further 

provided at least partial support for vicariant patterns expected under an ancient incursion 

scenario, reinforcing the role of marine transgressions as dynamic drivers of terrestrial 

diversification. 

 In the context of the present study, geological evidence shows that during the 

Oligocene–Miocene transition, and throughout the Miocene, global sea levels rose 

significantly, triggering at least two major Atlantic marine incursions in southern South 

America beginning around 18–13 Ma, and then from 10–5 Ma, approximately (Miller et 

al., 2005; Hernández et al., 2005; del Río et al., 2018). Concurrent uplift of the Andes and 

subsidence of foreland basins further amplified regional marine flooding (Gregory-

Wodzicki, 2000; Garzione et al., 2008; Cuitiño et al., 2012). These transgressions, 

collectively known as the “Mar Paranaense”, inundated eastern Argentina, western 

Uruguay, southern Paraguay, and southeastern Bolivia, with sediments of the Yecua 

Formation documenting incursions into central South America around 10 Ma (Räsänen 

et al., 1995; Ortiz-Jaureguizar & Cladera, 2006) (FIGURE 1). Flooding of the Paraná 

Basin region likely submerged much of the Chaco biome, as indicated by 

sedimentological and fossil records (Hernández et al., 2005; Hulka et al., 2006). 

Furthermore, northwestern extensions of the “Mar Paranaense” may have connected with 

contemporaneous incursions in the eastern Andes, the Guyana and Brazilian basins, and 

even Amazonian seaways during the late Miocene (Uba et al., 2009). By the Mio–

Pliocene transition (around 5 Ma), the “Mar Paranaense” had regressed, giving rise to 

extensive plains across northern Patagonia, central and northern Argentina, and Uruguay, 
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as well as lowland areas adjacent to the eastern Andean foothills in Bolivia and Peru. This 

regression, possibly driven by the Andean “Quechua” diastrophism marked the onset of 

the Southern Plains Era, during which climatic cooling at the end of the Oligocene 

fostered the replacement of forests by savannas and helped delineate the biogeographic 

subregions of southern South America (Uliana & Biddle, 1988; Ortiz-Jaureguizar, 1998; 

Barreda & Palazzesi, 2007). In sum, evidence from sedimentology, paleontology, 

phylogenetics, and biogeography underscores marine incursions as underappreciated but 

pivotal forces in shaping the distribution, isolation, and diversification of terrestrial 

lineages across South America, likely including Tropidurus lizards. 
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FIGURE 1 – Possible extension of the Miocene (~ 12 Ma) transgression of the Paranaense Sea. Modified 
from Ramos & Alemán (2000). 

 
SOURCE: the author & Laura Laino da Costa (2025). 

 

Beyond historical marine incursions, other environmental factors also seem to 

shape the distribution of Tropidurus spinulosus species, yet the relationships among 

populations in the Pantanal Basin and its surroundings remain poorly resolved. Previous 
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studies have not thoroughly examined the distribution of these species around the 

floodplain and adjacent regions from a historical biogeographic perspective. 

The Pantanal, which harbors lower biodiversity relative to adjacent biomes (see 

review in Junk & Cunha, 2018), has been the focus of herpetofaunal studies examining 

how geological history has influenced differences in species richness and composition 

between the Pantanal depression and the surrounding plateaus (Nogueira et al., 2011; 

Strüssmann et al., 2011; Piatti et al., 2019). Specifically, the Pantanal constitutes a 

seasonally flooded ecoregion surrounded by a mosaic of Cerrado and other adjacent 

formations (FIGURE 2A), creating contact zones and potential ecological barriers to 

species dispersal. The formation of both the basin and the bordering highlands (plateaus) 

is likely tied to Andean uplift events around 2.5 Ma (Ussami et al., 1999)—a geological 

process that played a key role in shaping the region’s complex landscape and, in turn, 

influenced species distributions, range boundaries, and demographic dynamics, 

potentially limiting connectivity among Cerrado populations near the Pantanal margins. 

In this context, the peripheral distribution of the Tropidurus spinulosus group around the 

Pantanal may be partially attributable to ancient geological transformations and the 

specific habitats preferred by these lizards. Alternatively, the Pantanal floodplain may act 

as an environmental filter, excluding taxa not adapted to its cyclical regimes of flooding 

and drought (Junk et al., 2006; Strüssmann et al., 2011). 

To the northeast and east, the plateaus surrounding the Pantanal Floodplain are 

contiguous with the broader Brazilian Shield—a stable Precambrian cratonic block 

extending from the Amazon lowlands in the north, to the La Plata estuary in the south 

(within the Chaco-Paraná Basin), and bounded by the Madeira and Paraguay river 

lowlands to the west, and the Atlantic coast to the east (Cordani, 1988; Buckup, 2011; 

FIGURE 2B). Although 157 otaling 157 ics activity continued through the Cenozoic 

(Ribeiro, 2006; Buckup, 2011), the Shield’s cratonic basement has remained relatively 

stable in contrast to the more dynamic Andean foreland basins. The Brazilian Shield also 

underlies much of central and southeastern Brazil, forming the BCP, which reaches 

elevations of up to 1,700 m across the Cerrado biome (Sano et al., 2019; Lira-Martins et 

al., 2022) (FIGURE 2B). Between approximately 3 and 2.5 Ma, peripheral depressions 

surrounding the BCP underwent subsidence while the plateau itself attained its modern 

elevation, increasing regional topographic and ecological heterogeneity (Ab’Sáber, 1983; 

Del’Arco & Bezerra, 1989). Geological events in these areas have been linked to lineage 

divergences in multiple groups since at least 18 Ma (see review in Guillory et al., 2024). 
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Finally, along the southern margin of the Pantanal, the Bodoquena Plateau—an Upper 

Proterozoic block of the Corumbá Group formed by tectonic subsidence—further restricts 

water outflow and reinforces the region’s seasonal flooding dynamics (Souza & Souza, 

2010). Together, these multiple geological boundaries have created a mosaic of 

elevational barriers that may have acted both as refugia and environmental filters. 

Furthermore, being the world’s largest tropical floodplain, the Pantanal biome is 

consistently shaped by river dynamics, seasonal flooding, and ecological influences from 

surrounding biomes (Hamilton, 1996; Alho, 2008). In hydrological terms, the Pantanal 

Basin forms the upper portion of the Paraguay River Basin and is part of the vast Río de 

la Plata system—here referred to as the Del Plata Basin (Brea & Zucol, 2011; Assine et 

al., 2015). Covering approximately 3.17 × 10⁶ km² (~1.22 × 10⁶ mi²), the Del Plata Basin 

drains extensive areas of southeastern Bolivia, southern and central Brazil, most of 

Paraguay and Uruguay, and northern Argentina—making it the second-largest drainage 

system in South America after the Amazon Basin (Brea & Zucol, 2011; Assine et al., 

2015; FIGURE 2C). 

Functionally, the Pantanal Basin acts as a major hydrological regulator within this 

system: during the rainy season, widespread flooding retains large volumes of water, 

delaying the discharge of the Paraguay River and helping to prevent its flood peak from 

coinciding with that of the Paraná River (Barros et al., 2004; Brea & Zucol, 2011; Assine 

et al., 2015). Of particular relevance to the present study, the Paraguay River originates 

in Mato Grosso, Brazil, and flows southward through the Pantanal biome before merging 

with the Paraná River near Corrientes, Argentina, and ultimately discharging into the La 

Plata estuary (Brea & Zucol, 2011; Assine et al., 2015; FIGURE 2C). The historical 

course of the Paraguay River is closely tied to the geological evolution of the Pantanal 

Basin itself, whose formation was primarily driven by the Andean orogeny. Successive 

phases of uplift and flexural subsidence since the Miocene have progressively shaped the 

basin’s present-day configuration (Assine & Soares, 2004; Brea & Zucol, 2011; Assine 

et al., 2015). During the Late Pliocene (~2.5 Ma), the reactivation of forebulge faults 

deepened the Pantanal depression, enabling the developing basin to capture tributaries 

that had previously drained into the upper Paraná and Tocantins rivers (Ussami et al., 

1999; Assine & Soares, 2004; Assine et al., 2015; Brea & Zucol, 2011; Carvalho & 

Albert, 2011). Additional stream-capture events between the Amazon and Del Plata 

basins, driven by continued Andean uplift, progressively redirected the Paraná and 

Paraguay river systems into their modern courses by the Plio–Pleistocene transition (Brea 
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& Zucol, 2011; Carvalho & Albert, 2011). Further geomorphological and sedimentary 

evidence demonstrates that the Paraguay River and its tributaries have repeatedly shifted 

course through time due to processes such as avulsion, megafan lobe switching, channel 

deflection along floodplain margins, and episodic stream capture (Assine & Silva, 2009; 

Assine et al., 2015; Pupim et al., 2017). For example, a ~90° channel deflection occurs 

where the Paraguay River enters the Pantanal floodplain, marking a transition from 

confined meandering to a distributary pattern with active depositional lobes (Assine & 

Silva, 2009). These dynamics underscore that the Pantanal floodplain is not a static 

landscape but a highly mobile system, where hydrological and sedimentary processes 

continuously remodel drainage networks and floodplain habitats. 

Taken together, the geological history of the region (shaped by Andean uplift, 

forebulge reactivation, and historical stream capture) and the more recent Quaternary to 

Holocene fluvial dynamics (including avulsion, megafan activity, channel deflection, and 

backwater flooding), provide a coherent mechanistic framework linking landscape 

evolution to habitat reorganization in the Pantanal. These processes have produced 

spatially and temporally variable patterns of connectivity, confinement, and inundation 

across the basin, periodically generating barriers and corridors that influence the dispersal 

and persistence of terrestrial and freshwater organisms (Borba et al., 2013; Dorado-

Rodrigues et al., 2025). As such, the same geomorphic and hydrological mechanisms 

responsible for the modern floodplain dynamics likely contributed to the historical 

structuring of connectivity, refugia, and isolation that shaped the distribution, genetic 

structure, and diversification of terrestrial taxa in and around the Pantanal Basin—

including species of the Tropidurus spinulosus group. However, it is important to note 

that precisely reconstructing the Paraguay River’s course changes is challenging because 

it requires integrating multiple lines of evidence (paleochannel mapping and sedimentary 

records, dating methods, remote-sensing imagery, and geomorphological modelling) each 

with limited spatial and temporal resolution and their own sources of uncertainty 

(reworking, erosion, dating errors), which makes producing unambiguous, time-resolved 

maps of past channels difficult. 
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FIGURE 2. Geographic and geomorphological context of central South America, including its major 
ecoregions, geomorphological units, and hydrographic basins. A) Ecoregions of South America; for a 

detailed review of the resolution and delimitation differences in these ecoregions, see Olson et al. (2001). 
B) Major geomorphological units of South America. Lowland areas (below 250 m) are highlighted in 
light grey, contrasting with the surrounding highlands and plateaus (in darker colors), including the 

Andean chain, Guiana and Brazilian shields, and the Chaco–Paraná and Amazon basins. C) Map of South 
America showing the two largest river basins, the tropical Amazon Basin (dark gray) and the subtropical 

Río de la Plata Basin (light gray). The Paraná–Paraguay River system, the main north–south hydrographic 
axis of the Río de la Plata Basin, is highlighted in blue. 

 
SOURCE: the author & Laura Laino da Costa (2025). 
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Finally, it is important to note that large rivers can impose long-term barriers to 

dispersal and gene flow, promoting population differentiation and speciation when their 

courses remain stable over evolutionary timescales. One of the first proponents of this 

mechanism was the British naturalist Alfred R. Wallace (Wallace, 1852). Although this 

“riverine barrier” model is best documented in the tropical forests like the Amazon (e.g., 

Boubli et al., 2015; Ribas et al., 2022), subtropical river systems (such as the Paraná–

Paraguay river system) may also play a role in shaping patterns of species divergence, 

indicating at least partial barrier effects (Kopuchian et al., 2020). Under this model,      

synchronous divergence times across different species pairs on opposite riverbanks would 

imply a vicariant event linked to the river’s formation. In contrast, asynchronous splits or 

heterogeneous genetic distances would imply more recent dispersal or ongoing gene flow, 

modulated by species-specific dispersal abilities and ecological preferences. Within this 

framework, the Tropidurus spinulosus group displays a conspicuous east–west 

distribution relative to the Paraguay River. For instance, T. guarani occupies lowland 

regions east of the river, while its sister species, T. spinulosus, is found westward, 

primarily throughout the Dry Chaco in north-central Argentina, northwestern Paraguay, 

and southeastern to central Bolivia (Frost et al., 1998; Carvalho, 2013). This pattern 

suggests that the Mio–Pliocene tectonic-related reconfiguration of the Paraguay Basin, 

along with the establishment of the Paraguay River as a major hydrological axis, may 

have facilitated the divergence between sister taxa in our focal group (particularly by 

restricting gene flow) or at minimum contributed to the delineation of current species 

range boundaries. 

 

5.1.4 AIMS AND HYPOTHESIS 

 

The evolution of the South American biota has been strongly influenced by 

geological and climatic events since the Neogene, but the effects of these processes on 

the diversification of many groups (including lizards of the genus Tropidurus) remain 

poorly understood. In this study, we investigated how the geoclimatic history of South 

America has shaped diversification patterns in the Tropidurus spinulosus group, which is 

broadly distributed across open habitats in the south-central portion of the continent. To 

this end, we integrate genomic data, temporal analyses, and ecological methods to address 

the following questions: 
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1. What are the phylogenetic relationships among all currently recognized species 

and populations within the T. spinulosus group? 

2. Which major geoclimatic events and processes (e.g., Andean uplift, Pantanal 

subsidence, elevational gradients, Miocene marine incursions) are temporally 

associated with speciation events within the group? 

3. To what extent have ecological divergence (e.g., in substrate use) and geographic 

barriers (e.g., the Paraguay River) contributed to speciation? 

Given the extensive temporal span of the Tropidurus spinulosus group’s 

evolutionary history, it is not expected that a single mechanism will account for all 

speciation events in the group. Over millions of years, multiple processes and 

mechanisms might have acted at different times and scales, each contributing to lineage 

isolation and adaptation across specific parts of the group phylogeny. Therefore, rather 

than favoring a single hypothesis (such as marine vicariance, elevational gradients, or 

ecological shifts) a more realistic framework acknowledges that distinct speciation events 

likely resulted from varying combinations of these processes, depending on the temporal, 

geographic, and ecological context. An outline of our hypothesis, along with their 

respective main expectations is summarized in TABLE 1. 

