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Por volta de 170 maa, o clado Theria se dividiu para formar os dois mais diversos grupos taxonômicos de 

mamíferos: Metatheria e Eutheria. A partir desta divisão, e especialmente durante o Cenozóico, metatérios e 

eutérios tiveram caminhos evolutivos muito distintos. Metatérios tiveram grande parte de sua evolução restrita a 

América do Sul e Oceania, enquanto eutérios se dispersaram e diversificaram por todo globo. Na América do Sul 

estes grupos atualmente coexistem em larga escala e frequentemente utilizam os mesmos hábitats naturais, a 

exemplo dos marsupiais didelfídeos e os roedores sigmodontíneos. Nos dois primeiros capítulos desta tese 

comparo didelfídeos e sigmodontíneos com relação ao seu nicho trófico, utilizando isótopos estáveis e morfologia 

escapular. Os dois clados frequentemente ocupam o mesmo espaço de nicho ecológico e evolutivo, culminando 

com padrões de sobreposição de nicho trófico e morfológico. Por um lado, o nicho isotópico de didelfídeos é 

menor que o de sigmodontíneos, principalmente relacionado com a maior amplitude de enriquecimento de carbono 

em roedores, indicativo da presença de plantas C4 e CAM consumida dentro da cadeia trófica. Por outro lado, a 

forma da escápula de didelfídeos tem maior disparidade morfológica, se comparada àquela de sigmodontíneos, o 

que é consequência da maior variação de tamanho entre as espécies deste clado e de sua íntima relação entre 

tamanho e forma. A maior variação de tamanho corporal dos didelfídeos também está relacionada com o 

enriquecimento de δ15N nestes animais, uma vez que espécies maiores têm maiores níveis de δ15N, indicando uma 

dieta enriquecida proteicamente. Em escala global, no terceiro capítulo investigo comparativamente os padrões de 

disparidade morfológica da mandíbula de médios e grandes Metatheria e Eutheria (> 7kg). Sobretudo, os padrões 

de disparidade morfológica em Metatheria e Eutheria estão fortemente associados com as flutuações climáticas ao 

longo do tempo evolutivo, sendo que as restrições evolutivas comumente associadas aos metatérios não parecem 

ter impedido que estes atingissem valores de disparidade morfológica na forma da mandíbula equiparáveis aos 

valores observados em carnívoros placentários. Ambos os clados evoluíram morfologias altamente adaptadas para 

hipercarnivoria, mostrando convergências quanto ao morfoespaço. Portanto, e apesar de seus distintos caminhos 

evolutivos, existem muitas semelhanças entre Eutheria e Metatheria, uma consequência de convergências 

evolutivas para hábitos similares, mas não necessariamente no mesmo tempo e espaço. 

 

Palavras-chave: Didelphidae, evolução, isótopos estáveis, marsupiais, morfologia, morfometria geométrica, 

placentários, Sigmodotinae, Sparassodonta, creodontes, ungulados.
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MORPHOLOGICAL COMPARISON 
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The clade Theria has slept around 170 Mya into the two most diverse taxonomic groups of mammals: Metatheria 

e Eutheria. Since them, and especially during the Cenozoic, metatherians and eutherians followed towards very 

different evolutionary paths. Metatherians had a large portion of their evolutionary history restricted in South 

America and Oceania, while eutherians have dispersed and diversified throughout the whole globe. Nowadays, in 

South America, these two groups coexist at broad scale, frequently using the same natural habitat, like the 

didelphid marsupials and sigmodontine rodents. In the first two chapters of this document I present a comparison 

between didelphids and sigmodontines in relation to their trophic niche, using stable isotopes, and their scapular 

morphology. Both clades frequently occupy the same ecological and evolutionary space, culminating in 

overlapping patterns of trophic and morphological niche. On the one side, didelphids isotopic niche is smaller than 

that of sigmodontines. This is specially related to the higher amplitude of carbon enrichment of rodents, an 

indicative on the consumption of C4 and CAM plants within the trophic chain. On the other side, didelphids have 

more morphological disparity than sigmodontines in scapula shape, which is a consequence of the higher size 

variation among didelphids species and their intimate and strong relationship between shape and size. The large 

size variation of didelphids is also a good predictor of δ15N enrichment. In summary, larger didelphid species have 

higher levels of δ15N, indication increased consumption of proteins. In my third chapter, and at global scale, I 

investigate patterns of mandibular morphological disparity between mid and large sized Metatheria e Eutheria (> 

7kg). Overall, patterns of morphological disparity in both clades are strongly correlated with paleoclimatic 

fluctuations through the evolutionary time. Moreover, the evolutionary restrictions that have been reported for 

methaterians does not seem to have kept them to achieve high levels of morphological disparity in mandibular 

shape, in which their disparity variables are comparable in magnitude to those observed in eutherians. Both clades 

have evolved highly adapted hypercarnivorous morphologies, showing convergent morphospace. Thus, in spite of 

their different evolutionary paths, I could identify several similarities between Eutheria and Metatheria, 

evolutionary convergences to similar habits that are not necessarily related to the same time period or geographical 

space.   

 

Key-words: Didelphidae, evolution, geometric morphometrics, marsupials, morphology, placentals, 

Sigmodotinae, stable isotopes.
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INTRODUÇÃO 

 

A comparação dos aspectos evolutivos e ecológicos entre os dois maiores clados de 

mamíferos, Eutheria e Metatheria, tem sido um tema clássico dentro da disciplina de ecologia 

evolutiva (SÁNCHEZ-VILLAGRA 2012). Estes dois grupos se divergiram a cerca de 170  M.a. 

(FOLEY et al. 2016) e, a partir dai, traçaram caminhos distintos em parte devido as peculiaridades 

biogeográficas e ontogenéticas de cada grupo (SÁNCHEZ-VILLAGRA 2012). Ainda assim, 

diversos estudos têm demonstrado a capacidade adaptativa destes grupos a ponto de convergirem 

dentro do eco- e morfoespaço (GOSWAMI et al. 2011, CROFT et al. 2018; WROE & MILNE 

2007; GALETTI et al. 2016). 

Até o final do Cretáceo, Mammalia era um clado composto por animais de porte 

relativamente pequeno, variando entre três gramas até, no máximo, 15kg (SMITH et al. 2010). A 

partir do final do Cretáceo, com a extinção dos dinossauros não-avianos, os mamíferos, em apenas 

30 milhões de anos, evoluíram espécies com mais de dez toneladas, além de ocuparem uma grande 

variedade de nichos (SAARINEN et al. 2014; SMITH et al. 2010). Este processo de rápida 

diversificação ocorreu tanto entre metatérios quanto em eutérios, sendo que as formas mais díspares 

estão dentro de clados eutérios. 

 Eutheria, que inclui os placentários, possui hoje uma distribuição global. Com mais de 5000 

espécies, esse clado se distribui tanto em ambientes terrestres como aquáticos e se diversificou em 

grande parte nos continentes que constituíam a Laurasia, que permaneceram interconcetados 

durante o Cenozóico. Em contrapartida, Metatheria, hoje representados pelos marsupiais, é um 

clado atualmente confinado às Américas e à Oceania. Com em torno de 340 espécies atuais, os 

marsupiais evoluiriam e se diversificaram em parte isolados da influênica dos placentários 

(SÁNCHES-VILLAGRA 2012). Entre as principais razões desta diferença de riqueza entre os 

clados citam-se, principalmente, restrições evolutivas inerentes a cada um dos grupos. Estudos 

morfológicos demonstram que marsupiais têm uma morfologia filogeneticamente mais 

conservativa, relacionadas principalmente ao seu desenvolvimento ontogenético diferenciado 

(SHIRAI & MARROIG, 2010). Mesmo assim, estudos morfológicos também demonstram uma 

sobreposição no morfoespaço multivariado entre placentários e marsupiais (BUBADUÉ et al. 

2019; GOSWAMI et al. 2011; WORE & MILNE 2007; ECHARRI et al. 2017).  
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Apesar da maior diversidade atual de marsupiais estar representada na Austrália, a Região 

Neotropical se destaca por ser o único continente onde marsupiais e placentários coexistem 

extensivamente e em diversas ecorregiões (SÁNCHEZ-VILLAGRA 2012). Evidências de 

sobreposição de nicho mostram o potencial de marsupiais e placentários de convergir 

evolutivamente, principalmente em se tratando de características relacionadas ao uso do espaço 

(FONSECA & ROBISON 1990; VIEIRA & MONTEIRO-FILHO 2003; GRELLE 2003). Estudos 

de campo identificam que os pequenos marsupiais e roedores hoje particionam o ambiente de 

acordo, principalmente, com o estrato vertical (MELO et al. 2011; GRELLE 2003; VIEIRA & 

MONTEIRO-FILHO 2003). Em se tratando de dieta, estudos com isótopos estáveis mostram que 

o nicho trófico de marsupiais tende a ser mais restrito que em placentários de tamanho comparável 

(GALLETI et al. 2016; RIBEIRO et al. 2019).  

Múltiplas técnicas tem sido aplicadas para investigar convergências e adaptações de 

mamíferos em geral, assim como analisar seus padrões de coexistência. A análise de isótopos 

estáveis avalia as diferenças entre as massas atômicas de carbono e nitrogênio a fim de identificar 

suas taxas de isótopos pesados, em relação aos leves, nos tecidos dos organismos (BEN-DAVID & 

FLAHERTY, 2012). Isótopos podem ser mais ou menos enriquecidos para alguns elementos, em 

particular quando relacionados ao consumo de plantas C3 ou C4, assim como devido à posição do 

animal na cadeia trófica. Por exemplo, o nitrogênio geralmente se torna enriquecido em espécies 

carnívoras devido ao alto consumo de proteínas. Isótopos fornecem dados adicionais e 

independentes de variação fenotípica quanto o uso do nicho trófico. Dessa forma, isótopos podem 

ser utilizados como uma abordagem complementar à morfometria geométrica como uma forma de 

quantificar o nicho trófico dos organismos (cf. LOUYS et al., 2012).  

A morfometria geométrica fornece ferramentas que permitem descrever e quantificar o 

tamanho e forma entre táxons (ZELDITCH et al., 2012). Ela tem sido extensivamente aplicada 

para descrever principalmente a forma do crânio, mas também de ossos longos e chatos de 

placentários e marsupiais (BENNETT & GOSWAMI 2013; WROE et al., 2005; FIGUEIRIDO & 

JANIS, 2011).  

Nesta tese, abordo a dicotomia mamaliana entre metatérios e eutérios, um exemplo clássico 

de padrões de coexistência e convergência evolutiva, através do emprego dos isótopos estáveis e 

morfometria geométrica para avaliar seus padrões de coexistência, convergência evolutiva e 

diversificação morfológica. Para tanto, foco primeiramente na Região Neotropical, com o objetivo 
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principal de identificar as diferentes estratégias evolutivas que marsupiais e placentários assumem 

para coexistir, bem como as similaridades encontradas entre estes dois clados (= convergências). 

Em um segundo momento, extrapolo essa comparação para os grandes clados Metatheria e 

Eutheria, permitindo a inclusão dos extintos Sparassodonta para avaliar os padrões de 

diversificação morfológica entre metatérios e eutérios ao longo do tempo evolutivo.  
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Estrutura da tese 

 

Esta tese está estruturada de acordo com as normas da “Estrutura e apresentação de 

monografias, dissertações e teses: MDT”, da Universidade Federal de Santa Maria (MDT, 2015). 

Compõem esta tese três capítulos e um apêndice redigidos no formato de artigos científicos, 

conforme a descrição abaixo: 

 

Artigo 1: Niche partitioning in small mammals: interspecific and ecoregion level analyses 

using stable isotopes 

 

Utilizo isótopos estáveis para descrever e compararar os padrões de partição de nicho entre 

marsupiais da família Didelphidae e roedores da subfamília Sigmodontinae, focando em padrões 

interespecíficos e entre ecorregiões brasileiras. Ambos clados são neotropicais, coexistindo ao 

longo da América do Sul e Central.  

 

Artigo 2: Marsupial versus Placental: Assessing the evolutionary changes in the scapula of 

Neotropical marsupials and rodents 

 

Através da morfometria geométrica, quantifico a forma da escápula de marsupiais 

didelfídeos e roedores sigmodontíneos para identificar as convergências evolutivas entre estes 

clados e o papel da alometria, dos hábitos locomotores e de suas diferentes histórias evolutivas na 

adaptação desta estrutura. Interpreto estes resultados com base em estudos de coexistência entre 

estes dois clados na América do Sul, uma vez que este é o único local do mundo onde uma grande 

quantidade de marsupiais coexiste com placentários atualmente.  

 

Artigo 3: The mandible of carnivorous mammals: the impact of climate on morphological 

disparity through time 

 

Em escala global, analiso comparativamente os padrões de disparidade morfológica entre 

Metatheria e Eutheria, verificando a influência do paleoclima na variação morfológica destes 

clados comparativamente. Foco em espécies de médio e grande porte (>7kg) que desenvolveram 
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adaptações morfológicas mandibulares para uma dieta faunívoras, mas também incluo algumas 

espécies próximas que enventualmente possuem diferentes hábitos alimentares (eg. Ailuropoda 

melanoleuca, herbívoro).   

 

Artigo 4: Clinal and allometric variation in the skull of sexually dimorphic opossums 

 

 Este artigo, anexado como Apêndice A do presente documento, foi apresentado como artigo 

de qualificação de doutorado. Nele investigo a variação ecogeográfica do dimorfismo sexual e da  

variação da forma e tamanho do crânio no generalista de hábitat Didelphis albiventris e nos 

especialistas de floresta D. aurita e D. marsupialis.  Discuto meus resultados em relação a variação 

climática e alométrica destes animais, focando na sua ampla distribuição na América do Sul, suas 

diferenças interspecíficas, enfatizando a história evolutiva e biogeográfica do gênero Didelphis. 
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Capítulo 1: formatado nas normas da Journal of Mammalogy 

Niche partitioning in small mammals: interspecific and ecoregion level analyses using stable 

isotopes 

 

Jamile Bubadué*, Nilton Cáceres, Geruza Melo, Jonas Sponchiado, Thaís Battistella, Jason 

Newton, Carlo Meloro 

 

Running header: Niche partition in small mammals 
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*Correspondent: jamilebubadué@gmail.com 
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Small mammalian assemblages from South America provide a unique opportunity to measure 

coexistence and niche partitioning between marsupial and placental mammals. In this study, we 

tested how these two major mammalian clades partition the environmental resources by comparing 

stable isotopic ratios of similar sized Didelphidae and Sigmodontinae. Generally, didelphid 

isotopic niche follows scaling law, as we found an association between 15N enrichment and body 

mass. Meanwhile, sigmodontines primarily partition the environment via forest strata. 

Sigmodontines show a greater intake of C4 or/and CAM plants than didelphids, being reflected on 

their wider trophic niche. 13C values are the highest in South American savannas and grasslands 

(Cerrado and Pampa) and 15N are the highest in the Atlantic Forest (in sigmodontines) and Pampa 

(in didelphids). While assessing the patterns between two major Brazilian ecoregions (Atlantic 

Forest and Cerrado) we found evidence of a broader trophic niche for both clades in the Cerrado. 

While in the Atlantic Forest, more productive, niche occupation by Didelphidae is completely 

enclosed within Sigmodontinae trophic niche, clades show less overlap in the Cerrado, less 

productive. Our results highlight the importance of comparative research and the use of stable 

isotopes for testing ecological enquiries on how mammals partition the environment.  

 

Key-words: coexistence, diet, food resource, forest strata use, phylogenetic approach. 
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Na América do Sul, as assembleias de pequenos mamíferos proporcionam uma oportunidade única 

de analisar a coexistência e partição de nicho entre marsupiais e placentários. Neste estudo, 

testamos como estes dois clados particionam os recursos do ambiente através da comparação das 

razões de isótopos estáveis em Didelphidae e Sigmodontinae. O nicho isotópico de didelfídeos 

segue a regra de escala, uma vez que encontramos associação entre o enriquecimento de 15N e 

massa corporal. Enquanto isso, sigmodontíneos particionam o ambiente primariamente através do 

estrato vertical. Sigmodontíneos parecem consumir mais plantas C4 ou/e CAM que didelfídeos, 

refletindo no seu maior nicho trófico. Os valores de 13C são maiores no Cerrado e Pampa, 

enquanto os valores de 15N são maiores na Floresta Atlântica (em sigmodontíneos) e no Pampa 

(em didelfídeos). Ao verificar estes padrões comparativamente entre duas grande ecorregiões 

brasileiras (Floresta Atlântica e Cerrado), achamos evidencias de um maior nicho ecológico para 

os dois clados no Cerrado. Enquanto na Floresta Atlântica, mais produtiva, a ocupação de nicho de 

Didelphidae está completamente anexada dentro do nicho de Sigmodontinae, os clados possuem 

menor sobreposição de nicho no Cerrado, menos produtivo. Nossos resultados destacam a 

importância de estudos comparativos e do uso de isótopos estáveis para entender como os 

mamíferos particionam o ambiente.  

 

Palavras-chave: abordagem filogenética, coexistência, dieta, recurso alimentar; uso do estrato 

florestal. 
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South America hosts a large diversity of non-volant small mammals, composed by the community 

assemblages of two evolutionary distinct clades: Marsupialia and Placentalia. Studies on South 

American small marsupials, mostly represented by the diverse Didelphimorphia clade, have shown 

that diversification rates of these animals are lower than expected compared with other mammalian 

clades (Jansa et al. 2014). In contrast, morphological evidence shows rapid-diversification rates on 

Sigmodontinae rodents, the most diverse South American clade of small placentals (Maestri et al. 

2016). The evolutionary history of these two groups was influenced by different and well-known 

biogeographical events: the ‘Splendid Isolation’ in which South America remained mostly isolated 

over most of the Cenozoic (Simpson 1980) and the Great American Interchange (GABI) promoted 

by the formation of the Panama Isthmus (2.8 Ma, O’Dea et al. 2016). Didelphimorphs and 

sigmodontines only recently evolved, sharing the same environments and, to some extent, showing 

similar morphological adaptations towards locomotion (Bubadué et al. 2019). 

Studies focusing on small mammal communities demonstrated that spatial overlap might 

occur between species with similar ecology such as marsupials and rodents (Mares et al. 1986), 

and that differential use of the vertical strata in the forest canopy can favor their co-existence 

(Grelle 2003; Vieira and Monteiro-Filho 2003). Similarly, stable isotope studies shed light on the 

coexistence patterns between rodents and marsupials through quantification of the trophic niche 

and feeding ecology in small mammals (Mauffrey and Catzeflis 2003). Studies on sympatric 

rodents (e.g. Bovendorp et al. 2017) and marsupials (Kuhnen et al. 2017) support partial feeding 

overlap between species that might exhibit wide or narrower isotopic niches in relation to different 

degrees of omnivory. In Atlantic Forest communities, Galetti et al. (2016) identified broader 

isotopic niche space for rodents than marsupials and no association between species isotopic 

signatures and body mass; however, locomotory habits influenced isotopic composition in different 

taxa. Ribeiro et al. (2019) demonstrated that isotopic niche of small mammals from the Brazilian 

Cerrado can vary according to food availability, species diet preferences, and habitat complexity 

while Missagia et al. (2019) recently demonstrated with a phylogenetic approach in akodontine 

rodents that trophic diversity vary more than isotopic signatures between clades.  

As predicted by Crawford et al. (2008), stable isotope analysis is becoming a widespread 

tool in mammalian ecology. 15N values increase with trophic level, and δ13C differences between 

C3 and C4 plants are reflected in the 13C values of plants that herbivores eat and, subsequently, 

in their predators up the food chain (Ben-David and Flaherty 2012). Additionally, and if carefully 
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interpreted, they can be used to investigate the contribution of specific food sources in diverse 

communities and for individual preferences within a species. Mixed models are now being applied 

to estimate the proportional contributions of food sources to the isotopic composition of the 

consumer tissues on local scale (Phillips 2012). Although in a broader scale, this approach can be 

difficult to implement, published data provide a good overview on the isotopic range of small 

mammals in different areas of the Neotropics and how to interpret them regarding to their potential 

diet sources. For instance, higher δ15N values (> 3‰) in small mammals from Atlantic forest are 

most likely associated with higher degree of faunivory, especially consumption of arthropods, but 

also fungi, while low levels are associated with preference for plant items (fruits or leaves) (Galetti 

et al. 2016; Bovendorp et al. 2017). High δ13C values (> -20‰) suggest consumption of C4 and/or 

crassulacean acid metabolism (CAM) forest plants by small mammals in this ecoregion (Galetti et 

al. 2016). Results and interpretations are similar for Cerrado, although δ15N values seem to vary 

more than in the Atlantic forest (Galetti et al. 2016 in comparison with Ribeiro et al. 2019). To our 

knowledge, no isotopic study on small mammal communities have been conducted in Pampa or 

Pantanal, which are dominated by grasslands, and also no comparative study involving forested, 

savannah, and grassland ecotypes. 

We combined isotopic and comparative approaches to test how the trophic niche of small 

mammals varied interspecifically and across different ecoregions of Brazil. At the interspecific 

level, we aimed to compare the trophic niche between marsupials and rodents using a 

comparative/phylogenetic approach. We were interested in the level of phylogenetic structure and 

the amount of isotopic variation within each clade (Didelphidae and Sigmodontinae) as well as the 

level of overlap between them.  

Rodents and marsupials are known to share and partition the environment, especially based 

on forest strata use (Vieira and Monteiro-Filho 2003; Vieira and Camargo 2012) and body mass 

(see spatial scaling law in Ritchie and Olff 1999). Therefore, we evaluated the relationship of 

species average body mass and locomotor categories with δ13C and δ15N values. Since isotopes can 

vary depending on the environmental conditions of each site (Handley et al. 1999), we tested for 

the impact of local climate on stable isotopes of small mammals. We described their isotopic 

compositions in four Brazilian ecoregions: Atlantic Forest, Cerrado (Neotropical Savanna), 

Pantanal (Wet grassland) and Pampa (Southern Grassland).  
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We compared the level of overlap between didelphids and sigmodontines within and 

between the two largest sampled ecoregions, Atlantic Forest and Cerrado. By quantifying 

trajectories of changes in isotopic values between clades from the Cerrado to the Atlantic Forest 

we aimed to identify patterns of trophic shift towards similar environments (proposed by Turner et 

al. 2010). Based on results from previous research (Atlantic Forest: Galetti et al. 2016; Cerrado: 

Ribeiro et al. 2019), we expect that Cerrado species – a less stable environment that is richer in C4 

plants, when compared to forest ecoregions – would show higher δ13C and δ15N values than in the 

Atlantic Forest for both. Eventually, this would increase the variation in the Cerrado, and so trophic 

niche would be wider in this ecoregion if compared to the Atlantic Forest. Despite obvious 

evolutionary differences, studies on small marsupials and placental mammals suggest similar 

ecological strategies of opportunistic behavior in both clades (Vieira and Monteiro-Filho 2003; 

Vieira and Camargo 2012; Bubadué et al. 2019). We expect that rodents and marsupials would not 

overlap completely in each ecoregion and that the trophic niche of marsupials will be smaller than 

in Sigmodontinae, independently of ecoregion.  

 

MATERIALS AND METHODS 

 

Sampling – We selected 164 adult specimens of small mammals deposited in the mammal 

collection of the Universidade Federal de Santa Maria (UFSM – Brazil). These specimens were 

collected during previous mammal trapping surveys (Cáceres et al. 2007, 2008, 2010, 2011, 2014; 

Melo et al. 2011, 2013; Sponchiado et al. 2012) between 2002 and 2010 in the states of Mato 

Grosso do Sul and Rio Grande do Sul (Brazil). Adults were selected based on the associated skull 

morphology (closed sutures and all permanent teeth erupted). The specimens belong to 45 species, 

15 Didelphidae and 30 Sigmodontinae. Specimens were originally collected in 44 different 

localities distributed within four Brazilian ecoregions (Fig. 1, Table 1). For most specimens we 

also recorded their body mass before death, which we used to estimate mean body mass per species. 

We have gathered information on locomotion from the literature for each species included in this 

study (e.g. Paglia et al. 2012). Five locomotor categories were used – arboreal, scansorial, 

semiaquatic, semifossorial, and terrestrial – as in Bubadué et al. (2019).  
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Figure 1. Map of South America, separating ecoregions with the collection localities of our dataset. 

 

Table 1. Number of specimens and species separated by clade and ecoregion. In the Atlantic Forest, number of 

species between parenthesis corresponds to the number after isotopic values in Galetti et al. (2016) were added. 

   

 Didelphidae Sigmodontinae 

Ecoregion Specimens Species Specimens Species 

Atlantic Forest 5 (16) 4 (12) 27 (34) 11 (15) 

Cerrado 38 12 54 14 

Pantanal 6 4 21 8 

Pampa 4 2 9 7 
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Stable isotope analysis – We collected at least 0.5 g of hair for each specimen from which 

we measured δ13C and δ15N. Each sample was submerged in a 2:1 chloroform:methanol mixture 

for an hour and then left to air-dry in fume hood to clean the samples of body oils and other adhered 

contaminants. Sub-samples of 0.7 mg of the clean hair were weighed into 5 x 3 mm tin capsules 

and combusted in a Pyrocube (Elementar, Hanau, Germany) elemental analyser. Sample gases 

were transferred via helium carrier gas to a Thermo (Bremen, Germany) Delta XP Plus isotope 

ratio mass spectrometer. Sample data was reported in standard delta per mil notation (δ ‰) relative 

to V-PDB (δ13C) and AIR (15N) international standards. Laboratory reference materials were 

interspersed within the measurement run to correct for linearity and drift. Analytical precision (SD) 

of GEL (Gelatin) was: δ13C = 0.06‰; δ15N = 0.09‰. 

 

Interspecific variation – For the comparative analyses, we used specific phylogenies for 

each clade (Didelphidae: Jansa et al. 2014; Sigmodontinae: Fabre et al. 2012). We modified Jansa 

et al. (2014) to add Cryptonanus and Marmosa genus relationships according to recent studies 

(Guerra and Costa 2019, Silva et al. 2019). This procedure was performed by adding the additional 

species into the original Didelphidae phylogeny using Mesquite and then using the branch length 

adjuster (BLADJ) algorithm with Phylocom v.4.2 software (Webb et al. 2008), in combination 

with the node ages provided by Jansa et al. (2014). The full tree is provided in Supplementary 

material Appendix 1. 

 Isotopic values were averaged by species in order to identify if phylogenetic signal occurs 

in the data (Blomberg and Garland Jr 2002). We expected closely related species to exhibit similar 

ecology and behavior, and hence similar isotopic data (e.g. Bubadué et al. 2019). In order to 

determine if comparative models such as phylogenetic generalized least square were necessary to 

be implemented for our models of interspecific variation, we estimated phylogenetic signal in the 

residual deviations of the predicted variable for the model testing association between isotopes and 

averaged body mass in between species (Revell 2010).  

We used linear model evaluation with randomized residuals in a 9,999 permutations 

procedure (Collyer and Adams 2018) to asses if δ13C and δ15N values differed between Didelphidae 

and Sigmodontinae. Using packages ‘SIBER’ and ‘siar’, we computed and delimited stable isotope 

Bayesian ellipses, correcting ellipses areas (SEAB) for sample size in each group, measured the 

level of overlap between clades, and tested for the hypothesis that Didelphidae ellipses area would 
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be smaller than in Sigmodontinae (according to Galetti et al. 2016). Then, we performed a three-

way ANOVA model using body mass, locomotor categories, and taxonomic clades as predictors 

of carbon and nitrogen isotopic values averaged by species (Full model: δ13C or δ15N ~ 

mass*locomotor categories*clade). Phylogenetic Generalised Least Square was not implemented in 

these models due to the lack of phylogenetic signal in the residual model values. 

  

Ecoregion comparisons – We extracted bioclimatic variables with a resolution of 10’ from the 

WorldClim raster database (Hijmans et al. 2005) for each locality of small mammal collection. 

Using average by species and site, we implemented a correlation table to test association between 

stable isotopes a climatic condition. We also considered the correlation between bioclimatic 

variables to select or not select them following a Variance Inflation Criterion (VIF) retaining all 

correlation models with R > 0.70. 

Bi-plots of δ13C and δ15N were employed to visualize the dispersion of isotopic values 

between marsupials and rodents in our data within the four ecoregions (Atlantic Forest, Cerrado, 

Pantanal and Pampa). Layman et al. (2007) community-wide measures of trophic structure require 

at least five species per group to be compared in each community (in our case, ecoregions). Thus, 

we selected the largest ecoregions to which we had enough data to perform the comparative 

analyses: the Atlantic Forest (12 Didelphidae spp., 15 Sigmodontinae spp.) and the Cerrado (11 

Didelphidae spp., 16 Sigmodontinae spp.). For the Atlantic Forest we added the isotopic ratios of 

hair published for small mammals by Galetti et al. (2016), whose values were similar to those 

within our own data for the repeated species in the same ecoregion, in order to meet the sampling 

criteria for that area. As suggested by Layman et al. (2007), we averaged our data per species and 

ecoregion and computed the following metrics for the Atlantic Forest and Cerrado: δ15N range as 

a measure of trophic length (NR), δ13C range as an estimate of diversity of basal resources (CR), 

and mean distance to centroid as a measure of trophic diversity taking the degree of species spacing 

into account (CD).  

We delimited stable isotope Bayesian ellipses (Jackson et al. 2011) for each clade within 

the Atlantic Forest and Cerrado, correcting ellipses areas (SEAB) for sample size. Standard ellipses 

core isotopic niche areas (SEAC) allowed comparisons of groups by disregarding outliers. We also 

calculated the total convex hull area (TA) as an indicator of the whole niche width for each group. 

A similar approach was used and described in detail by Missagia et al. (2019).  
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We measured the probability of trophic niche in didelphids to be smaller than 

sigmodontines in each ecoregion as explained before. Within each clade, we measured the 

probability of trophic niche to be smaller in the Atlantic Forest when compared to the Cerrado. We 

also measured and compared the trophic niche overlap between Didelphidae within Sigmodontinae 

and vice-versa for each ecoregion. To make sure our data were not biased because of the different 

composition of species between ecoregions, we selected a subsample containing only the species 

that we had in common for each ecoregion and repeated the overlapping estimations for comparing 

both ecoregions (D. albiventris, G. agilis, A. montensis, C. maracajuensis, N. lasiurus, O. bicolor). 

In this last procedure we did not separate clades because we did not have enough samples for each 

clade.  

Turner et al. (2010) adapted phenotypic trajectory analysis for isotopes. This final analysis 

allowed us to evaluate the magnitude and direction of change of stable isotopic ratios from Cerrado 

to the Atlantic Forest between the clades. For an empirical P value, the ranked percentile of 

observed differences between clades were used. This was computed using 9,999 random 

permutations of residuals from reduced linear models generated by a residual permutation 

procedure (Collyer and Adams 2018; Turner et al. 2010). 

 

RESULTS 

 

Interspecific variation –Values of δ13C (Didelphidae K = 0.664, P = 0.109; Sigmodontinae K = 

0.228, P = 0.657) and δ15N (Didelphidae K = 0.452, P = 0.449; Sigmodontinae K = 0.238, P = 

0.565) showed undetectable phylogenetic signal in both small marsupial and placental mammals 

sampled. There were no significant differences between Didelphidae and Sigmodontinae δ13C 

values (R2 = 0.008, F = 0.350, P = 0.575), but there were for δ15N (R2 = 0.083, F = 4.612, P = 

0.041). The probability of Didelphidae trophic niche (SEA = 8.721) to be smaller than of 

Sigmodontinae (SEA = 17.632) was 98.5%. In the full models, differences between the locomotor 

categories were only significant for δ15N, and the interaction between locomotor categories and 

body mass was detectable (Table 2).  
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Table 2. Linear Model Evaluation with Randomized Residuals in a 9,999 Permutation Procedure using body mass 

(BM), clades (marsupials and rodents), and locomotor categories (LC) as predictors of isotopic signatures in the full 

sample. Significant or marginally significant results are in bold. 

 

Y = δ13C Df SS R2 F P 

Clades 1 2.260 0.007 0.329 0.587 

BM 1 1.100 0.003 0.159 0.692 

LC 4 46.910 0.148 1.702 0.181 

Clades:BM 1 18.150 0.057 2.635 0.100 

Clades:LC 3 12.370 0.039 0.599 0.496 

BM:LC 4 17.820 0.056 0.647 0.453 

Clades:BM:LC 2 26.050 0.082 1.891 0.099 

Residual 28 192.880 0.607   

Total 44 317.540    

Y = δ15N Df SS R2 F P 

Clades 1 10.597 0.079 5.092 0.032 

BM 1 1.627 0.012 0.782 0.365 

LC 4 45.363 0.337 5.449 0.001 

Clades:BM 1 4.326 0.032 2.079 0.064 

Clades:LC 3 2.472 0.018 0.396 0.541 

BM:LC 4 11.173 0.083 1.342 0.053 

Clades:BM:LC 2 0.926 0.007 0.223 0.607 

Residual 28 58.274 0.432   

Total 44 134.759    

 

The plot of δ13C vs δ15N shows a larger variation within Sigmodontinae (extreme values 

are within Sigmodontinae for both isotopes) than within Didelphidae, especially for δ13C (the 

Pampean species #16 Akodon azarae and #20 A. reigi with the greatest δ13C values), although great 

overlap occurs between clades (Overlap area = 6.965, Fig. 2A). When samples are labelled based 

on locomotor categories, we visualize high interspecific variation of isotopic values within the 

terrestrial followed by the arboreal categories (Fig 2B). Analyzing the clades separately, we found 

no association between mean body mass or locomotion categories and δ13C within each clade. For 

δ15N we identified positive and significant association with body mass for didelphids (Fig. 3) and 

with locomotion categories for sigmodontines (Table 3). Locomotor category differences were 

congruent to those described in Fig 2B for all species. 
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Figure 2. Averaged per species scatter plot of δ13C (‰) vs δ15N (‰) stable isotopes. Polygons were used to calculate 

total niche area and standard ellipses areas were used to compare trophic niche between groups. Species were grouped 

according to A) clades and B) locomotor categories. Species are numbered according to legend: 1-15 = Didelphidae; 

16-45 = Sigmodontinae.  