 
TABLE 1. Summary of the three main hypotheses proposed in this study to explain speciation processes 
within the Tropidurus spinulosus group. Each hypothesis emphasizes different mechanisms, and is 
characterized by specific expectations regarding timing, demographic signatures, phylogeographic 
patterns, ecological correlates, and potential for gene flow. 

 H0: Vicariant-Marine H1: Elevational 
Gradient 

H2: Microhabitat-
Niche Shift 

Primary 
mechanism 

Population/species 
fragmentation due to 
marine incursion events 

Orogenic uplift and/or 
climate oscillations 

Shifts between 
contrasting microhabitats 
(rocks vs. trees) 

Expected timing 

Miocene: initial 
divergence events ~18 
Ma; later phases of 
species divergence 
between 10–5 Ma 

Orogenic: 5–2.5 Ma; 
Climate-driven: < 2.5 Ma 

Variable, depending on 
local substrate 
availability (Miocene–
Pleistocene) 

Demographic 
signature 

18–13 Ma & 10–5 Ma: 
marked contractions 
during marine incursions 

Immediately after retreat 
of marine incursions (~ 5 
Ma onwards): rapid 
expansion and possible 
secondary contact 

Orogenic (5–2.5 Ma): 
decline in population size 
concomitant with 
tectonic uplift, followed 
by demographic stability 

Climate-driven (< 2.5 
Ma): repeated cycles of 
contraction during 
glaciations and 
expansion during 

In times of emergence of 
new substrates 
(Miocene–Pleistocene 
transition): founding 
event followed by rapid 
population expansion; 

No prolonged decline in 
population sizes after 
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 interglaciations, with 
peaks at each glacial 
maximum 

establishment in the new 
niche 

Phylogeographic 
pattern 

Sister species on 
opposite sides of ancient 
marine corridors (E–W, 
N–S) 

Sister species in 
adjacent, non-
overlapping altitudinal 
zones 

Sympatric or parapatric 
sister species dwelling on 
distinct substrates 

Ecological 
expectation 

Geographical isolation 
by water courses; no 
direct relationship with 
substrate type or altitude 

Isolation by altitude, no 
need to change habitat 

Isolation by ecological 
specialization (substrate); 
divergent selection even 
in spatial proximity 

Gene flow 

Interrupted by marine 
barriers; possible 
secondary contact after 
the retreat of continental 
marine incursions  

Limited by enduring 
topographical barriers; 
potentially cyclical in the 
climate scenario 

Restricted by strong 
divergent selection 
associated with substrate 
specialization, even in 
the absence of other 
physical barriers 

SOURCE: the author (2025). 

 

A detailed version of our (non-mutually exclusive) hypotheses can be found bellow: 

Null Hypothesis = Hypothesis 0 (H0): Vicariant-Marine Hypothesis 

During the late Miocene and Pliocene, repeated marine transgressions (particularly the 

expansion and retreat of the “Paranaense Sea”) may have fragmented the once-continuous 

range of ancestral Tropidurus spinulosus group lineages, displacing populations into 

upland refugia or isolating them in areas where local conditions remained suitable. Under 

this scenario, the earliest divergences within the clade likely occurred when populations 

became isolated on opposite sides of the advancing sea (i.e., eastern vs. western margins), 

especially during the initial phase of the incursion around ~18 Ma. Subsequent divergence 

events would have unfolded along the northern and southern margins of the “Paranaense 

Sea”, driven by later phases of marine expansion between approximately 10 and 5 Ma 

(FIGURE 3). Demographically, these marine incursions are expected to have triggered 

periods of population contraction, followed by expansion and potential episodes of 

secondary contact as terrestrial corridors reemerged. 
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FIGURE 3. H0 graphic representation. 

 
SOURCE: the author & Laura Laino da Costa (2025). 
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Hypothesis 1 (H1): Elevational Gradient Hypothesis 

The current distribution of the Tropidurus spinulosus species group suggests that 

diversification within the group may have been shaped by lineage structuring along 

emergent altitudinal and environmental gradients. These gradients may have resulted 

from either Neogene tectonic uplift of highland plateaus in South America (ca. 5–2.5 Ma) 

or from Pleistocene glacial–interglacial cycles that repeatedly altered climatic conditions 

(<2.5 Ma). Under this scenario, formerly continuous lowland populations may have 

become isolated in different elevational zones. Consequently, we would expect sister taxa 

to occupy adjacent, non-overlapping altitude ranges, without a consistent geographic 

gradient in divergence times along east–west or north–south axes (FIGURE 4A). Within 

this framework, two alternative (but not mutually exclusive) scenarios can be considered 

(FIGURE 4B): 

● Climate-driven (ecophysiological) scenario: If repeated glacial–interglacial 

oscillations imposed strong physiological constraints, molecular‐clock estimates 

for divergence times should cluster around major Pleistocene transitions (<2.5 

Ma). Demographically, lineages would exhibit evidence of cyclical range 

contractions into cooler or moister high-elevation refugia during unfavorable 

phases, followed by downslope expansions when conditions ameliorated 

(interglacial periods), manifesting as recurrent bottleneck–expansion signatures. 

● Orogenic (vicariant) scenario: Conversely, if tectonic uplift was the primary 

isolating mechanism, divergence times should match the main pulses of Neogene 

orogeny in South America (~5–2.5 Ma), albeit some variance may occur due to 

local topographic heterogeneity. In one perspective, speciation would be driven 

directly by these uplift events, with divergence times matching pulses of mountain 

building. Alternatively, uplift would predate divergence but still provides the 

geographic isolation necessary for later speciation. In both cases, demographic 

reconstructions should reveal an initial decline in effective population size 

following orogeny-induced isolation and little evidence of repeated contraction–

expansion cycles, since enduring elevational barriers maintain lineage segregation 

(rather than cyclic climatic shifts). 
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FIGURE 4. H1 graphic representation. 

 
SOURCE: the author (2025). 
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Hypothesis 2 (H2): Microhabitat-Shift Hypothesis 

A third alternative posits that speciation events within the Tropidurus spinulosus group 

were driven by shifts between distinct structural microhabitats (specifically, rock 

outcrops versus trees) rather than by geological, geographical, or elevational factors per 

se. Under this scenario, when ancestral T. spinulosus lineages colonized novel substrates, 

strong divergent selection on ecomorphological traits could have led to the emergence of 

reproductive barriers even in sympatric or parapatric contexts, ultimately promoting or 

contributing to speciation (FIGURE 5). Divergence events would thus be temporally 

heterogeneous, coinciding with the local emergence or expansion of suitable exposed 

rock (or rock outcrops) or habitats with arboreal elements (even if sparse) throughout the 

Miocene–Pleistocene. In practical terms, this dynamic may have unfolded in two main 

ways. In one scenario, substrate shifts would have occurred during episodes of geographic 

expansion, with lineages colonizing newly available environments, leading to changes in 

habitat use and rapid population growth. Alternatively, substrate shifts may have 

originated within already isolated populations, where vicariant events established barriers 

to gene flow prior to habitat transitions. Despite these different mechanisms, both 

scenarios are expected to produce similar demographic signatures, in which no population 

bottlenecks are associated with habitat shifts, but rather founder events followed by rapid 

expansion within the newly colonized niche, and long-term restrictions to gene flow 

between substrate specialists. Phylogeographically, sister species would be expected to 

occur in the same or adjacent regions but occupy contrasting substrates, with no consistent 

latitudinal or elevational pattern. 
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FIGURE 5. H2 graphic representation. 

 
SOURCE: the author (2025). 

 

5.2 MATERIAL AND METHODS 

5.2.1 DISTRIBUTION RECORDS OF THE Tropidurus spinulosus GROUP 

Early studies addressing the distribution, morphology, and taxonomy of the 

Tropidurus spinulosus group were conducted by Álvarez et al. (1994) and Frost et al. 

(1998). A comparably comprehensive review of museum specimens and literature was 

not carried out until Carvalho (2013, 2015, 2016). Here, we present an updated 

distribution map for the T. spinulosus group, incorporating new collection sites and 

applying the current taxonomy (per Cavalho, 2016) to correct population names and 

document novel occurrences. 

Our dataset comprises 404 Tropidurus spinulosus records (see Online 

Documentation and the Supplementary Material). This covers all eight valid species for 

the group—T. callathelys, T. guarani, T. lagunablanca, T. melanopleurus, T. spinulosus, 

T. tarara, T. teyumirim, T. xanthochilus—and one yet-to-be-described taxon (T. sp. nov.). 

All records were drawn from Carvalho (2013, 2016) and post-2013 field expeditions led 

by Carvalho et al., which used the same methodology of their original study for voucher 
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examination, collection catalog review, and species identification. Whenever available, 

we used specimen-associated geographic coordinates; otherwise, we georeferenced 

localities without coordinates via Google Earth (Google Inc., 2017). To ensure spatial 

accuracy, we excluded records identified only to province or state. All coordinates were 

converted to decimal degrees and imported into R (R Core Team, 2022) to generate the 

distributional maps. Elevation data (in meters), when not available from specimen records 

or collection labels, were obtained based on geographic coordinates by extracting point 

elevations from AWS Terrain Tiles using the ‘elevatr’ package (Hollister et al., 2017). 

To quantitatively assess elevational distribution and differentiation among 

species, we performed statistical analyses on the compiled elevation data. As the data 

violated assumptions of normality and homoscedasticity for parametric tests, we used 

non-parametric methods. We first applied a Kruskal-Wallis test to evaluate overall 

differences in elevation ranges across all species and subspecies. For significant results, 

we then conducted Dunn’s post-hoc tests for pairwise comparisons, applying a Bonferroni 

correction to account for multiple comparisons. Additionally, to investigate potential 

altitudinal replacement between sister lineages, we examined species co-occurrence 

across 100-meter elevation bands up to 1,000 meters and specifically tested for significant 

elevational differentiation between sister species pairs. 

The resulting map from our dataset is shown in FIGURE 6, together with sampled 

genetic data (as described in the next section). 
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FIGURE 6. Distribution of the Tropidurus spinolosus species group plotted over an altitudinal map 
(right) of South America. Country borders in South America are also shown on the map, with particular 
emphasis on those encompassing records of species from the group. ARG = Argentina; BOL = Bolivia; 

BRA = Brazil; PAR = Paraguai; PER = Peru. 

 
SOURCE: the author (2025). 

 

5.2.2 GENETIC SAMPLING AND LAB WORK 

The phylogenomic approaches used in this study were based on anchored 

sequencing methods, specifically Ultraconserved Elements (UCE) as described by 

Faircloth et al. (2012). We sequenced a total of 43 individuals (Supplementary Material), 

representing all species of the Tropidurus spinulosus group. RAPiD Genomics LLC 

(Gainesville, FL) was tasked with sample library preparation and target enrichment of 

UCEs using the tetrapod 5k probe set (Faircloth et al., 2012), followed by multiplexed 

paired-end (PE) sequencing (2 × 100 bp) of UCEs on an Illumina HiSeq 3000 PE100 

platform. 
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5.2.3 UCEs PIPELINE 

We assembled the reads using the Phyluce v1.7.1 pipeline (Faircloth, 2016). 

Demultiplexed reads were cleaned to remove low quality bases and adapter sequences in 

Trimmomatic (Bolger et al., 2014), using the wrapper program Illumiprocessor in 

Phyluce. To accelerate assembly and render difficult datasets tractable, we normalized 

read depth at a minimum of 5 using the script bbnorm.sh available in the BBTools suite 

(Bushnell, 2018). Trimmed and normalized reads were inspected for quality and adapter 

contamination using FastQC v0.11.9 (Andrews, 2010), and then assembled into contigs 

with SPAdes v3.15.5 (Bankevich et al., 2012). We used Phyluce to align assembled 

contigs back to their associated UCE loci, remove duplicate matches, create a taxon-

specific database of contig-to-UCE matches and extract UCE loci for all individuals. 

Specifically, contigs matching UCE loci were identified and extracted using the program 

LastZ v1.0 (Harris, 2007) within Phyluce, both in incomplete (75% and 95% of 

completeness) and complete matrices (100% of completeness) (see Faircloth 2016). After 

probes and UCEs were matched, we aligned UCE contigs with MAFFT v7.471 (Katoh 

and Standley, 2013) using specific customized settings (-globalpair, --maxiterate 1000, -

-adjustdirection), and trimmed the resulting alignments using the internal-trimming 

algorithm (Gblocks: Castresana, 2000). As a final step, AMAS (Borowiec, 2016) was 

used to compute final summary statistics for all alignments. 

 

5.2.4 GENE AND SPECIES TREE ANALYSIS 

 Gene trees for every UCE locus were inferred using IQ-TREE v2.2.6 (Minh et al., 

2020), and support was inferred using 1000 ultrafast bootstraps (≥ 95 considered as strong 

support). For partitioned ML analyses, ModelFinder (Kalyaanamoorthy et al. 2017), part 

of the IQ-TREE package, was used to select the best fit model for each partition followed 

by tree reconstruction (-m TESTNEWMERGE option), allowing partitions to have 

different evolutionary rates (-spp option). Support was inferred using 1000 ultrafast 

bootstraps. Additionally, species trees were inferred for the UCE dataset using ASTRAL 

v5.15.4 (Zhang et al., 2018), which does this from gene trees (like the one we inferred 

through IQ-TREE) and provides internal branch lengths in coalescent units of gene tree 

discordance, as well as branch support values in the form of local posterior probabilities 

(LPPs). In our ASTRAL analyses, we used the topology resulting from the partitioned 

approach produced through IQ-TREE as a reference. For the species tree estimation of 
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the Tropidurus spinulosus group, we selected the 100% completeness matrix of 820 UCE 

loci and analyzed it using BPP v.4.6 (Flouri et al., 2018).  

 

5.2.5 DIVERGENCE TIME ESTIMATION 

A time-tree was inferred using three different approaches. The first one was the 

RelTime-Branch Lengths method (Tamura et al., 2018), available in MEGA11 (Tamura 

et al., 2021), which uses a phylogenetic tree previously estimated branch lengths to infer 

divergence dates. In this case, the time-tree was computed using the UCE-based 

phylogenetic tree (complete matrix) with one calibration constraint, namely the node 

separating Tropidurus callathelys from all the other species in the group. We used 10.74 

Ma as the reference value for this constraint following the estimates obtained by Zheng 

and Wiens (2016) regarding the node separating T. callathelys and the rest of the species 

in our ingroup. The method described in Tao et al. (2020) was used to estimate confidence 

intervals and set a normal distribution on the node for which calibration densities were 

provided, and a normal distribution was used with the mean centered on 10.74 and 

standard deviation = 0.5. 