 

Table 3. Linear Model Evaluation with Randomized Residuals in a 9,999 Permutation Procedure using body mass 
(BM), and locomotor categories (LC) as predictors of isotopic signatures separating between clades.  

 

Didelphidae Df SS R2 F P 

δ13C~BM 1, 13 2.928 0.055 0.763 0.408 

δ13C~LC 3, 11 7.542 0.143 0.611 0.598 

δ15N~BM 1, 13 9.060 0.328 6.342 0.027 

δ15N~LC 3, 11 7.533 0.273 1.374 0.310 

Sigmodontinae      

δ13C~BM 1, 28 18.501 0.070 2.123 0.156 

δ13C~LC 4, 25 40.628 0.158 1.145 0.329 

δ15N~BM 1, 28 2.042 0.021 0.605 0.444 

δ15N~LC 4, 25 43.691 0.453 5.168 0.005 
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Figure 3. Regression plot between δ15N (‰) and Log (body mass). Regression line is only plotted for Didelphidae 

significant relation between variables. Sigmodontinae was plotted for comparative reasons. Didelphidae (black dot): 

1. Caluromys philander, 2. Chironectes minimus, 3. Cryptonanus agricolai, 4. Cryptonanus chacoensis, 5. 

Cryptonanus guahybae, 6. Didelphis albiventris, 7. Gracilinanus agilis, 8. Lutreolina crassicaudata, 9. Marmosa 

budini, 10. Marmosa murina, 11. Marmosa paraguayana, 12. Monodelphis domestica, 13. Monodelphis kunsi, 14. 

Philander canus, 15. Thylamys macrurus. Sigmodontinae (grey dots): 16. Akodon azarae, 17. Akodon lindberghi, 18. 

Akodon montensis, 19. Akodon paranaensis, 20. Akodon reigi, 21. Brucepattersonius iheringi, 22. Calomys callosus, 

23. Cerradomys maracajuensis, 24. Cerradomys marinhus, 25. Cerradomys scotti, 26. Deltamys kempi, 27. 

Euryoryzomys nitidus, 28. Holochilus chacarius, 29. Hylaeamys megacephalus, 30. Juliomys pictipes, 31. Necromys 
lasiurus, 32. Nectomys rattus, 33. Nectomys squamipes, 34. Oecomys bicolor, 35. Oecomys mamorae, 36. Oecomys 

roberti, 37. Oligoryzomys chacoensis, 38. Oligoryzomys nigripes, 39. Oxymycterus nasutus, 40. Oxymycterus 

quaestor, 41. Rhipidomys macrurus, 42. Scapteromys tumidus, 43. Sooretamys angouya, 44. Thaptomys nigrita, 45. 

Wilfredomys oenax. 

 

Ecoregion comparisons – Annual precipitation (δ13C: Spearman’s R = -0.232, P = 0.018; 

δ15N: Spearman’s R = 0.239, P = 0.015) was negatively correlated with δ13C values and positively 

correlated with δ15N values.  

High δ13C values were present in open and dry areas (Cerrado and Pampa), especially for 

Sigmodontinae. Didelphidae δ15N values were the highest in the Pampa and the Cerrado and the 
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lowest in the Pantanal and the Atlantic Forest. Sigmodontinae δ15N values were the highest in the 

Atlantic Forest and the Cerrado and the lowest in the Pampa and the Pantanal (Fig. 4). 

 
Figure 4. Scatter plots of δ13C (‰) vs δ15N (‰) separated by ecoregions and clades. Maps show the ecoregion 

distribution within Brazil. 

 

Small mammals CR was larger in the Atlantic Forest (0.904) than in the Cerrado (0.882), 

while the opposite trend was encountered for NR (Cerrado = 1.386, Atlantic Forest = 0.584). 

Centroid Distance was higher in Cerrado (0.821) than in the Atlantic Forest (0.538). SEA, SEAC 

and TA were smaller in Didelphidae than in Sigmodontinae for both ecoregions. Didelphidae from 

the Atlantic Forest showed a smaller niche than in the Cerrado, while the opposite trend occurred 

in Sigmodontinae (Table 4, Fig. 5). The probability of SEAB being smaller in didelphids than 

sigmodontines was 100% in the Atlantic Forest and 85% in Cerrado. The probability of didelphids 
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SEAB in the Atlantic Forest being smaller than in Cerrado was 100%. Within sigmodontinae, the 

probability of SEAB being smaller in the Atlantic Forest when compared to Cerrado was 13%. SEA 

overlap between clades in the Atlantic forest was 3.48 (Didelphidae AF area: 3.48; Sigmodontinae 

AF area: 21.94) and 2.66 in the Cerrado (Didelphidae CER area: 9.66; Sigmodontinae CER area: 

14.02). SEA overlapping area between ecoregions was 1.359 for didelphids and 7.086 for 

sigmodontines. A biplot generated adding the data from Galetti et al. (2016) visually showed these 

trends (Fig. 5A). When adding only the common species in the overlapping estimations, we found 

that the ellipse area of Cerrado is larger (29.545) than in the Atlantic Forest (11.914) and that 

89.59% of the Atlantic Forest isotopic niche is within the Cerrado isotopic niche. 

 

Table 4. Values of Standard Ellipse Area (SEA), Standard core Ellipse Area (SEAC), and Total Area calculated for 

each clade in each ecoregion. AF = Atlantic Forest, CER = Cerrado, D = Didelphidae, S = Sigmodontinae. 

 
 SEA SEAc TA 

AF D 3.167 3.484 8.123 

AF S 20.645 21.935 44.495 

CER D 8.778 9.655 19.416 

CER S 12.943 14.021 31.274 

 

Phenotypic trajectories validated a shared tendency between clades of decreasing δ13C from 

the Cerrado to the Atlantic Forest ecoregion and increasing δ15N in the same direction. The 

magnitude (trajectory size difference = 0.22; P > 0.05) and direction (angle between vectors = 

22.22; P > 0.05) of isotopic trends from Cerrado to the Atlantic forest were the same for both clades 

(Fig. 5B). 
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Figure 5. Plots of δ13C (‰) vs δ15N (‰) for comparison between Didelphidae and Sigmodontinae from the Atlantic 

Forest and Cerrado. In A) standard ellipses isotopic niche area and convex hulls are plotted for each group. A smaller 
plot is available showing the range of the Bayeasian ellipses generated, the Standard Bayaesian Ellipse average and 

Standard ellipses core isotopic niche areas (SEAC) in red. Each group is colored and labeled as: AF D = Atlantic Forest 

Didelphidae (black); AF S = Atlantic Forest Sigmodontinae (green); CER D = Cerrado Didelphidae (pink); CER S = 

Cerrado Sigmodontinae (blue). In B) Scatter plot with all sampled species in each ecoregion and phenotypic trajectories 

showing the changing path tendencies between the Cerrado (squares) to the Atlantic Forest (circles). D = Didelphidae; 

S = Sigmodontinae. 
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DISCUSSION 

 

The applications of stable isotope analyses in ecology has increased substantially over the last few 

decades (Newton 2010; Turner et al. 2010; Boecklen et al. 2011). Still, their use for comparative 

studies over broad geographical scales is still not a common approach. In this study, we used δ13C 

and δ15N values to approach a frequently asked question in South American ecology: how do 

marsupials and rodents partition the same environment?  

The trophic niche of small mammals can be partitioned by locomotion categories 

(explaining 33% of δ15N variation, Table 2), especially in sigmodontines (explaining 45% of δ15N 

variation, Table 3), which may be explained by vertical stratification among species. This is 

congruent with the findings of Galetti et al. (2016) for trophic niche segregation of small mammals 

in the Atlantic Forest and with other community studies (Vieira and Monteiro-Filho 2003; Vieira 

and Camargo 2012). Therefore, we found the highest values of δ15N for semifossorial species like 

Oxymycterus quaestor and Brucepattersonius iheringi and for the semiaquatic piscivore 

Chironectes minimus. Galetti et al. (2016) also reported high levels of δ15N in semifossorial small 

mammals (their data was not included in this interspecific analysis, so the shared results are 

independent and comparable). On the other hand, C4 or CAM plants (δ13C > -20‰) are only 

implied in the diet of terrestrial didelphid Lutreolina crassicaudata (-17.8‰) and akodontines 

Necromys lasiurus (-19.2‰), Akodon reigi (-13.2‰) and Akodon azarae (-12.5‰) (Bubadué et al. 

2019; Missagia et al. 2019). These high δ13C values were only detectable in terrestrial species. 

Predictably, all these species are typical of open habitats (like the Pampa; see below), where C4 

plants are commonly available (Still et al. 2003; Powell and Still 2008).    

Our results also support resource partitioning following scaling law for Didelphidae, but 

not for Sigmodontinae. Scaling law was described by Ritchie and Olff (1999) to predict how 

organisms of different body sizes find and partition food resources within the same community. In 

summary, smaller and larger animals differ significantly on how they find and forage different food 

sources. Didelphid’s large body size variation in our sample favors this, since they range from 11g 

to 620g, while sigmodontines range from 15g to 202g. Some of the largest marsupials within our 

sample have preferences for animal food sources, and this is reflected on their high δ15N. Such 

species are L. crassicaudata, C. minimus, Philander canus and Didelphis albiventris – the last 

species is known to strategically eat from animal sources especially in the dry season (Cáceres 
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2002). These species are usually considered more carnivorous although being omnivorous, 

particularly the two first cited species (Cáceres 2002, 2004; Santori and Moraes 2012). All these 

species are from a sole tribe, Didelphini, revealing a possible evolutionary trend linking body size 

increase with δ15N acquisition. This could be linked with the inclusion of animal protein in the diet 

of the larger species (Galetti et al. 2016) 

Didelphidae overall trophic niche is smaller than in Sigmodontinae and completely overlaps 

within rodent isotopic space, supporting the idea of a narrower niche diversity in marsupials. 

Although we sampled less didelphids species than sigmodontines, ecoregion comparisons with 

comparable number of species support the same trend: trophic niche is smaller in didelphids than 

in sigmodontines (see also Galetti et al. 2016).  

 To some extent, stable isotope variation is impacted by climatic conditions. We found 

correlations of annual precipitation with δ13C and δ15N: more humid environments support lower 

levels of carbon ratios, suggesting the presence of C4 vegetation on the diet of small mammals 

when these resources are available. C4 plants occur at higher percentages in grassland and savanna 

regions, which tend to have lower precipitation throughout the year (Still et al. 2003; Powell and 

Still 2008) and this can have a direct impact on the increase of trophic niche diversity within our 

data. This is confirmed by the largest SEA for both clades in the Cerrado (Neotropical savanna), 

by our visual empirical data of carbon ratios which are the highest for South American savanna 

and grassland (Cerrado and Pampa, Fig. 4), and by measuring SEA areas in Cerrado and the 

Atlantic Forest when only focusing on the common species subsample. Studies on foliar and soil 

δ15N show that water availability, associated with temperature and latitudinal variation, can 

positively increase local δ15N ratios (Handley et al. 1999). Indeed, our results for small mammals 

show an increase of δ15N in areas with higher annual precipitation. Morphological studies with 

rodents and marsupials support this as it also shows, at least for some species, a climatic correlation 

with skull morphology, which is interpreted by some authors as an effect of resource availability 

(Cáceres et al. 2016; Magnus et al. 2017, 2018). 

 The comparison between Atlantic Forest and Cerrado trophic niches show that these two 

clades partition the environment very differently in these ecoregions. Nonetheless, the 

environmental differences between Cerrado and Atlantic Forest shifts the trajectories of 

sigmodontines and didelphids isotopic ratios in the same direction (increase of δ15N and decrease 

of δ13C towards the forest ecoregion). The Atlantic forest supports 100% of didelphids trophic 
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niche within sigmodontines. Still, only a portion of the trophic niche of didelphids is shared within 

the wide range of sigmodontines. Community studies in the Atlantic forest have shown that small 

mammals partition the environmental resources based on vertical strata (Vieira and Monteiro-Filho 

2003; Grelle 2003; Melo et al. 2011) and that spatial heterogeneity is not as important for species 

composition in the a forest ecoregion as it is in the savanna (Melo et al. 2011; Camargo et al. 2018). 

Conversely, and while didelphid SEA is still smaller than that of sigmodontines, the trophic niche 

overlapping area in the Cerrado is considerably smaller than in the forest, suggesting a more direct 

partition of food resources in the savanna (Fig. 5). Considering that the Atlantic Forest is more 

productive than the Cerrado (Raich et al. 1991), it is possible that food availability and stability in 

the Atlantic Forest would support greater overlap between clades. This would explain why resource 

partitioning in the Cerrado is much more obvious between clades. In comparison to our results, 

Camargo (2016) has found that marsupials tend to decrease their isotopic niche in gallery forest, in 

comparison to woodland savanna forests, while the opposite is found for rodent species. The author 

argues that in environments where resources availability is greater, marsupials are able to shift their 

diet. Our results also support this, as didelphids have smaller isotopic niche in the Atlantic Forest 

(more productive) than in the Cerrado (less productive), while sigmodontines have the opposite 

trend. 

Neotropical small mammals show opportunistic feeding ecologies, and their shifting niche 

plasticity is probably the primary factor which allowed their successful coexistence in a number of 

different environments. Our study evidence how both clades cope with coexistence by using two 

main partitioning strategies: scaling law and vertical partitioning of resources. When dealing with 

different environments (Atlantic Forest vs. Cerrado), marsupials and rodents can either decrease 

their trophic niche, most likely based on food abundance of preferable food items throughout the 

year (habitat homogeneity) or increase niche partitioning, responding to habitat productivity and 

seasonality (see Camargo 2016; Ribeiro et al. 2019). Eventually, our approach on stable isotopes 

can be used as a guideline to study trophic variation and coexistence patterns in different clades.  
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ABSTRACT 

 

It is not a new concept that marsupials and placentals are distant and distinct clades among 

mammals. In South America, these animals coexist, occupy similar niches and, in some cases, are 

similar in appearance. This is especially true with respect to the locomotor categories of smaller 

rodents belonging to the family Cricetidae or, more specifically, the subfamily Sigmodontinae, 

compared with the marsupials of the Didelphidae family. In this study, we have investigated both 

the similarities and the differences between the two clades by examining locomotion-dependent 

adaptation, a crucial survival mechanism that has affected the morphology of both clades. We 

applied geometric morphometrics to quantify the shape of the scapula, which is a very adaptable 

structure. We found similar morphological adaptations between the clades, especially with respect 

to adaptation to life in trees. Moreover, Didelphidae are influenced by phylogenetic history to a 

greater extent than Sigmodontinae with regard to variation of scapula shape and allometry. These 

differences can be explained by the greater degree of body size variation that exists within the 

Didelphidae. Didelphidae have an ancient evolutionary history in South America compared with 

the Sigmodontinae, which have undergone a very successful and rapid diversification more 

recently. 

 

KEYWORDS: arboreal life - Atlantic forest - comparative methods - macroevolution - 

morphological evolution - Neotropical mammals - phenotypic trajectory analysis - phylogenetic 

signal - shape convergence - shoulder girdle. 
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INTRODUCTION 

 

Morphological similarities between distant clades might appear independently through time 

and space in response to common environmental conditions. This concept is broadly known as 

convergent evolution (Adams, 2010). Among mammals, marsupial and placental species are used 

as common examples to illustrate convergent evolution (Springer et al., 1997; Goswami et al., 

2009; Pough et al., 2013; Croft et al., 2018)). In South America, evidence on niche overlap shows 

the potential of marsupials and placentals to present convergences, especially regarding the same 

locomotor categories and strata in both forested and open habitats, to coexist in the same 

environment (see Lacher & Alho, 1989; da Fonseca & Robison, 1990; Melo et al., 2013 on small 

mammal communities assemblages; see Vieira & Baumarthen, 1995 on daily activity; see Galleti 

et al., 2016 on isotope signatures).  

The Didelphidae and Sigmodontinae clades together compose most of the biodiversity of 

the small terrestrial mammals in the Neotropics. The two major marsupial and placental clades split 

around 170 Myr ago, right at the beginning of mammalian evolution (Foley et al., 2016). These 

two groups came across different evolutionary paths where placentals diverged in large and 

continuous, interconnected continents, and marsupials were always segregated in large, southern 

islands during their main divergence events (South American and Australia). Despite this, they are 

found today across the same environments in South America, and, therefore, often share similar 

niche preferences, specifically related to habit use. Both lineages diversified and possess species 

that are capable of living at the highest forest strata, such as the such as the tree canopy, and the 

lowest strata (semifossorial and terrestrial species), in addition to more generalist forms, which use 

more than one habitat, such as the scansorial species (able to move on trees or in the ground), as 

well as the semiaquatic forms (adapted to transition from ground to water) (Emmons & Feer, 1997; 

Cademartori et al., 2008; Reis et al., 2011; Paglia et al., 2012; Patton et al., 2015; Luza et al., 

2016). This makes them an ideal biological model to compare evolutionary trends in morphological 

structures related to locomotory functions.  

Marsupial diversity in the Neotropics is mostly represented by members of the Didelphidae 

family with approximately 100 species from 19 genera. Didelphidae emerged and diversified when 

South America was an isolated island, during most of the Tertiary period (Jansa et al., 2014). 

During the Great American Interchange, which began in the late Miocene when the North and 
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South Americas were close enough, North American taxa started to migrate into the southern 

continent. Among these taxa, Cricetidae rodents, represented in South America by the subfamily 

Sigmodontinae, started to appear in the southern continent fossil record around ~3 Myr ago 

(Barbière et al., 2019). Nowadays, Sigmodontinae comprises the most diverse group of mammals 

in South America, with 86 extant genera and approximately 400 species (Patton et al., 2015).  

We focused this study on the scapula morphology. The mammalian scapula is a complex 

morphological structure that can be associated with adaptations for different locomotion strategies, 

as previous studies have shown, being a suitable and informative structure for ecomorphological 

approaches (Astúa, 2009; Leamy & Archley, 1984; Monteiro et al., 1999; Oxnard, 1968). It is 

formed by the ontogenetic fusion of a scapular plate and a coracoid plate (Monteiro & Abe, 1999). 

It is highly integrated with the forelimb structure as it directly attaches to it and, depending on the 

size of the muscle insertions in each section of the scapula, it determines how much mobility and 

even strength an animal has in its forelimb (Leamy & Archley, 1984).  

We aimed to identify convergent traits in the scapula shape between and within Didelphidae 

and Sigmodontinae clades, and to test the following hypotheses: 1) Didelphidae will be more 

influenced by phylogenetic history than Sigmodontinae since they are more morphologically 

constrained, especially due to their necessity of early development of a fully functional forelimb in 

order to climb and reach their mothers’ teats (Astúa, 2009; Sánchez-Villagra, 2013). 2) Didelphidae 

will be more influenced by allometry at the interspecific level than Sigmodontinae rodents, since 

they are more variable in body size. 3) Didelphidae and Sigmodontinae will converge in scapula 

shape when they have similar locomotor categories. Convergence of scapula shape has been 

previously found within mammals (Monteiro & Abe, 1999; Astúa, 2009), however, this was never 

assessed using a comparative approach between small placental and marsupial mammals. 

Therefore, we expect that Didelphidae and Sigmodontinae will have parallel phenotypic 

trajectories shifting shape from terrestrial to arboreal locomotor categories. Oxnard (1968) found 

that arboreal mammals of different clades tend to present similar shapes of the shoulder girdle, 

while mammals with other locomotor categories tend to be more divergent from each other. Thus, 

we also expect to find more divergence in terrestrial animals and more convergence in arboreal 

species.  
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MATERIAL AND METHODS 

 

DATA ACQUISITION 

 

We photographed the medial view of the scapula of 113 specimens of 12 didelphid and 14 

sigmodontine species (see details of sample size in Table 1). This dataset was collected from the 

mammal scientific collections of the Universidade Federal de Santa Catarina (UFSC) and the 

Universidade Federal de Santa Maria (UFSM). When available, we collected data from at least 

three males and females for each species. We followed Rossi et al. (2012), Jansa et al. (2014), 

Quintela et al. (2014) and Patton et al. (2015) for the taxonomic nomenclature of species.  

We selected the medial view of the scapula since it is relatively flat and regular, especially 

in the semicircular or triangular blade, making it a good model for the procedures of 2D geometric 

morphometrics. Photographs were taken using a digital camera and an EF 100 mm F/2.8 MACRO 

USM lens— in order to correct for possible distortions normally caused by traditional lenses—at 

a fixed distance between the camera and object (57.5 cm). A scale bar was always aligned with the 

scapula at same height for each picture in order to transform pixels into millimetres (Zelditch et 

al., 2012).  

Using tpsDig2 (Rohlf, 2015), one of us (TPF) positioned ten anatomical landmarks on each 

digital image (see Fig. 1). These landmarks were selected aiming to describe the scapula shape and 

the main regions of muscle insertions, which are associated with important locomotory functions 

(based on Swiderski, 1993; Astúa, 2009; Morgan, 2009).  

All landmark configurations were submitted to a Generalised Procrustes Analysis (GPA, 

Rohlf & Slice, 1990) in order to correct the raw coordinates by rotating, translating, and rescaling 

them onto the same scale. This procedure separated our initial data into two different main datasets: 

one for shape, the Procrustes coordinates, and the other for the size of the scapula, as centroid size 

(= the square root of the sum of the squared distances of each landmark to the centroid of the 

configuration) (Zelditch et al., 2012).    

Each species was categorised according to its known locomotor category: arboreal, 

terrestrial, scansorial, semifossorial, or semiaquatic (see specific definitions at Table 2, Emmons 

& Feer, 1997; Cademartori et al., 2008; Reis et al., 2011; Paglia et al., 2012; Patton et al., 2015; 
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Luza et al., 2016). We did a series of preliminary analyses to determine the importance of sex in 

our sample and found that it has low importance (explaining 0.07% of scapula shape in 

Didelphidae) or that it is not significant (Sigmodontinae). Therefore, all samples, including 

unsexed individuals, were used together. 

 

Table 1. Number of samples per species and family with information on the locomotor category considered in this 
study.  

 

Species #F #M #U #T Locomotor Category 

Didelphidae 13 20 10 43  

Caluromys philander Linnaeus, 1758 1 0 0 1 Arboreal 

Chironectes minimus (Zimmermann, 1780) 1 0 1 2 Semiaquatic 

Cryptonanus guahybae (Tate, 1931) 1 1 0 2 Arboreal 

Didelphis albiventris Lund, 1840 0 0 5 5 Scansorial 

Didelphis aurita Wied-Neuwied, 1826 2 4 1 7 Scansorial 

Gracilinanus microtarsus (Wagner, 1842) 2 3 0 5 Arboreal 

Lutreolina crassicaudata (Desmarest, 1804) 3 4 0 7 Terrestrial 

Marmosa murina Linnaeus, 1758 0 3 0 3 Arboreal 

Marmosa paraguayana Tate, 1931 1 2 1 4 Arboreal 

Metachirus nudicaudatus (É. Geoffroy, 1803) 0 1 0 1 Terrestrial 

Monodelphis dimidiata (Wagner, 1847) 2 2 1 5 Terrestrial 

Philander frenatus Olfers, 1818 0 0 1 1 Scansorial 

Sigmodontinae  29 39 2 70  

Akodon montensis Thomas, 1913 3 3 1 7 Terrestrial 

Brucepattersonius iheringi (Thomas, 1896) 3 3 0 6 Semifossorial 

Delomys dorsalis (Hensel, 1873) 0 1 0 1 Terrestrial 

Delomys sublineatus (Thomas, 1903) 1 5 0 6 Terrestrial 

Euryoryzomys russatus (Wagner, 1848) 2 3 0 5 Terrestrial 

Juliomys pictipes (Osgood, 1933) 1 1 0 2 Arboreal 

Necromys lasiurus (Lund, 1840) 3 3 0 6 Terrestrial 

Nectomys squamipes (Brants, 1827) 4 4 0 8 Semiaquatic 

Oligoryzomys flavescens (Waterhouse, 1837) 0 1 0 1 Scansorial 

Oligoryzomys nigripes (Olfers, 1818) 3 5 0 8 Scansorial 

Oxymycterus quaestor Thomas, 1903 3 3 0 6 Semifossorial 

Scapteromys meridionalis Quintela et al., 2014* 0 0 1 1 Semiaquatic 

Sooretamys angouya (Fischer, 1814) 3 4 0 7 Scansorial 

Thaptomys nigrita (Lichtenstein, 1830) 3 3 0 6 Semifossorial 

Total of specimens 42 59 12 113  
Abbreviations: #F, number of females; #M, number of males; #T, total of specimens; #U, number of specimens with undetermined sex. 
*Quintela, Gonçalves, Althoff, Sbalqueiro, Oliveira & Freitas (2014). 
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Figure 1. Positioning of anatomical landmarks in a Sooretamys angouya specimen (scansorial), Sigmodontinae (UFSC 

2898). 1 = coracoid process extremity; 2 = cranial extremity of glenoid fossa; 3 = caudal extremity of glenoid fossa; 4 

= depression between the glenoid and infraspinous fossas (insertion of the braquial triceps and the maximum narrowing 

of the caudal scapular neck); 5 = mid-point of the caudal border of the scapula (insertion point of the minor and major 

teres muscles); 6 = caudal scapular angle (main process of insertion of the major teres muscle); 7 = junction of the 

scapular spine with the vertebral border; 8 = mid-point between the cranial border of the scapula and the intraspinous 
cranial fossa; 9 = maximum curvature of thecranial scapular boarder (insertion of the serratus magnus muscle); and 10 

= maximum cranial narrowing on the scapular neck. Examples of other species scapulae pictures are bellow. 

Sigomodontiae: a) arboreal Juliomys pictipes (UFSC 905), b) semiaquatic Nectomys squamipes (UFSC 5643), c) 

semifossorial Brucepattersonious iheringi (UFSC 3284), d) terrestrial Akodon montensis (UFSC 2027). Didelphidae: 

e) scansorial Didelphis albiventris (UFSC 3674), f) arboreal: Caluromys philander (UFSM 203), g) semiaquatic 

Chironectes minimus (UFSC 6007), h) terrestrial: Monodelphis dimidiata (UFSC 3778). Scale bars = 10 mm. 

 

Table 2. Locomotor categories used in the analyses and their definitions.  

Locomotor category Definition* 

Semifossorial Digs to build burrows for shelter, but do not forage much underground 
Terrestrial Ground dwelling. May able to run, swim, dig and climb, but none of these 

activities are performed extensively 

Scansorial Good capability to climb. Foraging and escape on the ground as well as in trees 
and/or on outcrops 

Arboreal Living in trees. Grasping capability. The ground is frequented only 

occasionally. Foraging and escape mostly off the ground 

Semiaquatic Swim for dispersal, escape, or foraging, but maintaining the ability to disperse 
across or acquire food on land 

*Modified from Geiger et al. (2014), fossorial definition from Wu et al. (2015).  

  



46 

 

For the comparative analyses involving phylogenetic relationships among species, we used 

more recent and specific phylogenies for each group (Didelphidae: Jansa et al., 2014; 

Sigmodontinae: Fabre et al., 2012). Due to the absence of a supertree that contains the fully 

resolved phylogenetic relationships of all species sampled in this study, we interpolate the Jansa et 

al. (2014) and Fabre et al. (2012) phylogenies to test for shape convergence in the scapula between 

groups (i.e. phenotypic convergence). This procedure was performed using the Branch Length 

Adjuster (BLADJ) algorithm in combination with the node ages available in Jansa et al. (2014) and 

Fabre et al. (2012). Information on the age of split between Didelphidae and Sigmodontinae was 

extracted from Benton et al. (2015) (169.6 Mya). This tool is implemented in Phylocom 4.2 

software (Webb et al., 2008). 

 

 STATISTICAL ANALYSES 

 

For the statistical analyses, we averaged our morphological data by species. We calculated 

the K phylogenetic signal for size and shape of the scapula (Blomberg et al. 2003 and adapted by 

Adams 2014 for multivariate shape data), and then performed Phylogenetic Procrustes ANOVA 

(PGLS, Adams & Collyer 2018) to test for the impact of size and locomotor categories on the 

scapula shape for each taxonomical group (Didelphidae and Sigmodontinae).  

 We performed a PCA analysis of the averaged by species dataset with both groups and 

mapped Jansa et al (2014) + Fabre et al. (2012)  joined tree onto the morphospace in order to detect 

the possible convergences in the phylogeny between and within the two groups for different 

locomotor categories. Using ‘phytools’ (Revell, 2012), we mapped onto the phylogeny the PC1 

and PC2 values in order to detect similar values between species and to visualise whether these 

similarities were coherent with the species’ locomotor categories and their shape variation. We 

tested the effect of allometry and locomotor categories on PC1 and PC2 independently using the 

variation partitioning analysis through the function “varpart” in vegan (Oksanen et al. 2018).  

Using all specimens dataset (without averages by species), we performed a phenotypic 

trajectory analysis. This method allowed us to measure patterns of phenotypic change between 

groups by drawing a trajectory from terrestrially towards arboreal morphotypes within each 

taxonomical group and then by comparing these trajectories directions and sizes (Collyer & Adams, 

2013). We analysed shape trajectories from terrestrially towards arboreality between large 
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didelphis, small didelphis and sigmodontines. To simplify our trajectories, we limited the 

categorisation of our specimens into two categories: terrestrial (including semifossorial and 

terrestrial species) and arboreal (including scansorial and arboreal species). The semiaquatic habit 

was excluded in this last analysis because of sample size issues (N = 3). Phylogenetic signal, PGLS 

and Phenotypic trajectory analyses were performed in ‘geomorph’ (Adams et al., 2019) and 

deformation grids were extracted from MorphoJ (Klingenberg, 2011). 

 

RESULTS 

 

The shape and size of the scapula have different phylogenetic signals for the two small 

mammal groups, being stronger in marsupials regarding shape and size (Didelphidae, shape K= 

1.033, P = 0.001, size K =1.140, P = 0.017; Sigmodontinae: shape K = 0.726; P = 0.038). 

Sigmodontinae does not show a phylogenetic signal for size (size K = 0.708; P = 0.292).  For 

Didelphidae, the locomotor categories (R2 = 0.163) and allometry (R2 = 0.418) were significant, 

whereas for Sigmodontinae, only allometry was significant (R2 = 0.276, full results in Table 3).  

 

Table 3. Summarised results of Procrustes PGLS models analysing scapula shape of averaged by species data 
according to groups, locomotor category and allometry. 

 

Didelphidae (N = 12) Df SS MS R2 F P 

Locomotor Category 3 0.001 0.000 0.163 1.634 0.020 

Size 1 0.003 0.003 0.418 12.601 < 0.001 

Locomotor Category:Size 2 0.002 0.001 0.253 3.809 < 0.001 

Residuals 5 0.001 0.000 0.166 – – 

Total 11 0.008 – – – – 

Sigmodontinae (N = 14) Df SS MS R2 F P 

Locomotor Category 4 0.000 0.000 0.207 1.024 0.192 

Size 1 0.001 0.001 0.276 5.455 0.001 

Locomotor Category:Size 3 0.000 0.000 0.264 1.737 0.003 

Residuals 5 0.000 0.000 0.253 – – 

Total 13 0.002 – – – – 

Statistical significance is indicated in bold. 

Abbreviation: SS, sums of squares. 

 

 By mapping the phylogeny onto the PCA plot (see Fig. 2) we identified shape shifts and 

convergent taxa. Overall, arboreal Didelphidae approach the morphospace of the arboreal 
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Sigmodontinae Juliomys pictipes (number five, in red). We also observed that Monodelphis 

dimidiata (number 15 in Fig. 2) was more closely positioned to the terrestrial Sigmodontinae 

species in the scapula shape morphospace, according to the negative end of PC2 (symbols in green). 

The PC1 deformations revealed the allometric difference between smaller species (Didelphidae + 

Sigmodontinae at the negative end) and the larger Didelphidae (at the positive end). Larger species 

have a more rounded and wider scapula than smaller ones. PC2 separated the small and terrestrial 

M. dimidiata (number 15) from the large and arboreal C. philander (number 21, but note also 

number 5, Juliomys pictipes, as an arboreal species closer to C. philander at Fig. 2).   