Alternatively, divergence times (both for the individual-level phylogeny and the 

species tree), were also estimated using MCMCTree v4.10 (dos Reis and Yang, 2019), 

which implements an approximate likelihood method. In this case, the 100 most clocklike 

UCE loci within our dataset were selected, particularly the loci with the least root-to-tip 

variance. Clock-likeness was assessed using the program SortaDate (Smith et al., 2018), 

which measures root-to-tip variance within gene trees and then sorts them from highest 

to lowest variance. For this calibration, we constrained the age of the same node described 

above using a secondary calibration point of >10 and <11 Ma, obtained from our own 

divergence time estimates, and enforced a fixed topology. Molecular clock estimates were 

obtained using the independent rates model and we used the HKY85 model. The gamma 

prior on the mean substitution rate for partitions (rgene_gamma) was set to G (7, 9.75), 

which means a substitution rate of approximately 0.00717 substitutions/site/Ma—value 

available for the phylogenetically closest species to Tropidurus in the germline mutation 

rate study of Bergeron et al. (2023). The gamma rate variance (sigma2_gamma) was 

specified with G(1, 10). In this case, analyses were performed both on the individual-

level phylogenetic tree, including all samples, and on the species tree level. Two 

independent runs for each analysis were performed, with each consisting of 550.000 

MCMC iterations, with 10.000 as burn-in, ‘nsample’ = 100.000, and ‘sampfreq’ = 5. The 
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ESS of the MCMCTree runs were examined in Tracer v.1.7 (Rambaut et al., 2018) to 

determine convergence, and values > 200 were retained. 

 

5.2.6 DEMOGRAPHIC MODEL SELECTION 

We employed the Approximate Bayesian Computation with Random Forest 

framework (ABC-RF; Pudlo et al., 2016; Raynal et al., 2019) implemented in the R 

package DIYABC-RF v.1.2.1 (Collin et al., 2021) to evaluate alternative demographic 

scenarios for the evolutionary history of the Tropidurus spinulosus group. ABC-RF infers 

posterior probabilities of competing models from coalescent simulations of genetic data, 

while the DIYABC-RF workflow allows the simultaneous comparison of multiple 

scenarios. Its RF classifier is specifically designed for multi-class model selection and 

retains high accuracy even with many competing alternatives (Collin et al., 2021). 

Summary statistics synthesize both simulated and observed SNP datasets, and model 

support is assessed through RF classification votes, with posterior probabilities estimated 

following Pudlo et al. (2016). 

 As our primary question about the historical demography of the Tropidurus 

spinulosus group focuses on the occurrence of expansions and contractions events, we 

first reduced the number of potential scenarios by fixing the phylogenetic relationships 

among the four species with the most comprehensive population sampling in our dataset 

(T. guarani, T. tarara, T. spinulosus, and T. xanthochilus). This topology was based on 

both the species tree and partitioned gene tree analyses. In this context, we considered 

three sets of three scenarios each (a total of nine scenarios), which varied in the number 

and type of demographic events (FIGURE 7); TABLE 2 shows those scenarios and the 

corresponding sets of hypotheses. For all nine scenarios, simulation parameters were 

initially sampled from broad prior distributions informed by existing knowledge of the 

group. Preliminary analyses indicated that analytical convergence improved when a 

generation time of 0.5 years was used. This value was selected for methodological 

reasons, as biologically more realistic values (e.g., 1 year) resulted in poor performance 

of the model during prior-checking tests, with simulated data distributions failing to 

encompass the empirical data. While this adjustment was necessary for convergence, we 

emphasize that it is a pragmatic choice and future studies should seek to better constrain 

the generation time for this group. A detailed description of all prior distributions is 

provided in the Supplementary Material (see section ‘Detailed DIYABC-RF Workflow’). 

RF analyses were first applied across all scenarios to identify the model set best fitting 
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the empirical data. A second round of model selection was then performed within this 

best-fitting group, using narrower prior distributions to improve model discrimination, 

with additional simulations conducted under these refined priors. 

 
FIGURE 7. Alternative demographic scenarios for the Tropidurus spinulosus group evaluated with ABC-

RF. Nine scenarios, grouped into three sets (Groups 1–3), vary in the timing and type of demographic 
events: population splits (green), bottlenecks (blue), and expansions (red). Analyses first identified the 

best-fitting scenario group, followed by model selection within that group. 

 
SOURCE: the author (2025). 
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TABLE 2. Alternative demographic scenarios for the Tropidurus spinulosus group, summarizing 
combinations of demographic events, associated hypotheses, and their evolutionary interpretations. 

Scenario Combination of 
demographic events 

Most plausible 
hypothesis Short description 

1 Decrease → Increase H0 & H2 

Miocene marine incursions causing 
early contractions, with expansions 
after corridor reestablishment; 
substrate shifts followed by 
expansions in the Pleistocene. 

2 Decrease → Stability H0 & H1.A 

Contraction events from marine 
incursions and/or Neogene orogeny 
followed by long-term isolation and 
relative demographic stability after 
uplift barriers. 

3 Decrease → Cycles H0 & H1.B 

Early contraction phases followed 
by Pleistocene climatic cycles 
causing repeated bottlenecks, 
expansions, and potential secondary 
contacts. 

4 Stability → Cycles H1.A & H2 

Prolonged stability interrupted by 
late expansions linked to ecological 
niche shifts or the establishment of 
populations following Neogene 
orogeny. 

5 Long-standing stability H1.A 

Isolation is linked to Neogene 
orogeny with persistent barriers 
maintaining long-term demographic 
stability, independent of climatic 
cycles. 

6 Stability → Cycles H1.B 

Initial stability followed by 
Pleistocene climatic oscillations 
shaping demographic fluctuations 
along elevational/climatic 
gradients. 

7 Increase → Increase H2 

Early colonization of new 
microhabitats (rock outcrops, 
arboreal substrates) followed by 
continuous demographic expansion 
through Miocene–Pleistocene 
times. 

8 Increase → Stability H2 

Founder events during habitat shifts 
followed by local demographic 
stabilization in newly colonized 
niches. 

9 Increase → Cycle H1.B & H2 

Initial ecological-related 
expansions later affected by 
Pleistocene climatic fluctuations, 
combining divergence associated 
with substrate preference and 
environmental instability. 

SOURCE: the author (2025). 
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 Specifically, we simulated 10,000 to 20,000 genetic datasets per scenario using 

DIYABC-RF, matching the properties of the observed dataset in terms of the number of 

loci and the proportion of missing data. The observed dataset consisted of one SNP per 

locus from each of the 820 UCE loci present in all individuals (complete matrix). In 

accordance with DIYABC requirements, we excluded SNPs that were entirely missing in 

one population or monomorphic across all species. Throughout the simulation process, 

we used principal component analysis (PCA) to verify that the observed dataset fell within 

the range of simulated data, ensuring the suitability of conditions for subsequent RF 

analysis. Both simulated and observed datasets were summarized using the full set of 130 

summary statistics proposed by DIYABC-RF for SNP markers. Additionally, linear 

discriminant analysis (LDA) combinations of summary statistics were combined for 

model choice (Estoup et al., 2012). 

The comparison of posterior probabilities of the competing scenarios at each step 

was carried out using the RF classification procedure implemented in DIYABC-RF 

(Pudlo et al., 2016). The RF algorithm, a machine learning method, constructs decision 

trees from random subsets of the training data (bootstrapping), using the summary 

statistics as predictor variables. In each bootstrap iteration, simulations not included in 

the tree construction (out-of-bag simulations) are used to calculate the misclassification 

error rate (prior error rate), providing a direct and robust estimate of the cross-validation 

error rate (Pudlo et al., 2016). For each step, we generated classification forests with 500 

and 1,000 trees to verify the convergence of the results. The RF procedure outputs the 

number of “votes” (trees) allocated to each scenario, allowing the selection of the one 

with the highest count and posterior probability. The overall classification performance 

(consequently, the power to discriminate among scenarios) was also evaluated using the 

confusion matrix. This matrix quantifies the accuracy with which simulated datasets are 

assigned to their true scenario, allowing the approximation of Type I and Type II error 

rates. Collectively, confidence in the ABC-RF scenario choice was assessed through the 

prior error rate, the confusion matrix, and the associated error rates. To ensure robustness 

and convergence of the results, the entire RF analysis was repeated three times for both 

model selection steps. 

The full ABC-RF workflow, from simulations to the estimation of parameter 

posterior distributions, was carried out within the DIYABC-RF graphical interface. This 

included computing summary statistics, model checking, and scenario comparisons. 
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5.2.7 CLIMATE DATA EXTRACTION, PALEOCLIMATE LAYERS, AND 
ANCESTRAL DISTRIBUTION MODELING 

 We modeled the ancestral distribution of the Tropidurus spinulosus species group 

using a phyloclimatic framework as implemented in the R package machuruku (Guillory 

& Brown, 2021), which integrates occurrence records, a time-calibrated species tree 

(obtained through the MCMCTree approach), and paleoclimatic layers to estimate both 

extant and ancestral distributions across key time slices. Initially, occurrence data for each 

taxon were compiled and spatially thinned with a 10 km buffer using machuruku’s built-

in routines to reduce spatial autocorrelation. We then assembled 19 candidate bioclimatic 

variables from PaleoClim (Brown et al., 2018) at 2.5 arc-minute resolution and removed 

those with high spatial correlation, known artifacts, or lack of coverage across all time 

slices. 

The remaining ten variables (BIO1, BIO4, BIO10, BIO11, BIO12, BIO13, 

BIO14, BIO15, BIO16, and BIO17) were standardized (mean = 0, SD = 1) and then used 

to compute a principal component analysis (PCA) based on their values in the modern 

climate dataset. The first three principal components were retained, and the rotation 

derived from the current climate was projected onto all paleoclimatic layers (CUR, LIG, 

MIS19, MPWP, M2: present, 0.13, 0.787, 3.205, and 3.3 Ma, respectively) to ensure 

comparability and transferability of environmental axes across time slices. For model 

calibration, we tested two accessibility hypotheses: ecoregion-based calibrations with a 

25 km buffer and hull-based calibrations (convex/concave) with a 200 km buffer, 

following recommended workflows. After preliminary analyses, we retained the convex 

hull–based calibration (200 km buffer, constructed considering the whole geographic data 

available for the Tropidurus spinulosus clade) for all downstream analyses because it 

provided the most realistic representation of the accessible area for our system. 

 Following data preparation, we used machuruku’s tip-level response fitting 

approach to summarize each taxon’s climatic relationship as a skew-normal response 

distribution. This approach extracts climate values at occurrence locations (or generates 

supplementary points within a minimum convex polygon when sample sizes are low) and 

fits a modified Bioclim model (Booth et al., 2014) for each taxon and predictor, 

parameterized by location (mean), scale (standard deviation), and skew. Then, machuruku 

specifically employs the ace function from the ape R package (Paradis et al., 2019) to 

reconstruct ancestral states for the location, scale, and skew parameters under a Brownian 

motion (BM) model. This model assumes that trait variation accumulates proportionally 
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with time, providing a probabilistic reconstruction of the ancestral climatic tolerances at 

each node. 

 To translate ancestral parameter estimates into spatial suitability hypotheses, 

machuruku reconstructs response curves for every combination of median, lower, and 

upper confidence limits of the skew-normal parameters, then computes a suitability raster 

for each combination across all paleoclimatic time slices, and finally sums and rescales 

these rasters to generate conservative, uncertainty-aware suitability maps. All raster 

arithmetics and projections were performed within machuruku’s vectorized routines, 

which leverage implementation-level optimizations to maintain computational efficiency 

across multiple nodes and timeslices. Final outputs were exported and visually inspected 

using machuruku’s plotting functions to compare tip- and node-level response curves and 

evaluate spatiotemporal patterns. Throughout the whole workflow, we documented all 

decisions regarding occurrence filtering, predictor selection, calibration area definition, 

and uncertainty propagation to maximize reproducibility and ensure that ancestral 

distribution estimates explicitly incorporated parameter uncertainty and the limitations of 

paleoclimatic data (Online resources include all scripts and documentation necessary to 

reproduce the analyses). 

 

5.2.8 ANCESTRAL MICROHABITAT RECONSTRUCTION 

 To test the Microhabitat-Shift Hypothesis (H2), which posits that shifts in 

substrate preference and habitat use are temporally and phylogenetically aligned with 

cladogenetic events in the Tropidurus spinulosus group, we reconstructed a Tropiduridae 

phylogeny and mapped ecological transitions onto it. This approach enabled us to 

evaluate the congruence between lineage diversification and ecological shifts, providing 

insights into the role of ecological diversification in speciation within this clade. 

Specifically, ancestral character reconstruction (ASR) analyses were conducted using a 

mitochondrial phylogeny comprising all nine species of the T. spinulosus group plus 11 

additional Tropiduridae species (TABLE 3). Our taxon selection and reliance on 

mitochondrial data were determined by the availability of genetic data and well-supported 

topological information, with ingroup sequences sourced from Salles et al. (2025) and 

additional Tropiduridae data, along with the reference topology, from Carvalho et al. 

(2024). Regarding ancestral states, here we considered two major substrate categories: 

rocks and trees. Furthermore, substrate use was modeled as a continuum, acknowledging 

that some species may exploit more than one substrate type. Ecological indices were 
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constructed to estimate the proportion of substrate use by populations within a species 

(TABLE 3). 

 
TABLE 3. Tropiduridae species included in ASR analyses. Species from the Tropidurus spinulosus group 
are highlighted in bold. 

Species States % 
(Rock, Tree) References 

Eurolophosaurus nanuzae 1, 0 Rodrigues (1981); Grizante et al. (2010) 
Microlophus quadrivittatus 1, 0 Mella (2022) 
Plica plica 0, 1 Vitt (1991); Grizante et al. (2010) 
Strobilurus torquatus 0, 1 Rodrigues et al. (1989); Grizante et al. (2010) 
Tropidurus bogerti 1, 0 Carvalho (2013) 
Tropidurus callathelys 1, 0 Harvey & Gutberlet (1998); Carvalho (2013) 
Tropidurus erythrocephalus 1, 0 Grizante et al. (2010) 
Tropidurus guarani 1, 0 Carvalho (2013) 
Tropidurus itambere 1, 0 Van Sluys (1993); Grizante et al. (2010) 
Tropidurus melanopleurus 1, 0 Perez-Mellado & de la Riva (1993) 
Tropidurus mucujensis 1, 0 Grizante et al. (2010) 
Tropidurus semitaeniatus 1, 0 Vitt (1993); Grizante et al. (2010) 
Tropidurus sp. nov. 1, 0 Carvalho (in prep.) 