 

Figure 2. PCA plot of averaged species mapped onto phylogeny with deformations of the scapula added accordingly 

to each PC. In grey is the posterior portion of the scapula and in white the anterior portion. Squares represent 

Didelphidae and dots represents Sigmodontinae. The colours represent different locomotor categories and a legend is 

available in the plot. The species are numbered. Sigmodontinae species: 1. Thaptomys nigrita, 2. Delomys sublineatus, 

3. Necromys lasiurus, 4. Oligoryzomys flavescens, 5. Juliomys pictipes, 6. Delomys dorsalis, 7. Oligoryzomys nigripes, 
8. Akodon montensis, 9. Scapteromys meridionalis, 10. Euryoryzomys russatus, 11. Brucepattersonius iheringi, 12. 

Sooretamys angouya, 13. Oxymycterus quaestor, and 14. Nectomys squamipes. Didelphidae species: 15. Monodelphis 

dimidiata, 16. Gracilinanus microtarsus, 17. Cryptonanus guahybae, 18. Chironectes minimus, 19. Marmosa murina, 

20. Marmosa paraguayana, 21. Caluromys philander, 22. Didelphis aurita, 23. Didelphis albiventris, 24. Metachirus 

nudicaudatus, 25. Lutreolina crassicaudata, and 26. Philander frenatus. 
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 Mapping the PC1 averaged scores allowed us to visualise the similarities and differences 

along the phylogeny more clearly among species. All the smaller sized arboreal species and the 

terrestrial M. dimidiata Didelphidae species had low PC scores. The large-species clade of 

Didelphini had the highest PC scores. In all of these large species, which are mostly scansorial, the 

deformations are very similar, with a wider, rounded scapula, except for the semiaquatic C. 

minimus, which has a more elongated scapula, similar to the smaller sized, non-Didelphini species 

(in blue, Fig. 3A). PC1 of Didelphidae was driven mainly by allometry (15%), and the interaction 

between allometry and locomotor categories (47%). In the Sigmodontinae’ case, all large-sized 

species and most of the terrestrial and semifossorial/semiaquatic species had convergent scores (in 

blue), regardless of their clade, except for S. angouya, which is a scansorial but still large species. 

These Sigmodontinae species have a relatively smaller area of the infraspinous fossa (such as 

Brucepattersonius, Scapteromys, and Oxymycterus, which are semifossorial or semiaquatic, and 

even Sooretamys, which is scansorial) than smaller species, such as the scansorial Oligoryzomys 

spp. and the arboreal J. pictipes (Fig. 3B). PC1 of Sigmodontinae was driven mainly by allometry 

(45%) and secondarily by locomotor categories (24%). 

 Mapping the PC2 scores onto the phylogeny (Fig. 4) revealed the same pattern as for the 

PCA mapped onto phylogeny plot (Fig. 2) for the segregation of the arboreal C. philander and the 

terrestrial M. dimidiata shapes. The scansorial Philander frenatus and the terrestrial L. 

crassicaudata were closely positioned to M. dimidiata (blue tones). On the other side, the 

scansorial D. aurita was closer morphologically to C. philander (yellow; Fig. 4A). In practice, 

terrestrial didelphids have more elongated and thinner scapulae than arboreal, especially in the 

infraspinous fossa region. All the other species had similar middle scores. PC2 of Didelphidae was 

driven mainly by locomotor categories (65%). In the Sigmodontinae’ case, the most extreme taxon 

is T. nigrita (highest PC2 score, in red), a semifossorial species, that has deformations similar to 

some terrestrial taxa such as D. sublineatus, although more exaggerated (T. nigrita has a slender 

scapula, with a relatively smaller infraspinous fossa than any other species; Fig. 4B). In the negative 

portion of PC2, we can see similarities between the small arboreal J. pictipes and the larger species: 

scansorial S. angouya, the semiaquatic N. squamipes, and the semifossorial O. quaestor. These 

species all coloured in blue, have a wider, more robust scapula than the other smaller rodent species 

(Fig. 4B). PC2 of Sigmodontinae was driven mainly by allometry (39%) similar to PC1.    
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Figure 3. Reconstruction of ancestral scapulae principal component 1 (PC1) deformations, using squared-change 

parsimony, and mapped on the phylogenies based on Jansa et al. (2014) for Didelphidae (A) and Fabre et al. (2012) 
for Sigmodontinae (B). Deformation grids based on the PC1 scores for each species are shown at the tips of the 

branches. The infraspinous fossaof the scapula is coloured grey and the supraspinous fossa white. 
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Figure 4. Reconstruction of ancestral scapulae principal component 2 (PC2) deformations, using squared-change 

parsimony, and mapped on the phylogenies based on Jansa et al. (2014) for Didelphidae (A) and Fabre et al. (2012) 
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for Sigmodontinae (B). Deformation grids based on the PC2 scores for each species are shown at the tips of the 

branches. The infraspinous fossa of the scapula is coloured grey and the supraspinous fossa white. 

The Procrustes ANOVA model with allometry, taxonomy, and locomotor categories 

showed that, due to the interaction between taxonomy and locomotor categories (Collyer & Adams, 

2013), the phenotypic trajectory analysis can be implemented in our data to address the major shape 

changes in each group from terrestrial to arboreal categories (Table 4A). The path distance from 

terrestrial to arboreal morphotypes is longest in small Didelphidae, followed by larger Didelphini 

marsupials and Sigmodontinae. This is easily identifiable in the trajectory plot (Fig. 5) and, in the 

pairwise differences on path distances: only smaller Didelphidae (with the longest vector) and 

Sigmodontinae (with the shortest vector) had significantly different distances between them from 

one locomotor categories to another (Table 4B). The angle between the vectors differs significantly 

between large Didelphidae and the other two groups: small Didelphidae and Sigmodontinae (LD-

SD:  = 61.86o, r = 0.472, P = 0.036; LD-S:  = 72.78o, r = 0.296, P = 0.003, Table 4B). However, 

small Didelphidae and Sigmodontinae have the same orientation of the phenotypic trajectory (SD-

S:  = 42.51o, r = 0.737, P = 0.171, Table 4B). In general, we noticed that arboreal species have a 

wider and rounded scapula and more developed infraspinous fossa, if compared to terrestrial 

species. Overall, Sigmodontinae rodents have scapulae more similar to those of small Didelphidae, 

which are more elongated than rounded, and larger Didelphidae have a much more rounded overall 

scapula with large neck and glenoid fossa, differing substantially from small Didelphidae or 

Sigmodontinae. All the vectors point to the same direction in the plot, although the orientation 

might change due to the starting point (from generalised terrestrial species) (Fig. 5).  

 

DISCUSSION 

 

The shape and size of the scapula and its muscular attachments determine the locomotor 

categories of an animal (Polly, 2007), and small mammals are no exception to this rule. Despite 

the widespread idea that the scapular morphology mainly reflects functional demands (see 

Monteiro & Abe, 1999 for an overview), our results shown that scapula shape exhibited a 

significant phylogenetic signal. This suggests that close-related Didelphidae species tend to show 

similar trait values due to their common ancestry in the phylogenetic tree (K > 1) and that 

Sigmodontinae species resemble themselves less than expected by Brownian motion (K < 1) 
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(Adams 2014). Thus, the shape variation of scapulae across the small mammals is determined by 

a combination of phylogenetic signal and environmental adaptations.  

Table 4. Summary statistics for the phenotypic trajectory analysis.  

A) Df SS MS Rsq F P 

Allometry 1 0.869 0.869 0.587 241.048 0.001 

Taxonomy 2 0.203 0.102 0.137 28.195 0.001 

Locomotor Categories 1 0.057 0.057 0.039 15.910 0.001 

Taxonomy:Locomotor 

Categories 

2 0.033 0.016 0.022 4.516 0.001 

Residuals 88 0.317 0.004 0.214   

Total 94 1.480     

Observed Path Distances 

LD = 0.081; SD = 0.110; S = 0.046 

B) 

 

Pairwise Absolute Differences  Principal Vector Correlations 

 LD SD S LD SD S 

LD - 0.029/1.300 0.034/1.686 - 61.86o 

0.472/2.188 

72.78o 

0.296/3.421 
SD 0.122 - 0.063/4.801 0.036 - 42.51o 

0.737/0.887 

S 0.070 0.001 - 0.003 0.171 - 
A, results of the Procrustes ANOVA before trajectory analysis. In B, the upper diagonal shows the value for the pairwise absolute differences 

between observed path distances or the principal vector angle between vectors in degrees and correlations/effect sizes. The lower diagonal shows 

P-values. 

Statistical significance is indicated in bold. Effect sizes (Z) are standard deviations of observed SS values from sampling distributions of random 

values (Collyer et al. 2015). 

Abbreviations: LD, large Didelphidae; S, Sigmodontinae; SD, small Didelphidae; SS, sums of squares. 

 

 The role of inheritance in driving morphological evolution is strong in many mammalian 

groups. In general, phylogeny is stronger than other predictors such as the environment (e.g. 

Morgan, 2009; Püschel & Sellers, 2016; Maestri et al., 2017; Battistella et al., 2018). Our results 

confirm this finding but particularly for marsupials, provided that Sigmodontinae has no 

phylogenetic signal for scapula size and low signal for shape (however, see the contrasting result 

in Maestri et al., 2017). Size (i.e., allometry) appears to be more evolutionarily variable than shape 

(sensu Meloro et al., 2014), changing more in Sigmodontinae rodent species independently of the 

ancestrality, and thus being more influenced by the environment, like small sized species being 

more arboreal dwelling. However, shape is more conserved along lineages, usually exhibiting a 

phylogenetic signal, as is the case of the scapula of Didelphidae and Sigmodontinae in the present 

study. A phylogenetic signal in the scapula shape has been detected in different mammalian taxa 

from xenarthrans to hominoids (Monteiro & Abe, 1999; Püschel & Sellers, 2016), including New 

World marsupials (Astúa, 2009) and caviomorph rodents (Morgan, 2009). In the case of 
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Sigmodontinae rodents, its weak or absence of a phylogenetic signal on the scapula must be related 

to the recent evolutionary radiation of this clade in South America (Maestri et al., 2017). 

 

 

Figure 5. Visualization of shape change vectors from terrestrial to arboreal specimens separated into three groups: 

Sigmodontinae (S; circles), small Didelphidae (SD; squares) and large Didelphidae (LD; diamonds). The trajectories 

show the directional shape changes for each group. The deformations and symbols are coloured according to locomotor 

categories. 

 

 Overall, allometry was an important predictor of the scapula shape variation and was 

stronger to marsupials than to rodents (explaining 42% vs. 28% in the PGLS models, see Table 2). 

Our analyses have shown that the scapula changes to a more rounded and shorter general shape of 

the plate with a thicker neck when changing from smaller species to larger sized species, and that 

this phenomenon is particularly important for didelphid evolution. Indeed, New World marsupials 

have allometry as the main driver of scapula shape when compared to locomotor categories (Astúa, 

2009), and this is emphasised by the evolution of Didelphini to have a relatively large body size as 
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we find in Didelphis nowadays (Battistella et al., 2018). Allometric constraints on shape have been 

seen in different mammalian orders (Slater & Van Valkenburgh, 2009; Meloro et al., 2015; 

Bubadué et al., 2016; including Didelphis spp. in Cáceres et al., 2016; Hendges et al., 2016), 

driving shape evolution to forms usually prepared to support the higher loads given by their larger 

body mass. Didelphis is a good example among marsupials since it is the largest extant genus of 

New World marsupials, exhibiting a proportionally thicker scapula than smaller species. In the 

rodents’ case, allometric effects can be seen in the scapula of Oxymycterus, Brucepattersonius, and 

Sooretamys, which are distantly related taxa (Fabre et al., 2012), but convergent in the allometric 

effects within sigmodontine rodents. Interestingly, didelphid marsupials and sigmodontine rodents 

converge to the same general pattern of scapula shape under the effect of high allometry, despite 

having different ancestors. This emphasises that these non-related species faced allometric pressure 

in similar ways when evolving to a large body size. 

 Beyond phylogenetic signal and allometry, we found a relationship between the small-

mammal scapula shape and functional adaptation, as expected (Polly, 2007). In part, this 

relationship between shape and locomotion categories have previously been observed for New 

World marsupials (Astúa, 2009). However, the approach we use here, by comparing coexisting 

didelphid marsupials and sigmodontine rodents, is new. Moreover, nowadays more specific 

methods to deal with the role of phylogeny in geometric morphometrics data became more easily 

feasible (e.g. K statistic for multivariate data: Adams 2014, Phylogenetic ANOVA: Adams & 

Collyer 2018; Phenotypic trajectory analysis: Adams 2010) and thus we were able to use them to 

compare our results to the previous work of Astúa (2009) focusing on marsupials. In our sample, 

we could separate didelphid shape variation related to arboreal and more generalised terrestrial 

forms (following Astúa, 2009), with arboreal ones having a more triangular shaped scapula and 

terrestrial ones having more rectangular or oval shaped blades (Monteiro & Abe, 1999; Argot, 

2001; Püschel & Sellers, 2016). This pattern for didelphid marsupials is the same for sigmodontine 

rodents, although less obvious. Thus, we emphasise that arboreal forms of sigmodontine rodents 

have a scapula blade that is more triangular than that of the generalised terrestrial species (Fig. 5). 

For both taxonomic groups, this is due to enlargements of the infraspinous fossa and the vertebral 

border in arboreal species, which are related to (a) an increased ability to adduct and rotate the 

forelimb while reaching a support, and simultaneously acts in stabilising the shoulder joint, and (b) 

allowing larger tensile forces for tracting the body while escalating (see Polly, 2007, Seckel & 
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Janis, 2008). Although we sampled more fully arboreal species for marsupials (such as for C. 

philander), the same morphological pattern is seen for rodents such as for J. pictipes (Fig. 5). 

Among marsupials, we have the large-sized and scansorial species of Didelphini that are affected 

by allometry and also by ecological adaptation, such as the scapula of D. aurita, which appears to 

be adapted to a more arboreal life than the congeneric D. albiventris (see Cáceres et al., 2016, for 

ecological differences between them). Semiaquatic species have the same coarse adaptation of the 

scapula also found in arboreal species (Polly, 2007; Astúa, 2009), suggesting  an ecomorphological 

adaptation to the aquatic habit (Fig. 2; against Astúa, 2009). We agree with Polly (2007) to explain 

this particular shape related to an enlargement of the teres major process that provides the teres 

major muscle with more efficient leverage of powerful adduction of the forelimb. As an example, 

the water opossum has enlarged finger tips on the forelimbs (N.C. Cáceres, personal observation; 

Smith, 2007) that are thought to be used when swimming (Fish, 1993). We only found 

representatives of semifossorial forms among Sigmodontinae in our samples since Didelphidae 

lack semifossorial species in the New World (Emmons & Feer, 1997; Vieira & Camargo, 2012). 

As discussed previously, a teres major process developed for teres major muscle attachment is 

crucial in fossorial species such as armadillos (Monteiro & Abe, 1999; Monteiro, 2000; Polly, 

2007), which is needed to pull the forelimb during excavation. We note that our results for the 

Sigmodontinae we examined indicate that they are not fully developed to dig like armadillos do, 

since the infraspinous fossa and teres major process are not as developed as they are in armadillos 

(Monteiro & Abe, 1999). Moreover, the supraspinous fossa is relatively more developed in 

semifossorial Sigmodontinae, which implies that the movement of moving away the forelimb 

(sensu Dunham et al., 2015) is important in this semifossorial species. These sigmodontine species 

move forward under the litter while foraging (Paglia et al., 2012; Machado et al., 2019), therefore, 

both movement of the push and pull of the forelimb are thought to be important.  

 Our results agree with the idea that when sigmodontine rodents arrived in South America, 

at a later time than the autochthonous didelphid marsupials, they evolved rapidly occupying 

available niches. The adaptation to a particular niche, such as the arboreal niche, has changed their 

scapula morphology to resemble that of small-sized marsupials (Fig. 5). Interestingly, the rapid 

sigmodontine rodent radiation in South America was not accompanied by skull and mandible 

morphological changes (Maestri et al., 2017), which is a different pattern we have seen for the 

scapula morphology here. In this sense, Sigmodontinae shows substantial change in their scapula 
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when shifting from a terrestrial to an arboreal form. Swideski (1993) suggested, for Sciuridae 

rodents, that the interspecific variation of scapula shape is not driven by only one strong factor, but 

by a multitude of factors, keeping with our results for Sigmodontinae as their associated shape 

differences were significantly smaller than those observed in Didelphidae (Fig. 5; Table 4). Large-

sized didelphids (Didelphini) have a different morphological trajectory than both small marsupials 

and rodents, which suggests a great role of the allometry effect in driving their morphological 

variation (Cáceres et al., 2016). Even with the effect of the historical contingency of each 

taxonomic group, which has a deep influence on the way species adapt to particular niches (Raia 

et al., 2010), we were able to disentangle the role of scapula adaptation in these Neotropical small 

mammalian species.  

In conclusion, we identify shape convergences in the scapula between and within the 

Didelphidae and Sigmodontinae clades. Didelphidae show more influence of phylogenetic history 

than Sigmodontinae in scapula shape variation, in addition to more influence of allometry, which 

is particularly the case for the large-sized Didelphini. Didelphidae and Sigmodontinae have parallel 

phenotypic trajectories shifting shape from terrestrial to arboreal habits. Following Oxnard (1968), 

we found more divergence among terrestrial small mammals and more convergence in arboreal 

species, which denotes a particular shape adaptation to live in the trees, which is independent of 

the taxon history. These results are particularly important to incentivise evolutionary comparative 

studies testing distant related taxa for which there are hypotheses of functional convergence.   
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ABSTRACT 

 

Highly specialized forms of predators emerged several times during mammalian evolutionary 

history. In this study, we aimed to investigate the morphological disparity of these multiple lineages 

of carnivorous mammals and their association with climatic fluctuations over time. Using eleven 

homologous landmarks, we applied geometric morphometrics to quantify mandibular size and 

shape for 289 large (>7kg) extant and fossil species belonging to the Metatheria (Dasyuromorphia 

and Sparassodonta) and Eutheria clades ( “Condylarthra”, “Creodonta” and Carnivora) and built a 

phylogeny for comparative analyses. Patterns of phylogenetically corrected disparity through time 

were then explored in relation to paleoclimate (i.e. Zachos isotopic curves for oxygen and carbon). 

We found evidence for a climatic impact on both size and shape disparity of eutherians and 

metatherians. Size disparity scores of metatherians are always lower than eutherians, as in previous 

studies, but on shape these clades present comparable values. This association between 

morphological mandibular disparity with climate shows that morphological disparity generally 

increases at colder  
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INTRODUCTION 

 

Convergence is one of the main concepts of evolutionary biology. Similar morphologies 

often evolve independently through time and space in phylogenetically distant organisms in 

response to common environmental conditions (ADAMS, 2010; STAYTON, 2015). One of the 

most striking specializations in mammalian evolutionary history is the appearance of the 

hypercarnivorous morphotype. The most known examples of flesh-eating mammals are within the 

placental order Carnivora. However, hypercarnivores appeared several times in different 

mammalian clades. In South America, the carnivorous Sparassodonta (Metatheria) represented the 

dominant carnivores from the Paleocene until the Pliocene (CROFT et al. 2018; FORASIEPI et al. 

2014), while marsupials of the order Dasyuromorphia diversified much later in Australia, from the 

Oligocene until the present day. Similarly, the clades Hyaenodonta and Oxyaenidae, previously 

grouped and known as “creodonts”, plus the families Mesonychidae, Arctocyonidae, and 

Triisodontidae, originally classified within the polyphyletic “condylarths”, evolved predatory 

forms in the Old and New World from the Paleocene until the Miocene (SOLÉ et al. 2011, 2018). 

Detailed quantification of eutherian and metatherian skull shape has shown convergence to be 

detectable between these clades (e.g., WROE & MILNE 2007; GOSWAMI et al. 2011). 

 A recent study evaluating the mandible morphology of sparassodonts concluded that these 

animals have different degrees of feeding adaptations with a trend towards a specialization on a 

hypercarnivorous diet (ECHARRI et al., 2017). This is the same trend found by VAN 

VALKENBURGH et al. (2004) on canids that identified an increase of hypercarnivory 

specialization through time in their evolutionary history, associated with the increase of body size. 

They argued that this correlation is common among clades of top predators and might also be 

disadvantageous because it decreases clade disparity up to the point of extinction (VAN 

VALKENBUGH et al. 2004, but see HOLLIDAY & STEPPAN 2004). In regard of Metatheria, 

CROFT et al. (2018) highlighted that sparassodonts evolved hypercarnivorous morphologies early 

in their evolutionary history, preventing them to exploit meso- and hypocarnivorous niches, 

although these were vacant.  

 Diversification and speciation towards large carnivorous forms can be impacted by multiple 

factors. On one hand, biological constrains, such as developmental differences between Eutheria 

and Metatheria, can directly impact morphological disparity because of the different levels of 
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integration between morphological structures, like the greater impact of allometry in marsupials 

morphology when compared to placentals (WROE & MILNE 2007; SHIRAI & MARROIG 2010). 

On the other hand, external factors, such as prey availability, competition, and climatic fluctuations 

can play significant roles on the diversification patterns of carnivores through time (OWEN-

SMITH & MILLS 2008; VAN VALKENBURGH 1999).  

Carnivores evolved to kill and compete for prey (VAN VALKENBURG 1999). 

Adaptations on cranial shape associated with diet have been found in both marsupials and 

placentals and, depending on that diet diversity, morphospace will be higher to accommodate 

intake of different food sources (WROE & MILNE 2007; GOSWAMI et al. 2011). Through a 

pattern called as “double-wedge” (BENTON 1987) – formed when the fall of a clade diversity is 

followed by a diversity rise of the potential competitor clade – it is possible to identify if the 

substitution of clades in a specific time and location was favored by competition. Thus, if the 

diversity curves between these clades overlap, it means they coexisted and probably competed 

(VAN VALKENBURGH 1999). VAN VALKENBURGH (1999) identified this several times in 

mammalian predators. For instance, turnover events such as the substitution of hypercarnivorous 

canids with cats as top predators during the Miocene in North America may have been favored 

primarily by competition, while the turnover of nimravid/hyaenodontid creodont guild to 

Caniformia during the Oligocene was most likely favored by other factors, such as major climatic 

events, which also favored creodont major prey extinctions (e.g. glacial periods).   

Morphology and climate correlations have been detected in both extinct and extant 

carnivorous forms, indicating an environmental component on morphological variation 

(BUBADUÉ et al. 2016; SAARINEN et al. 2014). Peaks of maximum body size in mammals are 

consistent with climatic events. Essentially, colder climates give rise to large mammals, such as 

carnivores and their herbivorous prey, increasing overall body size variation in these periods 

(SMITH et al. 2010; FIGUEIRDO et al. 2011; SAARINEN et al. 2014; VAN VALKENBURGH 

1999; VAN VALKENBRUGH et al. 2015).  

In this context, we aimed to combine geometric morphometrics and other paleobiological 

methods to test what drives morphological disparity trends in carnivorous mammals trough a 

comparison between the mandible morphology of Metatheria and Eutheria clades. We are testing 

for the association between phylogenetic corrected morphological disparity and climate. We expect 

to find a clear pattern of clade substitution, that is, as the morphological disparity of ancient clades 
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decrease, disparity of more recent ones should rise. Because of their different evolutionary histories 

and known different levels of contingency on morphology, metatherian disparity will probably 

have smaller levels of magnitude than that of eutherians (as reported by CROFT et al. 2018). This 

trend of higher disparity in eutherians than in metatherians would also be congruent with dental 

morphology findings of North American carnivores: dental disparity is proportional to taxonomic 

diversity through time (WESLEY-HUNT 2005). As a general trend, the cooling of the Earth is 

expected to promote an associated increase on morphological disparity as it enhances available 

global land area and the rise of larger and highly specialized animals, adding to morphological 

variability (SAAARINEN et al. 2014; SMITH et al. 2010; VAN VALKENBURGH 1999).  

 

MATERIALS & METHODS 

 

We used geometric morphometrics to quantify the mandible (2D in lateral view) of 482 

specimens belonging to 289 species of large mammalian carnivores (> 7 kg, threshold established 

by VAN VALKENBURGH, 1985) from Carnivora (232 spp.), “Condylarthra” (13 spp), 

“Creodonta” (24 spp.), Dasyuromorphia (6 spp.), and Sparassodonta (14 spp.). All specimens of 

living carnivores were photographed at the London Natural History Museum (NHM). Fossil data 

were collected at the Field Museum of Natural History (FMNH, Chicago), NHM, the Muséum 

National d’Histoire Naturelle (MNHN, Paris), the Royal Museum of Scotland (RMS, Edinburgh), 

the Royal Museum for Central Africa (RMCA, Tervuren), and the Madrid Natural History Museum 

(MNHM). Additional fossil images were collected in scientific articles (Appendix I). Landmarks 

were positioned based on anatomical homologies among placentals and marsupials using tpsDig2 

(ROHLF, 2015). We considered homologous the premolar vs molar region and did not attempt to 

quantify carnassial functional homology (Fig. 1). Indeed, VAN VALKENBURGH (2007) showed 

that the lower carnassial sliding function is comparable to the whole molar raw of metatheria 

making these functional homology difficult to combine within the same morphospace. Generalized 

Procrustes Analysis was used to separate shape (22 Procrustes coordinates) from size (centroid 

size) of the mandible (ZELDITCH et al., 2012). 

We tested for imaging error by performing a Procrustes ANOVA in MorphoJ 

(KLINGENBERG 2011). In this procedure we tested for imaging error by collecting photographs 

and drawings from scientific papers for specimens we had also photographed ourselves. We 
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summarized these results by calculated the percentage of sums of squares (SS) for individuals (full 

variation) and for error between images in relation to SS of individuals + image error + residuals. 

This way, if image percentages were much smaller than individuals, than the error is dismissible. 

  

Figure 1. The positions of landmarks on the mandibles of Smilodon populator (top) (Carnivora) and of Thylacosmilus 

atrox (bottom) (Sparassodonta). (1-2) anteroposterior diameter of lower canine, (2-3) diastema length, (3-4) length of 

the premolar row, (4-5) length of the molar row, thickness of the mandibular corpus under the premolar (3-11) and 

molar rows (5-10), (6) tip of the coronoid process, (7-8) the maximum depth of the condylar process, (9) most lateral 

extreme point of angular process. 

 

We built a phylogeny for all our taxa in order to test for phylogenetic signal in our 

morphological data and to calculate phylogenetic corrected morphological disparity, which 

includes node trait reconstructions (BRUSATTE et al., 2011). For building the phylogeny, all 

species were dated according to their first and last occurrence in the fossil record and nodes were 

constrained when possible in accordance with clades first occurrence in geological time (Fig. 2; 

full description at Appendix II). We calculated morphological disparity of mandible size and shape 

from Maastrichtian (72 mya) to Holocene time bins (23 categories of time) following WALKER 

et al. (2018). This procedure was done using the R package ‘geomorph’ for all mammalian large 
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carnivore guild, separating metatherians and eutherians, and separating Carnivora, Sparassodonta, 

Dasyuromorphia, “creodonts” and “condylarthrs” (ADAMS & OTÁROLA-CASTILLO 2013).  

 

Figure 2. Phylogeny of the 289 taxa included in this study. Major clades are colour coded, while others are indicated 

at their base node. Thicker bars on each species indicate the time they are present in the fossil record until extinction. 
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Principal component analyses were used to explore carnivore morphospace and its 

phylogenetic signal, and morphospace through time (Paleogene, Neogene and Quaternary). All 

geometric morphometric analyses were done using the package ‘geomorph’, including the node 

reconstructions and a principal components analysis to visualize shape morphospace (ADAMS & 

OTÁROLA-CASTILLO 2013). Size node reconstructions were made with ‘phytools’ (REVELL 

2012).  

Paleoclimatic data were obtained from isotopic curves of oxygen and carbon (ZACHOS et 

al. 2001, Fig. 3). We submitted oxygen and carbon paleoclimate isotopes to a principal components 

analysis in order to remove multicollinearity and summarise both variables into one climatic one 

(PC1 Climate). We then applied linear models with randomised residual 9,999 permutations 

procedure (COLLYER & ADAMS 2018) to test for the impact of PC1 Climate in morphological 

disparity in all sampled Mammalia and also separating Eutheria and Metatheria.  

 

 

Figure 3. Global deep-sea oxygen and carbon isotope records. Data from ZACHOS et al. (2001). 
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RESULTS 

 

Percentages of variation between images for each individual (SS centroid size error = 

0.26%; SS shape error = 2.86%), using 81 individuals from our database and 169 images, were 

much smaller than morphological variation among specimens (SS centroid size individuals = 

99.65%, SS shape individuals = 97.08%), thus error from different photos and landmarking 

sessions was negligible.  

Phylogenetic signal is present for both size (K = 0.122, P < 0.001) and shape (K = 0.107, P 

< 0.001) of the mandible of carnivorous mammals (n = 289), although weak. Clades are also 

significantly different in both mandible size (R2 = 0.083, F = 6.472, P = 0.001) and shape (R2 = 

0.072, F = 5.493, P = 0.001). Size has no strong effect on shape (R2 = 0.012, F = 3.500, P = 0.006). 

“Condylarths” reached the largest average mandible size, followed by Sparassodonta, “creodonts”, 

Carnivora, and Dasyuromorphia. Size variation is also the largest in “condylarths”, but comparable 

with Carnivora, especially considering maximum and minimum numbers. Creodonts have 

intermediate size variation, while Sparassodonta and Dasyuromorphia are the least variable (Fig. 

4).   

 

Figure 4. Box plot with standardized deviation of log transformed centroid size (LogCS) across mammalian large 

carnivorous clades. Bold string: median, box: first interquartile, bar: second interquartile. 
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Principal component analysis showed great overlap between the carnivorous clades. 

Sabertooth-like morphologies are located at the positive ends of both PC1 and PC2, present in the 

Machairodontinae subfamily, the Nimravidae, the creodont Apataelurus kayi and the sparassodont 

Thylacosmilus atrox (Fig. 5). Positive PC1 scores showed deformations with shorter and thicker 

dentary, higher gap between canine and premolars (diastema), smaller premolar and molar series, 

larger condylar process, and coronoid process is located more posteriorly. Positive PC2 scores 

show a thinner and elongated mandible body and smaller ramus, smaller canine, larger gap between 

canine and premolar, almost equal premolar and molar series and lower coronoid process. Negative 

scores of PC1 and PC2 show opposite deformations.  

 

 

Figure 5. Principal components analysis plot of shape mapped onto phylogeny, with deformations of the mandible 

added accordingly to each principal component. Each group was coloured differently. Teeth regions are coloured to 

facilitate their identification. Sabertooth morphologies are within the ellipse as indicated. 

  

In the specific Paleogene morphospace (Figure 6, bottom plot in orange), Nimravidae and 

Oxyaenidae families (positive scores) are shown segregated from Sparassodonta, other Carnivora 

and “creodonts” and “condylarths” (negative scores) in the first component of shape. PC2 shows 

more overlap between clades (positive scores). PC1 positive scores correspond to mandibles with 

thicker corpus, larger canine, diastema and shorter premolar and molar series, lower coronoid 

process, and larger condylar process. PC2 positive end showed species with thicker and shorter 

corpus, larger canine, smaller premolar and molar rows, and higher coronoid process.  
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Figure 6. Morphospace of large carnivores mapped for each paleontological era, with deformations of the mandible 

added accordingly to each principal component. Each group was coloured differently. Teeth regions are coloured to 

facilitate their identification. 

 

In the Neogene (Fig. 6, middle plot in yellow), there is a lack of “creodonts” and 

“condylarths” in the morphospace. Most Carnivora and Metatheria are in the extreme negative of 

PC1, and a portion of Felidae and representative species of Barbourofelidae families occupy the 

extreme positive of the PC1. PC2 separates Barbourofelidae at the extreme negative, while a 

portion of Felidae and Sparassodonta are located in the extreme positive of this axis. In PC1 
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positive scores of the Neogene, mandibles are thicker, with proportionally larger canines, large 

diastema and smaller premolar and molar rows. Coronoid process is located more posteriorly 

within the mandible and the condylar process is larger and angled. PC2 positive scores shows 

shorter corpus and thicker ramus, with larger canine, no diastema and smaller premolar and molar 

rows. Opposite deformations as the ones described here represent negative scores of PC1 and PC2.  

In the Quaternary (Fig. 6, top plot in green), only Dasyuromorphia and Carnivora families 

are represented in the morphospace. The extreme positive of PC1 and negative of PC2 are mainly 

occupied by Felidae species. Negative of PC1 is mainly occupied by Canidae. Positive scores of 

PC2 are represented by Ursidae, Felidae, and Mustelidae species. Positive PC1 shows thicker 

mandible, large canine, and smaller premolar and molar rows, with coronoid process located more 

posteriorly in the mandible. Positive PC2 shows shorter muzzle, larger canine, no diastema, and 

higher coronoid process. 

 

Morphological disparity though time 

 

 Both size and shape disparities trend for large carnivores appeared to be comparable 

through time. They mostly increase until Rupelian, decreases, especially for shape, in Chattian and 

starts increasing again, with a significant decrease in the Messinian (especially in size disparity) 

and Holocene (size and shape disparities). The highest disparity peak for size and shape of both 

Theria and Eutheria is reached during Middle Pleistocene. In Metatheria, shape and size disparity 

start increasing in the Ypresian, reaching the first major peak, especially for size, in the Rupelian. 