Tropidurus spinulosus 0.1, 0.9 Vitt (1991); Vitt (1997); Grizante et al. (2010); 
Carvalho (2013) 

Tropidurus tarara 0, 1 Carvalho et al. (2016) 
Tropidurus teyumirim 1, 0 Carvalho et al. (2016) 
Tropidurus xanthochilus 0, 1 Harvey & Gutberlet (1998); Carvalho (2013) 
Uracentron azureum 0, 1 Ellinger et al. (2001); Grizante et al. (2010) 
Uranoscodon superciliosus 0, 1 Vitt et al. (1997) 

SOURCE: the author (2025). 

 

 These estimates were based on published information about the proportion of 

populations whose individuals are known to use a given substrate. Values ranged from 

zero (no individuals in any population use that substrate type) to one (all populations 

consistently use that substrate type), assigned separately for rocks and trees. For example, 

a population strictly associated with trunks and branches would yield an index of zero for 

rocks and one for trees, whereas a more generalist species with both arboreal and rock-

dwelling populations might present indices of 0.5 for each category. These ecological 

assignments were corroborated by field observations of multiple Tropiduridae species by 

A.L.G. Carvalho. While such indices may be biased by population-level differences, we 

minimized this limitation by prioritizing available published habitat use data used in 

previous studies on the same subject, or that matched the ecological profiles described in 

the literature. 

 Additionally, it is important to mention that trunks and branches were grouped 

into a single “tree” category because, although these microhabitats can impose distinct 

biomechanical demands, they both represent structurally complex arboreal environments 
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(Grizante et al., 2010). Treating them as a unified category therefore allowed us to retain 

the focus of our analytical approach on the habitat shift hypothesis (between species that 

use either rocks or trees, irrespective of their microhabitat use within such trees) in order 

to reduce redundancy and retains degrees of freedom for each category in the comparative 

analyses. Moreover, sandy habitats were not considered as a substrate category in our 

framework because sand-dwelling lineages within Tropiduridae represent a potentially 

more derived trait of a phylogenetically restricted subset of species (e.g., species in the 

Tropidurus torquatus species group), with no direct relevance to the evolutionary history 

of the T. spinulosus group. Therefore, including sand or other substrate categories would 

have added noise rather than clarity to our comparative framework, given its absence in 

the clade of interest. 

 We used phytools to conduct all ASRs analyses, specifically with the ‘ancr’ and 

‘simmap’ functions. We first performed model selection to estimate the best transition 

models among both the built-in models in phytools: equal rates (ER), symmetrical (SYM) 

and all rates different (ARD). We set transition rates for a given value for rate 

heterogeneity with maximum likelihood using the fitMk function in phytools (Revell, 

2024). We then estimated the ancestral states with the ‘ancr’ function using model 

averaging Akaike Information Criterion (AIC) scores across all models. Then, we used 

the best model as the character transition rate for both marginal ancestral character 

estimation and stochastic character mapping (Huelsenbeck & Bollback, 2001) as 

implemented in the make.simmap function (Revell, 2024). This approach uses repeated 

simulation of character evolution across a tree to produce a posterior distribution of 

character states at all points on the phylogeny. In this case, we ran 1,000 simulations of 

evolution of each character to produce the posterior distributions. 

 For these analyses, our dataset included 15 mitochondrial genes (13 protein-

coding genes and 2 rRNAs), partitioned by gene and by codon position for coding 

sequences. Maximum likelihood analyses were performed in IQ-TREE v2.2.6 (Minh et 

al., 2020) with partition-specific substitution models selected using ModelFinder 

(Kalyaanamoorthy et al., 2017) under the -m TESTNEWMERGE option, allowing rate 

heterogeneity among partitions with the -spp option. Node support was evaluated with 

1,000 ultrafast bootstrap replicates, considering values ≥ 95% as strong. Because ASR 

requires an ultrametric tree, we converted the resulting non-ultrametric tree using the 

force.ultrametric function in the phytools 2.1.1 package (Revell, 2024). 
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5.3 RESULTS 

 

5.3.1 PHYLOGENOMIC RESULTS 

After processing our data using the Phyluce pipeline (Faircloth 2016), we obtained 

a final dataset including 820 UCE loci for 43 individuals of nine lineages of the 

Tropidurus spinulosus species group. Our complete matrix comprised alignments with 

725,505 bp after internal-trimming. Matrices with 75% and 95% of completeness were 

also generated, which, after internal-trimming, generated alignments with 2,269 loci 

181otaling 1.98M bp, and 1,613 loci 181otaling 1.40M bp, respectively. Because the 

resulting topologies were virtually identical across all matrices, we chose to present 

results based on the 75% completeness matrix, which includes the largest number of loci, 

thereby maximizing the information content of our phylogenetic inference. However, 

topologies inferred from the other matrices are provided in the Supplementary Material 

for reference (FIGURES S1-S10). The nuclear phylogenetic analyses resulting from those 

matrices, using both a partitioned approach in the IQ-TREE software (Minh et al., 2020), 

and a species tree approach based on BPP (Flouri et al., 2018) (Supplementary Material), 

indicated that our samples can be grouped into three main clades: (T. sp. nov. + T. 

xanthochilus), (T. lagunablanca + T. tarara), (T. guarani + T. spinulosus + T. 

teyumirim), in addition to T. callathelys as the sister lineage to these three, and T. 

melanopleurus as sister to all other lineages (FIGURE 8). Trees inferred using ASTRAL 

(Zhang et al., 2018), which accounts for incomplete lineage sorting (ILS), yielded 

congruent topologies (Supplementary Material). Notably, both analytical frameworks 

recovered T. guarani as paraphyletic, suggesting that it may represent either a 

paraphyletic species or a species complex in need of taxonomic revision. Furthermore, T. 

lagunablanca was found nested within samples of T. tarara, indicating that these two 

lineages likely represent a single evolutionary entity. 
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FIGURE 8. Partitioned phylogenetic analysis of the 2,269 UCE loci, matrix with 75% of completeness 
(via IQ-TREE). Numbers inside boxes refer to bootstrap support values (only nodes with support > 80 are 

shown). 

 
SOURCE: the author (2025). 

 

Divergence dating based on nuclear data indicates that the initial split within the 

Tropidurus spinulosus group occurred between 20–15 million years ago (Ma), separating 

T. melanopleurus from the other lineages. Subsequently, T. callathelys diverged around 

10 Ma ago, and most subsequent divergence events among the remaining species in the 

group took place between 7.5–2.5 Ma (FIGURE 9; Supplementary Material). In most 

cases, divergence times estimated using RelTime (Tamura et al., 2018) fall within the 

same 95% highest posterior density (HPD) intervals provided by MCMCTree (dos Reis 

and Yang, 2019), although notable differences are also present. For instance, the clade 

comprising T. guarani, T. spinulosus, and T. teyumirim originated around 4 Ma according 

to the MCMCTree analysis, while RelTime estimates the divergence to be more recent, 

at approximately 3 Ma. In contrast, some node ages show notable discrepancies between 

the two methods. The divergence between T. sp. nov. and T. xanthochilus is estimated at 

approximately 2.5–3.5 Ma in the MCMCTree analysis, whereas RelTime dates the same 

split to about 7 Ma. Likewise, the origin of the T. tarara clade is estimated at ~3.75 Ma 

by MCMCTree but nearly 7.5 Ma by the RelTime analysis. The estimates provided by 

the species tree dated using MCMCTree provide intermediate values between the two 
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analyses (Supplementary Material). In the absence of fossils and relevant ingroup 

secondary calibrations, and considering the fact that germline mutation rates are not 

available for our group, we opted to provide the comparisons among methods for the sake 

of clarity and in order to provide the actual evidence we were able to build from the 

available data. 

 
FIGURE 9. Divergence times (Ma) estimated for the Tropidurus spinulosus species group using the UCE 

dataset. The 95% HPD interval of the posterior estimates (blue shaded bars), as estimated through the 
MCMCTree program, is shown above each node of the tree. The scale bar is in Ma. 

 
SOURCE: the author (2025). 

 
5.3.2 SPATIO-ALTITUDINAL DISTRIBUTION PATTERNS 

Our distribution records reveal that most species in the group predominantly occur 

below 1,000 m elevation, with Tropidurus melanopleurus representing the main 

exception (FIGURE 10). While the two T. melanopleurus subspecies (T. m. 

melanopleurus and T. m. pictus) exhibit overlapping elevational ranges, T. m. 

melanopleurus shows a stronger association with higher elevations, particularly above 

2,000 meters. Tropidurus spinulosus, though occasionally recorded above 1,000 meters, 

primarily inhabits lowland areas below 500 meters, with higher elevation occurrences 

likely representing outliers. These high-elevation records correspond exclusively to 

populations in the Córdoba region, which are ecologically distinctive for being the only 

populations in the species that predominantly use rock outcrops. While genetic data from 

these populations are currently unavailable, their unique ecology and disjunct distribution 

suggest they may represent a distinct, cryptic lineage, a hypothesis that warrants future 

taxonomic investigation. Statistical analyses confirm significant elevational 

differentiation among species: Kruskal-Wallis tests (α = 0.05; non-parametric, as our data 

violated assumptions of parametric tests) revealed significant differences in elevation 
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ranges, with Dunn’s post-hoc tests (Bonferroni-corrected) showing significant 

differentiation in 16 of 36 pairwise comparisons between species. Notably, 10 of these 

significant comparisons involved at least one T. melanopleurus subspecies. Furthermore, 

when examining 100-meter elevation bands up to 1,000 meters, we found no evidence of 

sister species occupying distinct altitudinal zones, and no sister lineages showed 

significant elevational differentiation. 

 
FIGURE 10. Altitudinal variation in the Tropidurus spinulosus group. The top-left panel shows the 

multilocus nuclear phylogeny inferred with BPP, with posterior probability values indicated at each node. 
The top-right panel displays species distributions overlaid on a South American elevation map; shaded 
polygons highlight areas of occurrence but are not intended as formal range estimates. The bottom-left 
panel presents the proportion of occurrence records per species across elevation bins. The bottom-right 

panel compares elevation distributions among species using box-and-jitter plots. In the two bottom 
panels, the subspecies of T. melanopleurus are shown separately; in the top panels, they are combined due 

to the availability of molecular data from only one individual. 

 
SOURCE: the author (2025). 
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5.3.3 CLIMATIC NICHE EVOLUTION AND ANCESTRAL DISTRIBUTION 
RECONSTRUCTION 

Modeled present-day distributions partially align with the known geographic 

ranges of species within the Tropidurus spinulosus group but also indicate broad areas of 

suitable climatic conditions beyond their currently recognized occurrences 

(Supplementary Material, see section ‘Ancestral climatic niche modelling results’). Based 

on these projections, ancestral distribution reconstructions are presented in FIGURE 11 

and Supplementary Material. These estimates were generally more restricted compared 

to present-day ranges, especially during the Late and Mid-Pliocene (3.3–3.2 Ma), as 

observed for T. melanopleurus and especially T. tarara. It is important to note that not all 

extant lineages were present during these earlier periods. Over the past 787 Ka years, 

however, projections indicate substantial shifts and expansions in suitable habitats. Most 

lineages experienced eastward range expansions, although some projections, such as 

those for T. melanopleurus, appear inconsistent with the species’ current distributions. 

The Last Glacial Maximum (130 Ka) marked another major expansion event, 

corresponding to the period of highest overall environmental suitability across all species. 
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FIGURE 11. Illustrative ancestral climatic niche models showing temporal variations in geographic 
displacements and range contractions/expansions among representative lineages within the Tropidurus 
spinulosus group, across four different time windows. The gradient bar in the top-left part of the figure 

represents the probability of occurrence of the lineages in their predicted areas. The box in the bottom-left 
part of the figure indicates the known distribution of the lineages. Predicted areas of the remaining 

lineages are shown in Supplementary Material. 

 
SOURCE: the author (2025). 
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5.3.4 DEMOGRAPHIC MODEL SELECTION RESULTS 

 We further investigated the evolutionary history of Tropidurus spinulosus species, 

particularly their demographic history, in the ABC-RF analyses. At first, we assessed 

which sub-groups within our set of nine demographic scenarios best represented our UCE 

data set. In all simulations, principal component analysis (PCA) pre-scenario checks 

indicated that the observed dataset aligned well with the simulated dataset, suggesting 

that the analysis conditions were suitable for random forest analysis. 

 Through the first step of our simulation framework (using broad prior distributions 

and all nine scenarios), we identified the three best-fitting scenarios (scenarios 1, 4, and 

7 in FIGURE 7) as those receiving the highest proportion of RF votes ( cumulative 

proportion of 47.8% with 500 votes, and 45.7% with 1,000 votes). At this stage, the RF 

classifier showed limited ability to distinguish among these three models, as all received 

similar proportions of votes (approximately 10–20% each, regardless of whether 500 or 

1,000 votes were used). Notably, these three scenarios consistently suggested relatively 

recent population growth in the evolutionary history of the species, occurring after the 

most recent divergence event considered in our modeling. In contrast, scenarios 

incorporating population declines or contraction–expansion cycles after the most recent 

divergence event received substantially less support. Following these results, we 

conducted additional ABC-RF analyses using new simulations with narrower prior 

distributions for these three scenarios. However, the RF classifier again showed limited 

discriminatory power. Even with 2,000 votes, the difference in support among the three 

models did not exceed 20%, with the best-performing model (Scenario 7) reaching only 

0.4 posterior probability, indicating that our data probably does not provide enough power 

for model discrimination, given the statistical similarity of the three models. 

 

5.3.5 ANCESTRAL MICROHABITAT RECONSTRUCTION RESULTS 

ASR analyses indicate that the most recent common ancestor of the Tropidurus 

spinulosus species group was rock‐dwelling, reflecting a conserved preference for lithic 

habitats among early Tropiduridae (FIGURE 12). From this rock‐dwelling origin, at least 

three independent shifts to arboreal habitats occurred: one along the branch leading to the 

clade containing T. spinulosus and T. tarara, and another on the branch of T. xanthochilus. 

In both cases, their sister taxa remained rock‐bound, demonstrating that these arboreal 

transitions were not isolated, ancient events but rather emerged separately. Early splits 
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involved mostly rock‐dwelling lineages, and substrate shifts did not coincide with initial 

cladogenesis events within the species group. 

 
FIGURE 12. Phylogenetic tree showing ancestral state reconstruction of microhabitat preference (rock vs. 

tree) in Tropiduridae, with emphasis on the Tropidurus spinulosus species group (species in bold). Pie 
charts at the tips represent the observed states for each species, as listed in Table 1. Pie charts at internal 

nodes indicate the posterior probabilities (ranging from 0 to 1) for each ancestral state. 

 
SOURCE: the author (2025). 

 

5.4 DISCUSSION 

 

5.4.1 NOTES ON THE SYSTEMATICS AND DISTRIBUTION OF THE Tropidurus 

spinulosus GROUP 

Our phylogenetic results, particularly from the nuclear DNA dataset, are broadly 

consistent with previous systematic studies. Earlier morphological and molecular work 

(Frost et al., 1998) identified Tropidurus spinulosus and “T. guarani” as forming a clade, 

while subsequent analyses (Carvalho, 2016) revealed distinct allopatric morphotypes 

within populations previously assigned to T. guarani, leading to the formal description of 

T. lagunablanca, T. tarara, and T. teyumirim. Notably, our analyses confirm this pattern 

and further indicate that T. guarani is not monophyletic, suggesting a more complex 

evolutionary history for this taxon, that could either represent a paraphyletic species or a 

species complex in need of revision. 

Tropidurus guarani is distributed east of the Paraguay River, whereas T. 

spinulosus occurs to the west, mainly within the Gran Chaco. With a broader distribution, 

T. spinulosus ranges from north-central Argentina and western Paraguay into 
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southeastern and central Bolivia, where it occupies both xeric Chaco scrub and adjacent 

dry forests (Frost et al., 1998; Carvalho, 2013). This distributional pattern highlights the 

role of the Paraguay River as a biogeographic barrier. This holds true for at least a few 

other organisms such as snakes (Arzamendia & Giraudo, 2009) and birds (Kopuchian et 

al., 2020), indicating that the Paraná–Paraguay River system may have shaped regional 

biogeographic patterns by acting as a semi-permeable barrier that limited dispersal and 

contributed to the delineation of distinct ecoregions. Notably, the estimated divergence 

time between T. guarani and T. spinulosus (~2.5 Ma) coincides with the establishment of 

the river’s modern course (Brea & Zucol, 2011; Carvalho & Albert, 2011; Schaefer, 

2011), further supporting its role in promoting lineage divergence. 

Our multilocus phylogenies further confirm that Tropidurus tarara—originally 

described from seasonally flooded savannas in northeastern Paraguay and recently 

confirmed in several localities east of the Paraguay River in the State of Mato Grosso do 

Sul, Brazil—occupies a distinct evolutionary position within the T. spinulosus species 

group. Contrary to earlier classifications (e.g., Alvarez et al., 1994; Frost et al., 1998) that 

assigned the populations later described by Carvalho (2016) as T. tarara to the nominal 

species T. guarani, our analyses robustly recover T. tarara as the sister lineage to a clade 

containing both T. guarani (sensu lato) and T. spinulosus, underscoring its independent 

evolutionary history despite geographic proximity to both lineages (Frost et al., 1998; 

Carvalho, 2016). Furthermore, our data indicate that T. lagunablanca, only known from 

its type locality at the Reserva Natural Laguna Blanca, Department of San Pedro, 

Paraguay (Carvalho, 2016), fails to resolve as a monophyletic unit and instead clusters 

within the T. tarara lineage. These findings suggest that T. lagunablanca does not 

represent a distinct evolutionary entity. In light of these results—and considering the 

recently confirmed overlap in morphological diagnostic traits (A.L.G. Carvalho, 

unpublished data)— we synonymize T. lagunablanca Carvalho, 2016 with T. tarara 

Carvalho, 2016. A more detailed assessment of this synonymization, including a 

comparative morphological analysis of Tropidurus lagunablanca Carvalho, 2016 (herein 

recognized as a junior synonym of Tropidurus tarara Carvalho, 2016) and critical 

analysis of the taxonomic literature, will be presented in a separate study by A.L.G. 

Carvalho. 

Tropidurus xanthochilus was long known only from its type locality near the 

Serranía de Huanchaca in eastern Bolivia (Harvey & Gutberlet, 1998). However, our 

analyses reveal that T. xanthochilus is more widely distributed, occurring throughout the 
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semi-deciduous forests of eastern Bolivia and the southwestern portion of the Brazilian 

State of Mato Grosso. Although Harvey and Gutberlet (1998), based on the few Bolivian 

records available at the time, noted that the nearest confirmed T. spinulosus group 

populations occurred at least 350 km (= T. spinulosus) to the south of T. xanthochilus, 

they nonetheless hypothesized a potential parapatric boundary along the transition 

between the Tarvo and Paraguá forest enclaves, which remain to be confirmed. Currently, 

what we know for a fact is that the species’ type locality is within the extreme western 

limit of its range, with the bulk of its distribution located eastward, in Brazil. Our 

phylogenetic analyses also confirm T. xanthochilus as a divergent lineage relative to the 

clade comprising T. guarani, T. spinulosus, T. tarara, and T. teyumirim, underscoring its 

unique evolutionary trajectory. Furthermore, the taxon referred to here as Tropidurus sp. 

nov., currently in the process of formal description (Carvalho et al., in prep.), is recovered 

as the sister taxon to T. xanthochilus. Although only a single individual of Tropidurus sp. 

nov. was included in our analyses, this sampling limitation does not undermine the 

inference of its distinctiveness. The two taxa occur sympatrically yet are morphologically 

diagnosable and exhibit contrasting habitat preferences (Nonato, 2018), providing strong 

evidence that they represent independent evolutionary lineages rather than variants of a 

single species. Moreover, independent species-delimitation analyses using BPP (Salles et 

al., 2025)—a framework known to yield reliable results even when sampling is restricted 

to one specimen per lineage—also supported the separation of Tropidurus sp. nov. and T. 

xanthochilus as distinct species. Together, these lines of evidence substantially reinforce 

their recognition as separate, well-delimited lineages. 

The Serranía de Huanchaca region harbors both Tropidurus callathelys and T. 

xanthochilus in sympatry, despite these taxa not being sister species. Tropidurus 

callathelys is restricted to rocky outcrops along cliffs, borders, and waterfalls within the 

Serranía, whereas T. xanthochilus is strictly arboreal and occurs more broadly across the 

northeastern edge of the Pantanal Basin in the Brazilian states of Mato Grosso and Mato 

Grosso do Sul (Harvey & Gutberlet, 1998; Carvalho, 2013). Their co-occurrence in the 

same region but in distinct habitats provides compelling evidence against niche 

conservatism as a primary driver of diversification within the T. spinulosus group. 

Instead, the marked ecological divergence between these phylogenetically distant 

lineages highlights ecological plasticity and niche differentiation as key elements shaping 

the group’s evolutionary history. This pattern of contrasting niches facilitating 
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coexistence aligns with the broader finding that the combined role of dispersal and niche 

evolution underpins diversification in Neotropical lizards (see Sheu et al., 2020). 

Finally, our data indicates that broad elevational gradients were not the primary 

drivers of speciation within the T. spinulosus clade. For instance, our phylogenetic 

framework places T. callathelys as the sister taxon to all members of the T. spinulosus 

group, except T. melanopleurus, which is the earliest diverging species. These two taxa 

exhibit allopatric distributions, with T. callathelys confined to eastern Bolivia and T. 

melanopleurus distributed across southern Peru and the Andean foothills of Bolivia and 

northern Argentina (Carvalho, 2013). While T. melanopleurus and, to a lesser extent, T. 

spinulosus are the only species in the group with occurrences above 1,000 m elevation, 

statistical comparisons revealed no significant elevational differentiation among sister 

species (FIGURE 10). This pattern persists despite the existence of major altitudinal 

gradients shaped by Neogene orogeny and Pleistocene climatic fluctuations. Together, 

these results indicate that broad elevational or orogenic events did not drive speciation 

within the group. However, localized elevational heterogeneity may still have facilitated 

population differentiation within specific areas. Therefore, local ecological patterns (such 

as fine-scale niche evolution, the availability of specific microhabitats, vegetation 

coverage, soil type, and thermal microenvironments), whether related to elevational 

gradients or not, would complement the broader geoclimatic processes considered in this 

study. 

 

5.4.2 DIVERGENCE TIMES RESULTS 

Divergence-time estimates reveal a long and temporally heterogeneous history for 

the Tropidurus spinulosus group. The deepest split, separating T. melanopleurus from the 

rest of the clade, dates to the early–middle Miocene (~20–15 Ma). This was followed by 

the divergence of T. callathelys at ~10 Ma, while most subsequent speciation events 

clustered between ~7.5 and 2.5 Ma (FIGURE 9; Supplementary Material). Specifically, 

the early Miocene divergence of T. melanopleurus aligns temporally with the initial phase 

of the Paranaense Sea incursion (~18–13 Ma; Hernández et al., 2005; Miller et al., 2005; 

del Río et al., 2018), which likely fragmented lowland habitats and promoted initial 

lineage isolation in the group. The subsequent emergence of T. callathelys near the 

Middle Miocene (~10 Ma) likewise coincides with later transgressive phases of the 

Paranaense Sea (12–6 Ma; del Río et al., 2018), which probably isolated upland 
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populations east of the Chaco–Paraná Basin and set the stage for later north–south 

differentiation. 

The extended interval between the divergence of Tropidurus melanopleurus and 

the later burst of diversification in the group implies a more complex history than a 

simple, gradual accumulation of species. This pattern is consistent with two nonexclusive 

scenarios: (1) a substantially older origin for the group than previously assumed, as 

divergence times estimated for other Tropidurus species groups such as T. semitaeniatus 

range from ~3 to 6 Ma (Werneck et al., 2015), or (2) the loss of multiple, now-undetected 

sister lineages (i.e., extinct lineages). In either case, T. melanopleurus emerges as a deeply 

diverged relict, and T. callathelys appears as another early-branching lineage that 

precedes a speciation pulse later on. Collectively, these patterns point to a temporally 

heterogeneous diversification history, punctuated by intervals of stasis or lineage loss, 

followed by several episodes of cladogenesis.  

Extinction therefore remains a plausible contributor to both the temporal gap and 

the structural phylogenetic asymmetry observed in our tree. However, because no reliable 

fossil record exists for Tropidurus and most comparative or macroevolutionary 

approaches capable of estimating extinction require substantially denser taxon sampling 

than currently available, we cannot robustly quantify the magnitude or timing of these 

losses. As a result, our phylogenetic inferences should be interpreted with appropriate 

caution. Future work incorporating broader taxonomic sampling (including closely 

related congeners and geographically isolated populations), along with diversification 

models that explicitly accommodate extinction and incomplete sampling, will be essential 

for assessing how lineage loss may have influenced the evolutionary history reconstructed 

here. 

Either way, while broad geoclimatic processes help explain the timing of deep 

splits and radiations, they do not exclude the influence of fine-scale ecological and 

altitudinal factors operating locally within populations. Later divergence events (~7.5–4 

Ma) coincide not only with the Paranaense Sea regression, but also with late Neogene 

tectonic activity, including Andean uplift pulses and the reorganization of drainage basins 

(Garzione et al., 2008); all processes that likely altered habitat connectivity and 

elevational gradients, thus facilitating differentiation among populations/species. In 

addition, regressive phases of marine incursions, together with progressive aridification 

of the Chaco after ~5 Ma (Uliana & Biddle, 1988; Ortiz-Jaureguizar, 1998; Ortiz-

Jaureguizar & Cladera, 2006), probably opened dispersal corridors that enabled 
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secondary contact among previously isolated lineages. These dynamics likely contributed 

to the mitonuclear discordance observed within the group (Salles et al., 2025). 

Incongruence between the nuclear and mitochondrial genomes, as observed here, is 

commonly reported in squamates and often attributed to introgressive mitochondrial 

capture. In line with the established role of Pleistocene range dynamics in South America 

(Prado et al., 2012; Ledo et al. 2020), our results identify these same processes as likely 

contributors to the mitonuclear discordance in the Tropidurus spinulosus group. 

Finally, although MCMCTree and RelTime produce discrepant absolute ages for 

some splits involving Tropidurus sp. nov., T. xanthochilus, and T. tarara, both 

approaches agree that the T. guarani–T. spinulosus–T. teyumirim clade diversified around 

~3 Ma. Notably, the estimated divergence between T. guarani and T. spinulosus (~2.5 

Ma) coincides with the establishment of the modern Paraguay River course (Brea & 

Zucol, 2011; Carvalho & Albert, 2011; Schaefer, 2011), highlighting the likely role of 

this river in promoting species divergence within the group, as previously discussed. 

Furthermore, this timing corresponds to geomorphological changes surrounding the 

Brazilian Central Plateau—including deepening peripheral depressions and progressive 

uplift to approximately 1,700 m (Ab’Sáber, 1983; Del’Arco & Bezerra, 1989)—

implicating localized tectonic uplift and differential basin subsidence at the Pantanal–

Cerrado transition in the creation of elevational barriers and novel dispersal routes that 

might have influenced these speciation events. 

To further refine the diversification scenario within the Tropidurus spinulosus 

group, future studies should focus on particular populations within each of these more 

recently diverged species. A promising approach would be to apply high-resolution 

genomic data at a finer, population-level scale, combined with detailed analyses of local 

geological and topographic features. This framework would allow testing how fine-scale 

topographic variability—operating at the level of individual mountain ranges, river 

valleys, and other geological features, rather than the broader plateau scale considered 

here—has influenced gene flow, genetic diversity, and population structure. For example, 

the paraphyly observed in T. guarani underscores the potential importance of fine-scale 

altitudinal heterogeneity (populations structured on isolated plateaus with distinct 

geological histories) in shaping the complex evolutionary trajectory of the group. By 

correlating genetic divergence with specific geomorphological characteristics, such 

studies could clarify the precise mechanisms of vicariance and dispersal that have 

contributed to population fragmentation and incipient speciation within the clade. 
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5.4.3 ANCESTRAL DISTRIBUTION RECONSTRUCTION AND 
BIOGEOGRAPHIC HISTORY OF Tropidurus spinulosus SPECIES 

The glacial–interglacial cycles of the Pleistocene had a profound impact on the 

genetic dynamics of South American vertebrates (Turchetto-Zolet et al., 2013; Guillory 

et al., 2024), and our results suggest that the Tropidurus spinulosus species group was 

similarly affected. In higher-latitude regions, glacial periods typically drove range 

contractions into refugial areas, followed by re-expansion into newly available habitats 

during interglacials (Ledo et al., 2020). While forest-dependent taxa generally conform 

to this classic contraction–expansion pattern, taxa adapted to open habitats (such as the 

lineages within the T. spinulosus group) often exhibit more idiosyncratic and spatially 

variable responses (Werneck et al., 2012; Miranda et al., 2019). It is important to note, 

however, that the notion of “ice-free refugia” is not directly applicable to the geological 

context considered in this study, as the central regions of South America examined here 

were never covered by continental glaciers. Although Pleistocene glacial cycles exerted 

broad climatic effects, extensive ice formations were largely restricted to North America, 

the southern tip of South America, and the highest elevations of the Andes (Glasser et al., 

2008; Rodbell et al., 2022; Darvill, 2024). Within this framework, paleoclimatic and 

landscape dynamics (particularly expansions and contractions of savannas, forests, and 

wetlands) likely represented the primary drivers of ecological and evolutionary change, 

shaping patterns of population structure, connectivity, and diversification in lineages 

inhabiting these areas. 