Shape disparity remains increasing, while it decreases from Chattian to Aquitanian for size, where 

it starts increasing again. The highest shape and size disparity are reached for Metatheria during 

the Tortonian and a major shift occured from Piacenzian to Gelasian (particularly for shape), 

remaining constant until Holocene (Fig. 7). 
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Figure 7. Phylogenetically corrected size and shape disparity through time for large mammalian carnivores and separated between 
Metatheria and Eutheria clades. Each group was colored by a different color. 

 

Separating morphological disparity trends between Carnivora, “creodonts”, “condylarths”, 

Dasyuromorphia and Sparassodonta showed considerable differences through time. Carnivora 

increased size and shape disparity almost constantly since their appearance in the fossil record, 

from the Thanetian to Ypresian and so on. The first major peak of Canivora shape is in the 

Rupelian, while in Aquitanian for size. After that, Serravallian shape disparity peak is recognisably 

high, followed by the highest peak within the clade during the middle Pleistocene (the same 

occurring for size). In “Creodonta”, three major size (Ypresian, Priabonian and Rupelian) and 

shape disparity peaks (Ypresian, Lutetian and Bartonian) are recognisable before their 

disappearance during Chattian. For “condylarths”, two peaks are recognisable for size (Selandian 

and Ypresian) and shape (Danian and Thanetian) before their disappearance during Lutetian time. 

Dasyuromorphia disparity is constantly low thought time, increasing only after Tortonian, while 

Sparassodonta reached high peaks of shape disparity (increasing from Aquitanian until Tortonian, 

when it starts to decay), while size disparity was constantly much smaller, increasing since the 

Ypresian until it starts decaying after Burdigalian (Fig. 8).  
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Figure 8. Phylogenetically corrected size and shape disparity through time for large carnivorous clades separated for Carnivora, 
“creodonts”, “condylarths”, Dasyuromorphia, Sparassodonta. Each group was colored by a different color. 

  

The first climatic principal component is positively correlated with O (R = 0.992, coef 

= 0.924) and negatively with 13C (R = - 0.801, coef = - 0.383). We found significant impact of 

climate on shape and size disparities of mammalian carnivores and separating Metatheria and 

Eutheria clades (Table 1). In all cases, disparity increases with the enrichment of O and depletion 

of 13C (increase of PC Climate scores) (Fig. 9).  

 

Table 1. Linear Model Evaluation with Randomized Residuals in a 9,999 Permutation Procedure using climate (= pc1 
climate) and prey diversity as predictors of size and shape disparities on carnivorous mammalian samples and also 

separated between Metatheria and Eutheria clades. Significance is highlighted as bold values (P < 0.05). 

 Size Disparity Shape Disparity 

 Df R² F P Df R² F P 

Mammals~Climate 21 0.423 18.857 0.000 21 0.736 58.64 0.000 

Eutheria~Climate 21 0.371 12.387 0.001 21 0.647 38.48 0.000 

Metatheira~Climate 21 0.726 55.639 0.000 21 0.210 5.572 0.030 
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Figure 9. Regression plots of carnivorous mammalian shape and size disparity vs climate. Regression lines are separated for all 

carnivorous mammals (black) and between metatherian (red) and eutherian disparities (blue). Numbers corresponds to each time 
bin. 1: Maastrichtian (72.1 to 66), 2: Danian (66 to 61.6), 3: Selandian (61.6 to 59.2), 4: Thanetian (59.2 to 56), 5: Ypresian (56 to 
47.8), 6: Lutetian (47.8 to 41.3), 7: Bartonian (41.3 to 38), 8: Priabonian (38 to 33.9), 9: Rupelian (33.9 to 28.1), 10 : Chattian (28.1 
to 23.03), 11: Aquitanian (23.03 to 20.44), 12: Burdigalian (20.44 to 15.97), 13: Langhian (15.97 to 13.82), 14: Serravallian (13.82 
to 11.62), 15: Tortonian (11.62 to 7.246), 16: Messinian (7.246 to 5.333), 17: Zanclean (5.333 to 3.6), 18: Piacenzian (3.6 to 2.588), 
19: Gelasian (2.588 to 1.806), 20: Calabrian (1.806 to 0.781), 21: Middle Pleistocene (0.781 to 0.126), 22: Late Pleistocene (0.126 
to 0.0117), 23: Holocene (0.0117 to 0). 
 

 

DISCUSSION 

 

We found evidences of morphological convergences between Metatheria and Eutheria clades and 

that large carnivorous mammals’ disparity on mandible shape and size is driven by climatic events. 

In our data, morphological disparity of mandible shape reaches high peaks (not necessarily 

simultaneously) on both Metatherians and Eutherians, whereas metatherians size disparity is 

constantly much smaller than Eutherians, whose disparity fluctuations are more dynamic. 

We notice that “condylarths” have considerably larger mandibles than other mammalian 

carnivorous clades. Sparassodonts, dasyuromorphs and “creodonts’ are all within Carnivora size 

range. This is a contingence reflected in the “condylarth” dentary morphology, which is strikingly 

longer than other clades, with their ramus being disproportionally smaller than their long corpus. 

In fact, most species included in this study have a strikingly long muzzle, with head size often 

dispropotionaly larger than body size (this study; SOLÉ et al. 2015; 2016).  

Metatherians have some remarkable morphological constraints, such as their conservative 

molar number, which remains four even in the highly specialized sparassodont Thylacosmilus atrox 

(GOSWAMI et al. 2011; PREVOSTI et al. 2011; WROE et al. 2005). This gives an evolutionary 
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advantage in placental forms, especially within the order Carnivora through the appearance of the 

carnassial teeth (P4 and m1) and teeth reduction in hypercarnivores like the big feliformes and 

canids (WESLEY-HUNT 2005, VAN VALKENBURGH 1999). However, both Metatherian and 

Eutherian showed notably diversified morphospaces in our data, meaning that both clades show 

comparable morphological variances, despite metatherians more restricted morphologies.  

When our data is observed across the geological eras, it is clear that all the morphological 

disparity in large carnivorous mammals did not coexist in the same geological time.  Key 

morphotypes are occupied by different clades across time. For instance, the sabertooth morphotype 

was first occupied by the Nimravidae Hoplophoneus and the Oxyaenidae Apataelurus during the 

Paleogene, being substituted by Felidae from the subfamily Machairodontinae (e.g. 

Amphimachairodus, Megantereon, Homotherium, Lokotunjairulus), the sparassodont T. atrox and 

Barbaurofelidae (e.g. Barbourofelis, Prosansalosmilus and Sansalosmilus) during the Neogene. 

Finally, during the quaternary, sabertooth ecomorph remained represented by members of 

Machairodontinae, such as Smilodon, Megantereon, Homotherium, and Xenosmilus, until their 

final demise in the late Pleistocene (Fig. 6). Although from different clades, sabertooth 

morphologies are all convergent in mandible morphospace, being characterized by large diastema 

betweencanine and premolar series (to accommodate the large upper canine) and small coronoid 

process, an important feature to facilitate jaw opening, due to the exaggerated enlargement of their 

canines (PIRAS et al. 2018).  

Phylogenetic signal confirms previous work on Carnivora (MELORO et al. 2008, 2015; 

FIGUEIRIDO et al. 2013) since major families are generally separated across PC1 vs. PC2 

although overlap occurs between the major clades. These phylogenetic patterns were also observed 

in dental morphospace patterns through time in North American carnivorous guilds (WESLEY-

HUNT, 2005). For instance, canids never occupied the same morphospace of felids in the same 

geological time and, in fact, some highly specialized carnivorous ecomorphs only evolved in 

specific clades (e.g. the complete loss of molars in the upper dentition with the loss of the talonid 

in the lower molar only occurred in feliforms, MELORO & RAIA 2010). As previous studies have 

shown for skull morphology, dasyuromorphs are within canid, sparassodont, and sometimes bear 

morphospaces during the Neogene (GOSWAMI et al. 2011). During the Quaternary, mandible of 

S. harrisii and T. cynocephalus were also congruent with Mustelidae forms, although their variation 

remained within the range of canid morphology. Indeed, phylogenetic signal in our data suggests 
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that clades tend to be more similar to each other in shape and size than expected under Brownian 

motion (K < 1, ADAMS 2014), supporting a high leval of morphological overlap among clades. 

In Eutheria, patterns of shape and size through time are very similar to those of all 

carnivorous mammals (Eutheria + Metatheria). This is probably due to the highest richness of 

eutherian large hypercarnivores through mammalian evolutionary history, except for Australia and 

isolated South America until the Pliocene (PREVOSTI et al. 2011). Thus, we limit ourselves to the 

comparison of eutherian and metatherian patterns, but note that disparity trends between these 

clades occurred mainly at different continents.  

Carnivora and Sparassodonta did coexist in South America during the beginning of the 

Great American Interchange, which started by the arrival Procyonidae around 7 Mya (PREVOSTI 

& FORASIEPI 2018). Looking at the disparity trends between metatherians and eutherians, we can 

see that, in comparison to Metatheria, eutherian size and shape disparities were high and constant 

through most of their evolutionary history, while Metatherians only started to significantly 

diversify and increase their disparity after the Bartonian, that is, in mid to late Eocene, around 40 

million years ago (Fig. 7). At this time, deep sea O trends were rising as approaching the 

Eocene/Oligocene glaciation period. In addition, ungulates, carnivores most commonly known 

prey, diversified (Fig. 3; ZACHOS et al. 2001). Although their paths during evolutionary history 

never significantly crossed each other geographically (CROFT et al. 2018), metatherians and 

eutherians large carnivorous guilds did coexist in geological time, and experienced, to some extent, 

similar global climatic events, although different continents, that have impacted their 

morphological disparity during the same time period in a similar trend (Fig. 9). 

CROFT et al. (2018) have shown a lack of evidence for a competitive exclusion of 

sparassodonts by the arrival of Carnivora during the late Miocene in South America. Our results 

support that as we recorded that shape and size disparity decline in large sparassodonts much 

earlier, as it drops considerably from the Tortonian to Messinian (late Miocene) and remains 

declining until their extinction in the Zanclean (early Pliocene; Fig. 7). Interestingly, this drop 

occurred against our prediction of higher disparity during colder times. Moreover, this means that, 

when Carnivora arrived in South America, Sparassodonta shape diversity was already in a fast 

decreasing rate. The first caniformes to arrive in that continent were small and probably possessed 

a generalist diet, that is, they were not good competitors enough to justify an active role in the 

extinction of sparassodonts (CROFT et al. 2018; PREVOSTI et al. 2011). Reasons for the demise 
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of Sparassodonta remain unknown, although climatic changes related to the Andes formation have 

been suggested (CROFT et al. 2018). Interestingly, when limiting morphological disparity to only 

the large carnivores (> 7 kg), all the clade shape and size disparities reach high and comparable 

maximum peaks at different geological times (Figs. 7 and 8). When, in previous studies, mandibule 

disparity of sparassodonts was compared to Carnivora disparity, that is, not limiting to specific 

guilds, higher Carnivora disparity than in Sparassodonta is evident in all geological times during 

the Cenozoic (CROFT et al. 2018). This is the reason why our results diverge from the general 

notion that metatherians have lower disparity due to constraints in morphology as metatherians and 

eutherians reach high peaks of disparity at, most often, similar evolutionary times. Similar results 

have been found by the comparison of faunivorous metatherians (sparassodonts + dasyuromorphs) 

with eutherian carnivores by not limiting to large carnivores (GOSWAMI et al. 2011). Here we 

found much lower dasyuromorph disparity than that GOSWAMI et al. (2011) have found because, 

as we mentioned earlier, most of their disparity is focused on smaller sized (< 7 kg) faunivorous 

animals (KEALY & BECK 2017).  

 High peaks on size and shape disparities are associated with the Earth cooling. Related to 

this, clear linear trends are recognisable in our results for metatherians, eutherians, and all carnivore 

mammals (Fig. 9). This is especially evident in the last glacial maximum, around 20,000 years ago. 

A clear exception to the climatic model is the shape and size disparities of metatherians during 

Tortonianla (late Miocene), which is related to the appearance of the sabertooth T. atrox and other 

metatherian carnivores during a not expected (warmer) time. Meanwhile, eutherians recorded 

higher shape disparity than expected by the climate during Ypresian (#5) and Langhian (#13) which 

were warmer periods. Ypresian (early Eocene) is characterised by the split between Caniformia 

and Feliformia clades, besides including a variety of “condylarths” and “creodonts” carnivores. 

Langhian (mid Miocene) is characterized by a great diversity of Carnivora morphotypes, such as a 

great diversity of bear-dogs (Amphicyonidae), dogs (Borophaginae), including some sabertooth 

forms (Barbourofelidae). Both these geologic times have high morphological disparities and are 

associated with times of high taxonomical diversity (WESLEY-HUNT, 2005). Some studies have 

shown general global trends on colder environments supporting the emergence of mammals of 

large body size, adding to other existing morphologies (SHAARINEN et al. 2014; SMITH et al. 

2010). This would support the idea of larger disparities in colder geological times as new 

morphologies associated to larger body size would emerge.  
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 In summary, we found clear evidence of a climatic impact on the morphological disparity 

of both metatherians and eutherians. We also showed that metatherians achieved similar maximum 

disparities as eutherians did at different times, suggesting that ontogenetic constraint may not be 

an issue for diversification in large carnivorous marsupials. Still, multiple factors have affected the 

evolutionary mammalian disparities like simultaneous effects of climate and evolutionary time 

itself, which tends to produce increased diversity. Interestingly, in the cases where disparity is 

higher than expected by the climatic trend, high disparity is clearly related to taxonomic diversity. 

This study is the first to compare mandibular morphological disparity in large metatherians and 

eutherians and our findings are congruent to previous studies on the evolution of large 

hypercarnivores (CROFT et al. 2018; GOSWAMI et al. 2011; PREVOSTI et al. 2011; PIRAS et 

al. 2018; VAN VALKENBUGH 1999; WESLEY-HUNT 2005). Potentially, studies that focus on 

regional and even continental disparity could elucidate better the trends of morphological disparity 

between these specific clades, possibly adding predator/prey diversities into the model, as these 

samples would correlate directly between available resources and predator morphological 

fluctuations through time.  
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APPENDIX II – Phylogeny description 

 

Our general topology is based on FEIGN et al. (2018) that proposed a tree topology inclusive of 

Metatheria and Eutheria carnivores. These included the orders Sparassodonta and Didelphimorphia 

as sister taxa (part of the larger group Metatheria) while Condylarths + Carnivoramorpha + 

Creodonta cluster together as placental mammals. The position of unranked “Condylarths” 

grouping Mesonychia and Arctocyonidae follows SPAULDING et al. (2009) that support 

monophyly and closer relationship between Creodonta and Carnivoramorpha as part of Ferae.     

At order level we followed more specific sources. For Sparassodonta, we followed first 

MUIZON et al. (2018) that supports Allqokirus as early member of Sparassodonta. For the rest we 

followed FORASIEPI et al. (2014) that includes Cladosictis, Acyon and MPEF 4770 (see CROFT 

et al. 2018) within the family Hathliacynidae while Lycopsis is basal to Borhyaenoidea. Within this 

group Callistoe is basal to both families Thylacosmilidae (which is monophiletic and includes 

Thylacosmilus and Anachlisyctis, see PREVOSTI & FORASIEPI 2018) and Borhyaenidae 

(FORASIEPI et al. 2014, Fig. 7b).   

For Acreodi (=Mesonychia/Paraxonia) and Arctocyonidae (=Procreodi, Claenodon) [both 

included in the unranked “Condylarths”] we are using SOLÉ et al. (2018) and O'LEARY (1998).  

Creodonta topology followed classification of SPRINGHORN (1980) in STEFEN (1997) which 

considers valid the families Oxyaenidae and Hyaenodontidae (MORLO 1999). For the 

arrangement within Oxyaenidae we followed GUNNELL & GINGERICH (1991), CHESTER et 

al. (2010), SOLÉ et al. (2011) and STUCKY AND HARDY (2007) which includes Patriofelis 

(GAZIN 1957), Machaeroides and Paleonictis as part of Oxyaenidae. 

For Hyaenailuridae we followed BORTHS et al. (2016, Figure 22). Pyrocyon strenuous is 

assumed to be in synonymy with Tritemnodon strenuous that was previously synonymised with P. 

hians (GINGERICH & DEUTSCH 1989).  

We are following SOLÉ et al. (2016) for the general arrangement of Carnivoramorpha. 

Accordingly, Feliformia and Caniformia are part of the Carnivora that remains separated from the 

rest of incertae sedis taxa such as Quercygale and Miocyon. The nomenclature of Miocyon is quite 

enigmatic since SPAULDING & FLYNN (2009) report this taxon to belong to the ‘Miacis’ 

uintensis a taxon clearly positioned by SOLÉ et al (2016) next to Quercygale.  FRISCIA & 

RASSMUSSEN (2010) considers Miocyon still valid so we keep this original name. 