In this context, our ancestral distribution projections indicate a broad climatic 

envelope for Tropidurus across South America from ~730 Ka onward, with population-

scale expansions intensifying in the last ~130 Ka (FIGURE 11). To some extent, these 

Pleistocene range expansions align with our null hypothesis (H0), suggesting they became 

possible once land corridors became available after extended isolation imposed by marine 

transgressions (from ~3 Ma onwards). However, it is important to note that these 

projections of climatic suitability represent a potential, not realized, distribution. For 

instance, a clear limitation of our models is that they do not incorporate non-climatic 

factors that fundamentally constrain the realized niche of these lizards. For the T. 

spinulosus group, these limitations include: (a) microhabitat specificity, in which 

saxicolous taxa require exposed rock outcrops with crevices and thermoregulatory sites, 

while arboreal taxa like this depend on areas with sparse vegetation that allow high solar 
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exposure and easy access to basking sites; (b) geomorphological context with presence 

of specific landforms (e.g., escarpments, plateau margins, fluvial terraces) that generate 

the required substrates; (c) dispersal barriers, such as landscape matrices (e.g., wetlands, 

savannas) that act as conduits or barriers, the arrangement of habitat “stepping stones,” 

and hard barriers like major rivers, extensive unsuitable lowlands, or persistent deposits 

from marine incursions; and (d) biotic interactions, such as competition from earlier-

diverging congeners, predation pressure, and parasitism. 

Consequently, while inferred climatic overlap—such as the Pleistocene co-

occurrence of Tropidurus xanthochilus, T. spinulosus, and T. tarara—provides a 

plausible framework for potential secondary contact, actual gene flow would have 

required the simultaneous availability of both suitable climate and these specific 

ecological and geographical contexts. Furthermore, ancestral distribution models based 

on paleoclimatic data face the additional limitation of coarse resolution, which tends to 

inflate apparent suitable areas (Blois et al., 2025). These combined factors (the omission 

of non-climatic constraints and coarse resolution) explain mismatches between our 

projections and the empirical record, such as the suitable climate projected east of the real 

range of T. melanopleurus, where the absence of the specific microhabitats used by the 

species, mainly vertical rocky walls and riverbank cliffs, together with potential 

geographic barriers, likely prevented actual colonization. Therefore, we treat our 

climatic-based projections as hypotheses of potential range. To move from potential to 

realized distribution and more precisely evaluate scenarios of past introgression, future 

work must integrate broader geomorphological data, fossil data, and historical land-cover 

reconstructions to create fine-scale habitat masks for ancestral distribution modelling. 

In addition, our current paleoclimate reconstructions (derived from PaleoClim 

data; Brown et al., 2018) are limited to only four time-intervals (3.2 Ma, 787 Ka, 130 Ka, 

and present), leaving critical gaps (especially between 3.2 Ma and 787 Ka) that hinder 

robust inference for pre-Pleistocene periods. Although tools such as Paleo Generate (Folk 

et al., 2023) can extrapolate PaleoClim variables to other time windows, their accuracy 

remains limited, having been validated for only a single variable (e.g., mean annual 

temperature, BIO1) and, provisionally, for a few others. In addition, platforms such as 

Oscillayers (Gamisch, 2019) provide continuous paleoclimate layers but have not gained 

widespread adoption, partly due to concerns (including from PaleoClim developers, see 

Brown et al., 2020) regarding their interpolation mechanisms and uncertain validation. 

These methodological limitations highlight a fundamental trade-off between expanding 
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temporal coverage and maintaining the reliability of the reconstruction. With this in mind, 

we used more restrictive time windows rather than deal with even more methodological 

limitations. However, it is important that future studies address emerging frameworks, 

particularly those that aim to provide more integrative approaches (such as 

RRPhylogeography, see Mondanaro et al., 2025), even considering that these remain 

under development. Future work incorporating additional paleoclimatic layers, fossil 

occurrences and more accurate dispersal modeling techniques will be essential to refine 

ancestral‐range estimates and disentangle the relative roles of abiotic forcing versus biotic 

constraints in this group’s evolutionary history. 

 

5.4.4 DEMOGRAPHIC HISTORY OF THE Tropidurus spinulosus SPECIES GROUP 

 Our study employed an ABC-RF framework to evaluate alternative demographic 

scenarios for the Tropidurus spinulosus species group. This approach is powerful for 

discriminating among complex models; however, our analysis revealed strong support for 

multiple scenarios, all characterized by relatively recent population expansion, while also 

highlighting significant challenges in precisely distinguishing demographic events. 

Although this outcome does not point to a single, unequivocal history, it offers profound 

insights into the evolutionary forces that shaped this group and allows us to evaluate the 

demographic expectations of our proposed hypotheses (TABLE 1). 

 The most consistent result from our model selection is the robust support for 

scenarios involving population expansion following the most recent divergence event 

within our dataset (Scenarios 1, 4, and 7; FIGURE 7). Empirically, this corresponds to 

expansions across the group after the divergence between Tropidurus guarani and T. 

spinulosus, which we estimate to approximately 2.5 Ma. This recurrent signal suggests 

that Pleistocene population growth is a fundamental feature of the group’s evolutionary 

history. Crucially, this finding aligns with the demographic signature expected under H0 

(Vicariant-Marine Hypothesis), which predicts expansions following the retreat of 

continental seas, and is also consistent with the expansion phase following a founding 

event under H2 (Ecological-Niche Shift Hypothesis). 

 The re-establishment of land corridors after Plio-Pleistocene marine regressions 

(~3 Ma onwards) likely provided the initial opportunity for range expansion. Subsequent 

Pleistocene climatic fluctuations, particularly the drier, cooler glacial periods, further 

reinforced these expansions by contracting humid forests and promoting the spread of 

open, arid habitats like savannas and dry woodlands (Ab’Sáber, 1998; Werneck, 2011)—
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the preferred ecosystems for these heliophilous lizards. This timing also aligns with the 

establishment of the modern course of the Paraguay River, a major biogeographic barrier 

that separates sister species such as T. guarani (east of the river) and T. spinulosus (west, 

in the Gran Chaco). Originating on the Mato Grosso plateau and flowing south through 

the Pantanal, the Paraguay River attained its modern course during the Plio–Pleistocene, 

following Late Pliocene forebulge reactivation (~2.5 Ma) that deepened the Pantanal 

depression and redirected tributaries formerly draining into the upper Paraná and 

Tocantins; subsequent stream-capture and avulsion events during this period consolidated 

the river’s present configuration (Ussami et al., 1999; Assine & Soares, 2004; Brea & 

Zucol, 2011; Carvalho & Albert, 2011).  

 As previously highlighted, large river systems across South America have 

repeatedly structured populations of vertebrates during the Neogene and Quaternary 

(Arzamendia & Giraudo, 2009; Kopuchian et al., 2020; Cassemiro et al., 2023). The 

Paraguay River fits within this broader pattern, acting not only as a physical barrier but 

also interacting with geological processes that shaped regional drainage reorganization. 

Thus, the divergence between Tropidurus spinulosus and T. guarani reflects a 

biogeographic mechanism recurrently documented across different taxa. In this context, 

the westward expansion of T. spinulosus may have been facilitated by the spread of xeric 

Chaco scrub and dry forests, habitats it was already preadapted to exploit following its 

earlier divergence from T. guarani. Thus, our models indicate that these combined 

geoclimatic changes created a broader, albeit compartmentalized, landscape that enabled 

rapid range expansions of previously isolated lineages. In sum, this process provides a 

clear mechanism for the phylogeographic pattern of expansion and potential secondary 

contact expected under both H0 and H2. 

 A key result is the limited ability of the RF classifier to decisively discriminate 

among the top-supported expansion scenarios. Methodologically, this underscores the 

challenge of distinguishing between scenarios that produce similar genetic summary 

statistics. Yet, this ambiguity can also be interpreted as a reflection of complex biological 

reality rather than a methodological failure. The similar genetic signatures suggest these 

demographic events may have been near-simultaneous, a scenario in which Pleistocene 

drivers triggered concurrent population growth in multiple lineages, on both sides of the 

Paraguay River, potentially under both post-incursion (H0) and ecological (H2) 

processes. Therefore, our demographic inference is greatly strengthened when interpreted 
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synthetically. Our ABC-RF analysis provides evidence that expansions occurred, while 

our proposed hypotheses offer a plausible mechanism for how they likely unfolded. 

 

5.4.5 MICROHABITAT PREFERENCE THROUGH THE EVOLUTIONARY 
HISTORY OF TROPIDURIDAE 

Within the realm of H2, which proposes that diversification in the Tropidurus 

spinulosus species group may have been driven by repeated shifts in structural 

microhabutat, ancestral state reconstructions indicate that the group’s most recent 

common ancestor was rock-dwelling (FIGURE 12). This result points to a conserved 

lithophilic preference shared across early Tropiduridae. From this ancestral saxicolous 

condition, at least three independent transitions to arboreal habitats occurred: one in T. 

tarara, another in T. spinulosus, and the last one in T. xanthochilus. In the latter two cases, 

the respective sister species (T. guarani and T. sp. nov.) retained the ancestral saxicolous 

condition, reinforcing the view that these arboreal shifts arose independently in response 

to local ecological conditions rather than persisting as remnants of earlier transitions. 

These repeated ecological shifts provide a compelling case study of how niche evolution, 

when combined with new dispersal opportunities, as previously discussed, can drive the 

diversification of a Neotropical lizard clade (also, see Sheu et al., 2020). 

Morphological data provide strong evidence for adaptive divergence linked to 

substrate use in our focal group. In rocky habitats, for example, Tropidurinae species tend 

to have narrower foot soles, which may enhance grip and control on inclined surfaces 

(Grizante et al., 2010). Nonetheless, Tropidurus lizards generally exhibit lower 

morphological disparity than other iguanian clades (e.g., Anolis: Mahler et al., 2010), 

suggesting that generalized body plans may be adequate across structurally distinct 

environments (Kohlsdorf et al., 2001). Empirical comparisons between sister species 

reveal that locomotor performance can diverge rapidly, even without substantial skeletal 

differences, especially when species occupy contrasting substrates (Kohlsdorf et al., 

2001). Such patterns reflect trade-offs in foot and limb traits tied to substrate 

specialization. Repeated morphological convergence among independently derived 

arboreal species further highlights how structural niche shifts promote fine-scale 

ecological specialization, as distinct habitats impose specific mechanical demands 

(Lejeune et al., 1998; Rocha, 1998). Phylogenetic evidence supports this view, showing 

that performance traits have evolved in association with substrate transitions and their 

associated functional trade-offs (Grizante et al., 2010). However, earlier comparative 
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analyses relied on phylogenies that were taxonomically incomplete and topologically 

inconsistent with current, more robust hypotheses. Consequently, many fine-scale 

inferences from those studies require re-evaluation in light of updated phylogenetic 

frameworks. 

It is important to emphasize, however, that observed shifts in substrate preference 

should not be conflated with primary speciation mechanisms, as local adoption of 

rupicolous or arboreal habits can represent secondary ecological responses to local 

opportunity or to unrecognized lineages rather than the initial driver of lineage splitting. 

Conversely, in much of the Chaco the near absence of rock outcrops suitable to T. 

spinulosus may likely prevent establishment of genuine saxicolous populations even if 

climatic suitability existed. Furthermore, the two pairs of sister species exhibiting 

contrasting substrate preferences—T. xanthochilus (arboreal) + T. sp. nov. (saxicolous), 

and T. spinulosus (arboreal) + T. guarani (saxicolous)—likely differ in their evolutionary 

contexts. For example, the divergence between T. spinulosus and T. guarani can be best 

interpreted in a vicariant framework: their largely allopatric distributions separated by the 

Paraguay River indicate that geographic isolation might have preceded ecological 

divergence, and the subsequent colonization of arboreal habitats by T. spinulosus on the 

western side of the river appears to have been a secondary opportunity that facilitated 

range expansion rather than the initial speciation trigger. In other words, ecological 

divergence in this species pair likely accentuated differentiation after isolation rather than 

initiated it. Our demographic modeling, which explicitly tested for post-split expansion 

signatures, provides further evidence for this process, indicating that rapid expansion 

followed habitat shifts in both T. guarani and T. spinulosus. The same causal relationship, 

with substrate shift following, or driving, speciation, may also apply to the other sister 

pair (T. sp. nov. – T. xanthochilus), although this remains to be explicitly tested. 

It is not possible to address the temporal dimension of substrate preference 

evolution across all Tropidurus spinulosus species based on our results. This is because, 

particularly in cases of independent arboreal habit acquisition, we find significant 

discrepancies in divergence time estimates—for example, T. tarara is dated at ~ 3.75 Ma 

by MCMCTree but nearly 7.5 Ma in RelTime analyses. Moreover, our ASR analyses rely 

on mitochondrial data, which derive substantially different branch lengths compared to 

nuclear data. Either way, in all instances, it is evident that these transitions were followed 

by major demographic expansions observed in these species, which took place largely 

within the last 200 Ka (see section 3.3.3; Salles et al., 2025). Taken together, these 



200 
 

 

temporal and demographic patterns suggest that niche shifts often occurred while 

populations were smaller and that such shifts were likely consolidated by subsequent 

demographic expansions into newly available habitats. Thus, substrate transitions could 

have facilitated the fixation and morphological differentiation of traits related to substrate 

preference after lineage splitting rather than acting as the primary speciation trigger in all 

cases. 

Furthermore, it is important to highlight that these shifts may be associated with 

the emergence of novel habitats as Miocene marine incursions receded, especially from 

5 Ma onward. Notably, evidence of secondary contact and potential ancestral gene flow 

involves these same species (Salles et al., 2025), which share the same structural niche. 

This implies that niche similarity (i.e., shared arboreality) may have facilitated genetic 

exchange during periods of geographic overlap, underscoring the ecological influence on 

their evolutionary paths. Nevertheless, the directionality and timing of ecological shifts 

relative to geographic isolation likely varies among species pairs, and resolving whether 

habitat shifts were causes or consequences of speciation will require targeted 

phylogeographic and demographic tests at finer population levels. 

Finally, although informative, our results reflect only one ecological axis captured 

in our analyses, namely structural microhabitat use. This proxy provides a meaningful 

window into habitat structure and its mechanical demands, but it represents just a subset 

of the broader ecological landscape potentially relevant to diversification in the group. 

Other ecological dimensions (such as microclimatic requirements, and behavioral 

specializations) were not assessed here and may similarly contribute to lineage 

divergence or to the reinforcement of differentiation after isolation. These additional lines 

of evidence should therefore be incorporated into future comparative and 

phylogeographic studies to more fully evaluate the ecological context of diversification 

within the Tropidurus spinulosus group. 

 

5.5 CONCLUSION 

The diversification of the Tropidurus spinulosus species group reflects a complex 

interplay of geological, climatic, and ecological forces, acting over millions of years. Our 

divergence-time estimates place the earliest divergence events between ~18–7.5 Ma, 

mostly coinciding with transgressions events of the Paranaense Sea. These marine 

incursions fragmented once-continuous populations along eastern and western South 

America, driving initial vicariant divergence through cycles of isolation, range 
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contraction, and secondary contact as land corridors reemerged. While this vicariance 

scenario explains the group’s foundational splits, it cannot fully account for subsequent 

speciation events. 

Later geoclimatic events, such as Neogene orogenic pulses and Pleistocene 

glacial–interglacial cycles, may have introduced elevational gradients across the group’s 

distribution. However, we found no consistent altitudinal segregation among sister taxa, 

suggesting that these factors were not the primary drivers of diversification. Pleistocene 

climatic oscillations, particularly over the last ~787 Ka (with major expansions around 

~130 Ka), had a more localized impact on the evolutionary history of the Tropidurus 

spinulosus group, shaping patterns of demographic change, admixture, and introgression. 

Climatic fluctuations that occurred in this period, particularly the drier, cooler glacial 

periods, might have reinforced these expansions by contracting humid forests and 

promoting the spread of open, dry habitats like savannas and dry woodlands, which are 

among the preferred ecosystems for several species in this group. Notably, overlapping 

ranges and ecological niches among the arboreal species T. spinulosus, T. tarara, and T. 

xanthochilus likely facilitated ancient introgression and related processes. However, these 

appear to reflect secondary genetic dynamics rather than the main forces behind species 

divergence. 

Furthermore, our results indicate that the Paraguay River system has shaped 

biogeographic patterns by acting as a semi-permeable barrier, restricting dispersal and 

contributing to the delineation of species limits. This is particularly evident in the 

divergence between Tropidurus guarani and T. spinulosus, sister lineages with allopatric 

distributions on opposite sides of the river. Their estimated divergence time (~2.5 Ma) 

coincides with the establishment of the river’s modern course, supporting its role as a 

biogeographic boundary. The allopatric distributions of these species further suggest that 

geographic isolation preceded ecological divergence in the group. Specifically, ancestral-

state reconstructions support a rock-dwelling most recent common ancestor for the clade 

and identify three independent transitions to arboreality, in T. tarara, T. spinulosus, and 

T. xanthochilus. While these transitions may have reinforced divergence later in 

evolutionary history (by contributing to reproductive isolation or adaptive 

differentiation), they may also have occurred after the initial divergence events. In this 

view, ecological adaptations would represent subsequent trait shifts that added 

complexity to the speciation continuum rather than serving as its primary drivers. 
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In T. spinulosus (arboreal) and T. guarani (saxicolous), allopatric distributions 

across the Paraguay River suggest that ecological differentiation followed geographic 

isolation, making it secondary to divergence. In other words, the later colonization of 

arboreal habitats by T. spinulosus on the river’s western side likely facilitated range 

expansion rather than initiating speciation. By contrast, T. xanthochilus (arboreal) and 

Tropidurus sp. nov. (saxicolous), sympatry, recent divergence, and ecological 

distinctiveness suggest that substrate preference may have directly contributed to 

speciation. Either way, assuming these transitions occurred early in each lineage’s 

history, they would predate the major demographic expansions observed in these species, 

most of which unfolded within the last 2.5 Ma. Although divergence time estimates vary 

across analyses, the prevailing pattern is that species origins are older than this, whereas 

large-scale demographic expansions took place mainly during the Pleistocene. This 

temporal framework suggests that niche shifts took place when population sizes were still 

small, followed by expansions into novel habitats—a dynamic that can facilitate the 

fixation of new ecological strategies. Collectively, these cases highlight that the 

contribution of ecological transitions to speciation is lineage-specific and contingent on 

biogeographic context and timing. 

 In sum, no single model (vicariance mediated by marine incursions, altitudinal 

isolation, niche shifts, or others) fully explains the group’s trajectory. The marine 

incursion framework, while presenting limitations (e.g., range and landscape uncertainty), 

remains productive for biogeographic research on South American squamates. 

Ultimately, in Tropidurus spinulosus, diversification was initially shaped by ancient 

marine dynamics, then modulated by Neogene orogenetic processes and fluvial 

reorganization, with subsequent Pleistocene climate fluctuations refining demographic 

and phylogeographic patterns. Substrate shifts to arboreality reinforced niche divergence 

in specific lineages but may have operated as secondary processes, as they arose 

independently, possibly postdated cladogenetic events, and reflected local adaptations 

rather than primary speciation mechanisms. Future studies integrating more accurate 

paleoclimatic reconstructions, fossils, trait evolution, and fine-scale dispersal modeling 

will be essential to unravel how these intertwined forces generated one of South 

America’s most distinctive lizard radiations. 
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5.7 DATA AND CODE 

The data underlying this article, including phylogenetic datasets, corresponding trees, 
input and output files for all analyses, and any other relevant supplementary files, are 
available in Zenodo at https://doi.org/10.5281/zenodo.17289523. 
 

5.8 SUPPLEMENTARY MATERIAL 
______________________________________________________________________ 

Detailed DIYABC-RF Workflow 
 

 This supplementary section provides a detailed account of the workflow 
implemented in DIYABC-RF v1.2.1 (Collin et al., 2021) for the Approximate Bayesian 
Computation using Random Forests (ABC-RF; Pudlo et al., 2016; Raynal et al., 2019). 
The primary aim of this analysis was to evaluate alternative demographic scenarios 
describing the evolutionary history of the Tropidurus spinulosus species group. While the 
main methodological rationale and general pipeline are presented in the main Methods 
section, the present document expands on specific simulation settings, prior distributions, 
model constraints, and verification steps adopted during the analyses. 
 
Input Data Preparation 
 The empirical dataset consisted of one SNP per locus derived from 820 UCE loci 
present across all individuals (complete UCE matrix, as described in the main text). 
Following DIYABC requirements, SNPs missing in their entirety in a population or 
monomorphic across all species were excluded. The dataset was formatted according to 
DIYABC-RF input conventions, defining four populations corresponding to the focal 
species: T. guarani, T. tarara, T. spinulosus, and T. xanthochilus. 
 
Scenario Design 
 Nine alternative demographic scenarios were constructed, grouped into three sets 
(Groups 1–3) that differed in the number, timing, and type of demographic events—
population splits (green), bottlenecks (blue), and expansions (red)—as illustrated in 
FIGURE 7 of the main text. Each group represents a conceptual demographic model 
linking specific evolutionary hypotheses (see TABLE 2 of the main text). Scenarios were 
parameterized using broad priors, allowing the simulation of complex demographic 
histories, including sequential or overlapping demographic events. 
 
Simulation Settings 
 For each scenario, between 10,000 and 20,000 datasets were simulated, matching 
the empirical dataset in terms of number of loci (820) and proportion of missing data. 
Simulations followed a coalescent model framework, with parameters sampled from prior 
distributions detailed below. To ensure biological realism while maintaining analytical 
convergence, a generation time of 0.5 years was used—this pragmatic adjustment allowed 
the simulated data distributions to encompass the empirical data during prior-checking 
tests. 
 
Prior Distributions 
 Broad uniform (UN) and log-uniform (LU) prior distributions were defined for 
population sizes (N) and divergence times (t), respectively. These priors were designed 
to encompass a wide range of plausible demographic conditions.  
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 All priors related population sizes followed a uniform distribution: [10, 100000] 
 All priors related to divergence times followed a log uniform distribution: [10000, 

3500000] 

 These parameters were defined in the simulation header file with specific 
conditional relationships (see below) to ensure temporal consistency and biologically 
meaningful constraints among population size changes. 
 

Conditional Constraints 
 Conditions were implemented in the DIYABC header file to enforce logical and 
temporal dependencies among parameters. These constraints ensured, for instance, that 
expansions follow bottlenecks and that demographic transitions occur in chronological 
order. The full list of constraints was as follows: 

 N4_expt8 > N4_btnt7 
 N3_expt8 > N3_btnt7 
 N2_expt8 > N2_btnt7 
 N1_expt8 > N1_btnt7 
 N4_btnt7 < N2_expt6 
 N3_btnt7 < N2_expt6 
 N2_btnt7 < N2_expt6 
 N1_btnt7 < N1_expt6 
 N1_expt6 > N1_btnt3 
 N2_expt6 > N2_btnt3 
 N1_expt6 > N1_stbt3 
 N2_expt6 > N2_stbt3 
 N1_expt6 > N1_inct3 
 N2_expt6 > N2_inct3 
 N1_stbt3 ≤ Na 
 N2_stbt3 ≤ Na 
 N1_btnt3 < Na 
 N2_btnt3 < Na 
 N1_inct3 > Na 
 N2_inct3 > Na 
 t1 > t2 > t3 > t4 > t5 > t6 > t7 > t8 

 
Model Validation and Data Checking 
 Before model selection, prior predictive checks were conducted to confirm that 
simulated datasets encompassed the empirical data. This was done by visual inspection 
of principal component analyses (PCA) of the summary statistics distributions. All 
observed datasets fell within the simulated data cloud, validating the prior parameter 
ranges. 
 
Summary Statistics 
 Both simulated and observed datasets were summarized using the full set of 130 
summary statistics available for SNP markers in DIYABC-RF. These include measures 
of within-population diversity (e.g., heterozygosity, allele frequencies), pairwise 
differentiation (e.g., Fst, Nei’s distance), and shared allele frequencies. Additionally, 
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Linear Discriminant Analysis (LDA) combinations of summary statistics were used for 
model choice, following Estoup et al. (2012). 
Random Forest Model Selection 
 Model selection was performed in two hierarchical steps: 

1. Global comparison: all nine scenarios were compared to identify the best-fitting 
model group. 

2. Within-group comparison: a refined selection among the three scenarios of the 
best-fitting group was performed, using narrower priors and additional 
simulations. 

 Each RF analysis was run with 500 and 1,000 trees to verify convergence. 
 Posterior probabilities were estimated following Pudlo et al. (2016), and model 
choice was based on the number of votes (trees) assigned to each scenario. 
 
Output Interpretation 
 Posterior probabilities and votes for each scenario were extracted from the RF 
results. Scenarios with the highest vote proportions were retained as the most supported. 
The confusion matrix and prior error rate jointly informed the reliability of the 
classification, while PCA plots confirmed the overlap between observed and simulated 
data distributions. 
 
Summary of Analysis Pipeline 

1. Definition of empirical dataset and scenario structure. 
2. Assignment of priors and logical constraints. 
3. Generation of 10,000–20,000 simulations per scenario. 
4. Prior-checking via PCA. 
5. Calculation of 130 summary statistics per dataset. 
6. Random Forest training (500–1,000 trees). 
7. Model selection in two steps (global → within-group). 
8. Assessment of classification performance. 
9. Extraction of posterior probabilities and scenario validation. 

All steps were executed using the graphical interface of DIYABC-RF, which integrated 
the simulation, summary statistic computation, model checking, and Random Forest 
analyses. 
______________________________________________________________________ 
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______________________________________________________________________ 

Phylogenetic inference and divergence time results: Figures S1-S10 

 
FIGURE S1. Partitioned phylogenetic analysis of 2269 UCE loci, matrix with 75% of completeness (via 

IQ-TREE). Numbers inside boxes refer to bootstrap support values (only nodes with support > 80 are 
shown). 

 
 

FIGURE S2. Partitioned phylogenetic analysis of 820 UCE loci (complete matrix), produced via IQ-
TREE. Numbers next to nodes refer to bootstrap support values. 
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FIGURE S3. Partitioned phylogenetic analysis of 1613 UCE loci (matrix with 95% of completeness), 
produced via IQ-TREE. Numbers next to nodes refer to bootstrap support values. 

 
 

FIGURE S4. Nuclear inferred from multilocus nuclear data using BPP, with branch support values 
indicated next to nodes (posterior probabilities). *All nuclear gene trees recovered T. lagunablanca nested 

within T. tarara samples, indicating that these lineages likely represent a single evolutionary unit. 
Accordingly, the T. lagunablanca sample was assigned to T. tarara in the BPP analysis, so that they 

represent a single branch in the estimated species tree. 
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FIGURE S5. Results produced from the species tree analysis of the 820 UCE loci (complete matrix), 
produced via ASTRAL. Numbers next to nodes refer to bootstrap support values. 

 
 

FIGURE S6. Results produced from the species tree analysis of 1613 UCE loci (matrix with 95% of 
completeness), produced via ASTRAL. Numbers next to nodes refer to bootstrap support values. 

 
 

FIGURE S7. Results produced from the species tree analysis of 2269 UCE loci (matrix with 75% of 
completeness), produced via ASTRAL. Numbers next to nodes refer to bootstrap support values. 
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In most cases, the divergence times estimated using RelTime (FIGURE S8; 
Tamura et al. 2018) fall within the same 95% highest posterior density (HPD) intervals 
provided by MCMCTree (FIGURE S9; dos Reis and Yang 2019), but important 
differences also occur. For instance, the clade comprising T. guarani, T. spinulosus, and 
T. teyumirim originates around 4 Ma according to the MCMCTree analysis, while the 
divergence is estimated to have occurred more recently based on the RelTime approach, 
around 3 Ma. In contrast, some node ages show notable discrepancies between the two 
methods. The divergence between T. sp. nov. and T. xanthochilus is estimated at 
approximately 3.5 Ma in the MCMCTree analysis, whereas RelTime dates the same split 
to about 7 Ma. Likewise, the origin of the T. tarara clade is estimated at ~3.75 Ma by 
MCMCTree but nearly 7.5 Ma in the RelTime analysis. The estimates provided by the 
species tree dated using MCMCTree provide intermediate values between the two 
analyses (FIGURE S10). 

 
FIGURE S8. Divergence times (Ma) estimated for the Tropidurus spinulosus species group using the 

UCE dataset. The 95% HPD interval of the posterior estimates (blue shaded bars), as estimated through 
the MCMCTree program, is shown above each node of the tree. The scale bar is in Ma. 

 
 

FIGURE S9. A timetree inferred by applying the RelTime-Branch Length method. The timetree was 
computed using 1 calibration constraint, as described in the main text. The scale bar is in Ma.
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FIGURE S10. A timetree inferred by applying the MCMCTree method, but at the species level. The 95% 
HPD interval of the posterior estimates, as estimated through the MCMCTree program, is shown next to 

each node of the tree. 

 
 
 
_____________________________________________________________________________________ 
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______________________________________________________________________ 
 

Ancestral climatic niche modelling results: Figures S11-12 
 
FIGURE S11. Present SDMs for species within the Tropidurus spinulosus group, based on a phylogenetic 
niche modelling approach. The gradient bar next to each figure represents the probability of occurrence of 

the lineages in their predicted areas. 

 
 

FIGURE S12. Ancestral climatic projections for Tropidurus spinulosus species which were not presented 
in the main text. 

 
_____________________________________________________________________________________ 
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______________________________________________________________________ 

Dataset comprising all Tropidurus spinulosus records used in this study: Table S1 

 
Table S1. Sampling localities and geographical coordinates for the 43 specimens included in this study, alongside with its genetic 
assignment in the BEAST analysis. The complete table, containing all records, can be found here.  

Sample ID Species assignment Location Longitude Latitude 
MTR 29623 Tropidurus tarara Aquidauana, Mato Grosso do Sul, BRA -55.5543 -20.4830 

MTR 29622 Tropidurus tarara Aquidauana, Mato Grosso do Sul, BRA -55.8217 -20.4445 

MTR 29619 Tropidurus tarara Corumbá, Mato Grosso do Sul, BRA -57.0361 -19.5738 

MTR 29611 Tropidurus tarara Miranda, Mato Grosso do Sul, BRA -56.5084 -20.1928 

MTR 29592 Tropidurus tarara Bodoquena, Mato Grosso do Sul, BRA -56.8965 -20.5319 

MTR 29588 Tropidurus tarara Bodoquena, Mato Grosso do Sul, BRA -56.7138 -20.5424 

MTR 29586 Tropidurus tarara Bonito, Mato Grosso do Sul, BRA -56.5812 -21.1074 

MTR 29570 Tropidurus tarara Bela Vista, Mato Grosso do Sul, BRA -56.4635 -21.9755 

MTR 29566 Tropidurus tarara Porto Murtinho, Mato Grosso do Sul, BRA -57.8963 -21.7065 

MTR 29554 Tropidurus xanthochilus Cuiabá, Mato Grosso, BRA -55.9886 -15.4575 

MTR 29521 Tropidurus sp. nov. Rondonópolis, Mato Grosso, BRA -54.7676 -16.6510 

MTR 29508 Tropidurus xanthochilus Chapada dos Guimarães, Mato Grosso, BRA -55.8313 -15.4072 

MTR 29503 Tropidurus xanthochilus Chapada dos Guimarães, Mato Grosso, BRA -55.7723 -15.4490 

MTR 29499 Tropidurus xanthochilus Santo Ant. do Leverger, Mato Grosso, BRA -55.5380 -15.9643 

MTR 29466 Tropidurus xanthochilus Cáceres, Mato Grosso, BRA -57.2507 -15.6263 

MTR 29440 Tropidurus callathelys Vila Bela da St. Trindade, Mato Grosso, BRA -60.0703 -14.9111 

MTR 29439 Tropidurus xanthochilus Vila Bela da St. Trindade, Mato Grosso, BRA -59.9546 -15.0086 

MTR 29393 Tropidurus guarani Villarrica, Guairá, PAR -56.2890 -25.8323 

MTR 29379 Tropidurus guarani Acahay, Paraguarí, PAR -57.1733 -25.8942 

MTR 29373 Tropidurus guarani Yaguarón, Paraguarí, PAR -57.2941 -25.5675 

LJAM-CNP 12113 Tropidurus spinulosus Ojo de Água, ARG -63.6961 -29.5004 

LG1551/2987 Tropidurus xanthochilus Chapada dos Guimarães, Mato Grosso, BRA -55.8000 -14.8666 

CHUNB74163 Tropidurus tarara Três Lagoas, Mato Grosso do Sul, BRA -52.1941 -20.5516 

CHUNB74157 Tropidurus tarara Ribas Rio Pardo, Mato Grosso do Sul, BRA -53.4730 -20.2532 

CHUNB74156 Tropidurus tarara Ribas Rio Pardo, Mato Grosso do Sul, BRA -53.4730 -20.2532 

CHUNB74155 Tropidurus tarara Camapuã, Mato Grosso do Sul, BRA -54.1364 -19.3246 

CHUNB74147 Tropidurus xanthochilus Alcinópolis, Mato Grosso do Sul, BRA -53.4039 -18.8577 

CHUNB74146 Tropidurus xanthochilus Alcinópolis, Mato Grosso do Sul, BRA -53.4325 -18.6444 

CHUNB74145 Tropidurus xanthochilus Santo Ant. do Leverger, Mato Grosso, BRA -55.3031 -15.5231 

CHUNB74137 Tropidurus xanthochilus Cáceres, Mato Grosso, BRA -57.3437 -16.3297 

AMCC 204553 Tropidurus melanopleurus Águas Blancas, Oran, ARG -64.3696 -22.7274 

AMCC 204537 Tropidurus xanthochilus Santa Cruz, BOL -61.0344 -14.7665 

AMCC 204510 Tropidurus spinulosus Boquerón, PAR -60.5332 -20.3763 

AMCC 204498 Tropidurus spinulosus Boquerón, PAR -61.6625 -21.2040 
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AMCC 204481 Tropidurus spinulosus Loma Plata, Boquerón, PAR -59.8611 -22.3435 

AMCC 204456 Tropidurus lagunablanca Santa Rosa del Araguay, San Pedro, PAR -56.2946 -23.8120 

AMCC 204453 Tropidurus guarani Paraguarí, PAR -57.1296 -25.6068 

AMCC 204421 Tropidurus tarara Concepcíon, PAR -57.3693 -22.6923 

AMCC 204384 Tropidurus spinulosus Rio Verde, Presidente Hayes, PAR -59.2027 -23.2140 

AMCC 204364 Tropidurus teyumirim Paraguarí, PAR -56.8702 -26.0499 

AMCC 204357 Tropidurus guarani San Bernardino, Cordillera, PAR -57.3027 -25.3071 

AMCC 204349 Tropidurus guarani Pirebebuy, Cordillera, PAR -57.0456 -25.5144 

946104 Tropidurus xanthochilus Alto Araguaia, Mato Grosso, BRA -53.2207 -17.3136 
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EPÍLOGO 

 

 Esta tese buscou integrar abordagens metodológicas e empíricas para 

compreender fenômenos e processos diversos em Biologia Evolutiva. Ao longo dos 

capítulos, foram investigados desde fundamentos conceituais sobre o uso de aprendizado 

de máquina em delimitação de espécies até reconstruções históricas detalhadas baseadas 

em dados genômicos e modelos paleoclimáticos para lagartos do grupo Tropidurus 

spinulosus. A sequência dos capítulos reflete, portanto, um percurso que vai do 

desenvolvimento de ferramentas analíticas e reflexões metodológicas à aplicação 

concreta de ferramentas de inteligência artificial para problemas em Biologia Evolutiva 

até a elucidação da história evolutiva de um grupo neotropical de lagartos. 

 O primeiro capítulo discutiu criticamente o papel do aprendizado de máquina na 

delimitação de espécies, um campo em rápida expansão dentro da biologia evolutiva. A 

revisão mostrou que esta ferramenta tem potencial para lidar com conjuntos de dados 

extensos e multidimensionais, oferecendo alternativas eficientes para problemas 

complexos como a detecção de limites entre espécies. Entretanto, também evidenciou que 

o entusiasmo em torno dessas abordagens deve ser acompanhado por cautela 

metodológica. Modelos de aprendizado de máquina dependem de conjuntos de treino e 

teste representativos e podem ser sensíveis a pressupostos implícitos. Assim, o capítulo 

propôs boas práticas para o uso responsável do aprendizado de máquina em delimitação 

de espécies, enfatizando a importância da simulação de cenários realistas, da avaliação 

de adequação de modelos e da combinação entre predições automatizadas e interpretações 

biológicas fundamentadas. 

 No segundo capítulo, essas considerações teóricas foram testadas de maneira 

preliminar, mas ao mesmo tempo aprofundada, por meio de experimentos de simulação 

que avaliaram a capacidade de classificadores supervisionados de diferenciar distintos 

modelos de delimitação de espécies. Os resultados demonstraram que, mesmo quando 

treinados sob modelos de substituição simples, esses algoritmos conseguem generalizar 

adequadamente para dados com níveis moderados de heterogeneidade entre loci, 

apresentando boa acurácia na identificação de padrões de divergência e fluxo gênico. Os 

resultados reforçam que o uso de aprendizado de máquina em inferências evolutivas deve 

ser acompanhado por diagnósticos de adequação dos modelos evolutivos avaliados por 

simulações sob múltiplas condições, garantindo um equilíbrio entre eficiência 

computacional e realismo biológico. 
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 O terceiro capítulo abordou outro desafio metodológico: a modelagem da 

heterogeneidade molecular em inferências de taxa de substituição baseadas em genomas 

mitocondriais de Squamata. As estimativas obtidas indicaram taxas médias de 

substituição na faixa de 0,006 a 0,02 substituições por sítio por milhão de anos para 

Pleurodonta, mas com ampla variação entre genes e posições de códon. Em suma, o 

estudo demonstrou a necessidade de particionamentos adequados e calibrações 

consistentes com a biologia do grupo, reforçando que inferências temporais robustas 

dependem não apenas da quantidade de dados, mas da qualidade da modelagem evolutiva. 

 Os capítulos seguintes aplicaram praticamente todo esse arcabouço metodológico 

ao estudo empírico do grupo Tropidurus spinulosus, um conjunto de espécies amplamente 

distribuídas em formações abertas da América do Sul centro-meridional. A integração de 

dados genômicos revelou uma filogenia nuclear bem resolvida, porém parcialmente 

discordante em relação ao sinal mitocondrial. Essa discordância mitonuclear, 

frequentemente interpretada como um desafio ao entendimento da história evolutiva dos 

organismos, foi aqui examinada sob diferentes hipóteses biogeográficas e demográficas. 

As análises integradas de genealogia, estrutura populacional e modelagem demográfica 

indicaram que a incongruência entre os genomas nuclear e mitocondrial resulta 

principalmente de eventos históricos de introgressão mitocondrial, possivelmente 

associados a contatos secundários em períodos de instabilidade climática. Em outras 

palavras, os padrões genéticos observados refletem uma história evolutiva permeada por 

episódios de hibridização e captura mitocondrial, e não apenas processos de divergência 

alopátrica estrita. 

 Essa interpretação foi reforçada pela análise temporal e geográfica conduzida no 

quinto capítulo, que reconstruiu a diversificação do grupo em diferentes escalas 

temporais. As estimativas de tempo situam as divergências mais profundas no Mioceno, 

um período marcado por eventos geológicos e marinhos que remodelaram a paisagem da 

América do Sul. Posteriormente, durante o Plio–Pleistoceno, a reorganização hidrográfica 

(em especial o estabelecimento do curso moderno do rio Paraguai) contribuiu para o 

isolamento e a diferenciação de linhagens, funcionando como uma importante barreira 

biogeográfica. Já no Pleistoceno, as flutuações climáticas promoveram eventos de 

expansão demográfica, criando oportunidades para contato secundário e introgressão. 

Assim, a história evolutiva do grupo de espécies Tropidurus spinulosus reflete uma 

interação complexa entre vicariância neógena e dinâmica quaternária, em um contexto 

marcado pela permeabilidade de barreiras e pela persistência de fluxo gênico episódico. 
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 Em conjunto, os resultados desta tese demonstram que compreender os processos 

de diversificação em sistemas biológicos requer abordagens verdadeiramente 

integrativas, capazes de extrair evidências biológicas robustas a partir de múltiplas fontes 

de dados. A conjugação entre simulações, aprendizado de máquina, filogenômica e 

modelagem ecológica não apenas aprimora o potencial analítico das ferramentas 

disponíveis, mas também permite reinterpretar a história evolutiva de grupos amplamente 

distribuídos e ecologicamente diversos, como Tropidurus spinulosus. Os avanços 

metodológicos aqui propostos têm potencial para aplicação em outros sistemas 

biológicos, especialmente naqueles em que os limites entre espécies são difusos ou 

permeáveis. 

 Esta tese reforça, ainda, que a evolução raramente segue trajetórias lineares ou 

discretas. A história do grupo de espécies Tropidurus spinulosus exemplifica como 

processos em múltiplas escalas temporais (desde deriva genética e o fluxo gênico até 

mudanças tectônicas e climáticas) interagem de forma contingente para gerar padrões 

complexos de diversidade ecológica e discordância genômica. Ao integrar ferramentas 

analíticas modernas e uma perspectiva evolutiva sob diferentes escalas, este trabalho 

contribui para o entendimento de como a história geológica e climática da América do 

Sul se reflete, em detalhe, na evolução de sua fauna, oferecendo um caminho 

metodológico robusto para futuras investigações sobre a formação da biodiversidade 

neotropical. 

 Por fim, esta tese reforça o papel central da ciência aberta como componente 

intrínseco da pesquisa contemporânea em Biologia Evolutiva. Ao tornar públicos todos 

os dados, rotinas analíticas e fluxos de trabalho utilizados, este trabalho se compromete 

com a transparência e com a possibilidade de verificação independente dos resultados. 

Essa postura, além de promover reprodutibilidade, amplia o alcance e o potencial 

transformador da pesquisa ao permitir que outros grupos utilizem, critiquem ou expandam 

os achados aqui apresentados. Em um cenário marcado pela crise de reprodutibilidade em 

diversas áreas do conhecimento, a construção de uma ciência mais colaborativa e 

acessível depende de gestos concretos como esse, que democratizam o conhecimento, 

mitigam barreiras à validação independente e fortalecem a confiança na prática científica. 
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