94 

 

Feliformia is still supported although Proailurus, positioned by PIRAS et al. (2013) within 

Felidae, is now basal Feliformia. After this, we got Viverridae, Hyaenidae-Percrocutidae-

Eupleridae (here represented by Cryptoprocta only), and Felidae+Barbourofelidae. The 

arrangement Viverridae-Hyaenidae-Eupleridae is supported by molecular phylogeny 

(AGNARSSON et al. 2010) and it is coherent with SOLÉ et al. (2016). Percrocutidae is quite 

controversial although WERDELIN & SOLOUNIAS (1991) suggested this family to potentially 

be related to Hyaenidae and this hypothesis was previously employed in other studies (MELORO 

et al. 2008; MELORO & RAIA 2010). The position of Barbourofelidae is supported by MORLO 

et al. (2004) while arrangement within Felidae follows PIRAS et al. (2013). The North American 

Pseudaelurus position equally follows ROTHWELL (2003). 

Arrangement within Nimravidae equally follows PIRAS et al. (2013) even if the whole 

family is now outside all Carnivora. For Caniformia we are again following SOLÉ et al (2016) for 

family relationship which are mostly confirmed also by SPAULDING & FLYNN (2012) proposed 

topology. Within this arrangement, Amphicyonidae are sister taxa of Canidae, while within 

Arctoidea we got Mustelidae+Megalictis (according to VALENCIANO et al. 2016 this is a separate 

tribe called Oligobuninae basal to Mustelidae) basal to Pinnipedia and/alike and then Ailuridae-

Ursidae. The position of Pujila and Potamotherium as part of Pinnipedia follows RYBCZYNSKI 

et al. (2009). TOMYIA & TSENG (2016) proposed for Amphicyonidae a different position (as 

basal to all the Caniformia) however this arrangement is supported only by cranial characters, so 

we favour SOLÉ et al. (2016) that includes many more taxa of Caniformia and Feliformia. 

Within Amphicyonidae we followed VIRANTA (1996), PEIGNÈ et al. (2008) and 

MELORO & RAIA (2010) for species relationship. Temnocyon and Delotrochanter were part of 

Temnocyoninae (HUNT 2011), hence sister taxa grouped with Daphoenus within Daphoeninae. 

The clade Amphicyoninae follows PEIGNÈ et al. (2008) and Meloro and Raia (2010) with 

Ysengrina and Magericyon as sister taxa separated from Amphicyon (see in PEIGNÈ et al. figure 

7b) while the relationship within American Daphoeninae were solved randomly within 

Daphoenodon (following first order of appearance using the function ‘timeLadderTree’ from 

package ‘paleotree’ BAPST (2012)). Since no topology was available we used the description in 

JOHNSON & CHRISTIAN (1941) that suggested common ancestry for Amphicyon and Pliocyon 

followed by more derived Daphoenodon.     
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Within mustelids position of Ekorus and Eomellivora after VALENCIANO et al. (2017), 

otters after WANG et al. (2017) + VALENCIANO et al. (2019) for Lartetictis + Mikko’s 

supplement. Namibictis is basal to Mustelidae as suggested by MORALES et al. (1998) while 

Mustelictis belongs to Oligobuninae (VALENCIANO et al. 2016) that is sister of Mustelidae.  

For canids we followed MELORO & RAIA (2010), Tedford et al. (2009), and WANG 

(1994) and WANG et al. (1999).  

The arrangement of Ursidae follows MELORO & RAIA (2010) with updates also based on 

WANG et al. (2017), ABELLA et al. (2012), KRAUSE et al. (2008) to position Ailuropodinae that 

is basal to Tremarctinae and Ursinae. The position of primitive taxa such as Cephalogale, 

Phoberogale and Adelpharctos and Cyonarctos is within the newly proposed tribe Cephalogalini 

after DE BONIS (2013). Then in keeping with WANG et al. (2017) we positioned Ailuropodinae 

sister group of Ursinae. Agriotherium here is considered within Ailuropodinae as proposed by 

MCLELLAN & REINEN (1994) and novel comparison of this taxon with Indarctos (OGINO et 

al. 2011). Within Ursinae, the species Ursavus tedfordi is basal to Tremactini and Ursini. 

Arrangements within Tremarctini is after MITCHELL et al. (2016) while the Ursini relationship 

follows KRAUSE et al. (2008).  
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DISCUSSÃO 

Os resultados que descrevo e discuto em cada capítulo desta tese demonstram que, apesar de terem 

sua profunda divergência temporal, Metatheria e Eutheria frequentemente se sobrepõem em nicho 

trófico e morfoespaço. Esses padrões de sobreposição foram encontrados tanto em mamíferos 

atuais quanto em fósseis e reinteram que adaptativa dos mamíferos tende a ser direcional, levando 

a convergências entre clados, em resposta a uma pressão seletiva comum (FOLEY et al. 2016).    

 Com base nas análises interespecíficas dos valores de enriquecimento de nitrogênio e 

carbono do pelo de pequenos mamíferos do capítulo um, é possível identificar que marsupiais e 

roedores não seguem o mesmo padrão de partição de recursos. Por um lado, marsupiais didelfídeos 

seguem a regra de escala para a partição de recurso (RICHIE & OLFF 1999), ou seja, existe uma 

relação entre tamanho do corpo e enriquecimento de nitrogênio. Desta forma, espécimes maiores 

de marsupiais tendem a ser faunívoros, sugerindo que uma dieta mais rica em proteína seja 

preferencial neste clado para suportar o gasto energético de corpos maiores (CÁCERES 2002; 

2004; SANTORI et al. 2012). Por outro lado, roedores sigmodontíneos têm uma relação 

significativa entre modos de locomoção e enriquecimento de nitrogênio. Estes resultados também 

se extrapolam para pequenos mamíferos como um todo, sugerindo que este padrão seja mais 

universal, como mostram observações de campo de partição de recursos no estrato vertical em 

pequenos mamíferos neotropicais (GALETTI et al. 2016; LEITE et al. 1996; VIEIRA & 

MONTEIRO-FILHO 2003; VIEIRA et al. 2012).  

 O nicho ecológico de Didelphidae é menor que o de Sigmodontinae, indo em favor da 

hipótese de que marsupiais têm uma maior conservação de nicho trófico que roedores (GALETTI 

et al. 2016). Na Mata Atlântica, o nicho dos marsupiais se sobrepõe completamente ao dos 

roedores; já no cerrado essa sobreposição é consideravelmente menor (capítulo 1). No Cerrado a 

amplitude de nicho trófico dos marsupiais é equiparável à de roedores. Estudos com pequenos 

mamíferos no Cerrado demonstram que a estrutura das comunidades é principalmente influenciada 

pela heterogeneidade do habitat (CAMARGO et al. 2018; SANTOS-FILHO 2012). O fato desta 

ecorregião ser bem mais heterogênea que a Mata Atlântica, com maior heterogenidade de habitats 

como o cerrado estrito senso e a floresta de galeria, explicaria esta maior sobreposição de 

marsupiais e roedores na Floresta Atlântica e não no Cerrado. 

 Ainda assim existem tendências comuns entre os dois grupos com relação ao 

enriquecimento de isótopos estáveis quando traçamos trajetórias do Cerrado para a Mata Atlântica: 
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tanto os marsupiais quanto os roedores tendem a enriquecer a razão de isótopos pesados de 

nitrogênio e diminuir carbono. Níveis altos de carbono estão associados, principalmente, com a 

presença de plantas CAM ou C4 no ambiente. Estas são mais frequentes em áreas abertas 

(NEWTON 2010). De uma forma ou de outra, marsupiais e roedores tendem a convergir em áreas 

fechadas, e divergir em áreas abertas. Nossos resultados do capítulo 2 corroboram isto para a 

variação da forma da escápula entre Didelphidae e Sigmodontinae. 

 A forma da escápula em animais arbóreos, em ambos os clados, tende a ser mais triangular, 

enquanto os terrestres têm uma forma mais retangular ou oval, assumindo uma morfologia menos 

conservativa (Fig. 5, cap. 2). Estas adaptações para o hábito arbóreo implicam diretamente no 

aumento da fossa infraespinosa e da borda vertebral, relacionadas com a habilidade de rotacionar 

o braço enquanto se alcança algum suporte, sem desestabilizar a articulação do ombro, e com o 

aumento das forças tensoras para conseguir puxar o corpo durante os movimentos de escalada 

(POLLY 2007; SECKEL & JANIS 2008).   

 Comparativamente, a forma da escápula de marsupiais é mais conservada filogenetica- e 

alometricamente que em roedores, indo em favor da ideia de que marsupiais tendem a ter uma 

morfologia mais conservativa que placentários (SHIRAI & MARROIG, 2010). Ainda assim, 

detectamos adaptações da forma da escápula para tipos de locomoção diferentes em Didelphidae 

(Tabela 3, cap. 2). Sigmodontíneos se diversificaram na América do Sul rapidamente após sua 

colonização (~10 Maa). Porém, essa rápida diversificação não foi acompanhada de uma 

diversificação morfológica como seria esperado. Nossos resultados do capítulo 2 mostram isto para 

a forma da escápula, que não parece ser tão adaptativa em roedores, bem como estudos da 

morfologia do crânio e mandíbula destes animais (MAESTRI et al. 2017).  

 Ao extrapolar essa comparação para Metatheria vs. Eutheria, na morfologia da mandíbula 

de grandes predadores, nossos resultados mostram que tanto os metatérios quanto eutérios 

assumiram morfologias extremas, a exemplo dos dente-de-sabre, evidenciando adaptações, 

inclusive convergentes, em ambos os grupos (Fig. 4, cap. 3). Mesmo assim é possível identificar 

que os metatérios têm restrições morfológicas na mandíbula, como o seu número conservado de 

quatro molares. Estas restrições não existem ou são menores em eutérios, possibilitando a redução 

do número de dentes e especialização de sua forma, reduzindo, inclusive, o número de cúspides 

nos dentes carnassiais (P4 e m1) dos grandes carnívoros feliformes (WESLEY-HUNT 2005; VAN 

VALKENBURGH 1999).  
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 As restrições morfológicas dos metatérios estão refletidas nos padrões de disparidade de 

tamanho de suas mandíbulas, que é consistentemente muito menor ao longo do tempo, que em 

eutérios (em acordo com CROFT et al. 2018). Já em se tratando de disparidade de forma, os picos 

de disparidade de metatérios, principalmente em esparassodontes, são muitas vezes equivalentes 

aos encontrados em eutérios (Fig. 7, capítulo 3). Apesar destas diferenças (mas também 

semelhanças) de magnitude e disparidade morfológica entre tamanho e forma da mandíbula nos 

dois grupos, ambas as variáveis estão fortemente correlacionadas com as flutuações 

paleoclimáticas da Terra ao longo do tempo geológico (capítulo 3).  

A disparidade morfológica dos carnívoros aumentou em momentos em que a Terra era 

consideravelmente mais fria. Estudos anteriores demonstram padrões globais nos principais grupos 

de mamíferos de aumento do tamanho do corpo em climas mais frios (SHAARINEN et al. 2014; 

SMITH et al. 2010). Esse aumento de tamanho do corpo durante, principalmente, grandes eventos 

glaciais, pode ter influenciado diretamente o aumento da disparidade morfológica de carnívoros, 

como mostram nossos resultados do capítulo 3. Existem vários exemplos do clima influenciando 

na variação morfológica de mamíferos recentes (APÊNDICE A.; BUBADUÉ et al. 2016; 

CÁCERES et al. 2014; HENDGES et al. 2016). A regra de Bergmann, por exemplo, prevê a 

tendência de animais variarem positivamente em tamanho corporal com o aumento da latitude, em 

associação com climas mais frios (BERGMANN 1848). Logo, a influência climática sobre a 

variação morfológica de grandes carnívoros térios seria esperada também durante o tempo 

evolutivo.    

Resumidamente, os três capítulos apresentados aqui mostram padrões congruentes com o 

que tem sido estudado a nível comparativo entre metatérios vs eutérios: em muitos casos, 

metatérios tendem a ter um nicho trófico e morfologia mais conservativa que em eutérios. Ainda 

assim, os metatérios assumem um papel importante na história evolutiva dos mamíferos, 

coexistindo até hoje com formas eutérias equivalentes, a exemplo da América do Sul e seguem 

sendo um grupo com grande sucesso adaptativo e de diversificação notável na América e Austrália.  

É a primeira vez que Metatheria e Eutheria são comparados com base na sua variação de nicho 

trófico e morfologia escapular e mandibular em escala evolutiva e em associação com seus hábitos 

de vida para avaliar suas estratégias de coexistência e adaptação.  
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CONCLUSÃO 

Frente aos resultados que apresento nesta tese, concluo que metatérios e eutérios frequentemente 

ocupam o mesmo espaço de nicho trófico e evolutivo. Entretanto, estes dois grupos também 

demonstram diferentes estratégias de adaptação, sobretudo para particionar o uso do ambiente. Ao 

longo da minha tese encontro resultados conflitantes: dependendo da minha variável resposta ou, 

até mesmo da ecorregião estudada, os marsupiais (ou metatérios) demonstram ter restrições 

evolutivas e ecológicas, com relação aos placentários (ou eutérios). Porém, nem sempre isto 

prevalece.    

Quando trato de partição de nicho trófico com uso da metodologia de isótopos estáveis, 

marsupiais didelfídeos tendem a se diferenciar com relação aos níveis de enriquecimento de 

nitrogênio no pelo com base no tamanho corporal. Por outro lado, roedores sigmodontíneos 

particionam o ambiente com base no estrato vertical. Além disso, roedores tem um nicho trófico 

consideravelmente maior do que o de marsupiais interespecificamente, e também quando analiso 

os dados particulares da Foresta Atântica. Já no Cerrado, o nicho trófico entre os dois clados é 

equivalente, porem a área de sobreposição entre os dois grupos é pequena. Por fim, existe uma 

tendência nos dois clados de aumentarem o enriquecimento de nitrogênio e diminuírem o de 

carbono em comunidades do bioma florestal tropical (Floresta Atlântica) quando comparadas a 

comunidades de savana (Cerrado).  

Interessantemente, meus resultados de forma da escápula para didelfídeos e sigmodontineos 

seguem um padrão parecido com o de isótopos. O tamanho tem maior influência na forma da 

escápula de marsupiais que em roedores, como ocorre nos dados de isótopos. Em contrapartida, 

não encontramos forte influência do tipo de locomoção na forma da escápula de sigmodontíneos 

mas sim na forma da escápula de marsupiais. Ainda assim existe convergência evolutiva da forma 

de escápula para o hábito mais arbóreo entre estes clados, ou seja, quando em estratos terrestres, 

marsupiais e roedores têm uma forma escapular mais divergente entre si do que quando assumem 

hábitos arbóreos.  

Em se tratando de grandes mamíferos e a comparação de metatéria e eutéria, como trago 

no meu terceiro capítulo, também encontro claras sobreposições de morfoespaço entre metatérios 

e eutérios, como o famoso caso dos dente-de-sabre, mas também evidenciando a sobreposição entre 

Dasyuromorphia com canídeos e mustelídeos, dependendo da era geológica em questão. Apesar da 

relação ser indicada por uma correlação significativa, a diversidade de presas não está notavelmente 
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associada com disparidade morfológica de predadores, uma vez que uma grande porção da variação 

de disparidade de tamanho e forma da mandíbula em ambos os grandes clados de mamíferos não 

é explicada pela preditora. Entretanto, fica claro que, tanto em Metatheria quanto em Eutheria, o 

clima está fortemente associado com a disparidade morfológica dos grandes carnívoros ao longo 

do tempo evolutivo. Essencialmente, climas frios suportam uma maior variação morfológica entre 

os carnívoros.  

Por fim, concluo que as diversidades de tamanho corporal e taxonômica estão associadas 

com uma maior diversidade das formas nas estruturas ósseas de mamíferos. Isto está evidenciado 

nesta tese pelo padrão alométrico da escápula para pequenos mamíferos neotropicais, sendo maior 

em marsupiais (que possuem grande variação de tamanho corporal), e pela alta diversificação da 

mandíbula para grandes carnívoros, principalmente em climas mais frios. Além disso, a diversidade 

taxonômica também pode refletir em diversidade ecológica de mamíferos: demonstro isso no meu 

primeiro capítulo através da comparação dos isótopos estáveis em sigmodontíneos e didelfídeos: 

sigmodontíneos são um grupo mais diversificado de pequenos mamíferos neotropicais e também 

apresentam uma maior gama de amplitude ecológica ocupada, se comparados com os didelfídeos.  

A dicotomia mamaliana de metatérios vs. eutérios sempre foi um exemplo notável dentro 

dos estudos de ecologia evolutiva. Os resultados apresentados aqui reforçam estes clados como 

excelentes modelos para estudos de partição de recursos e convergência evolutiva. Neste contexto, 

os estudos que regidi nesta tese foram projetados e delineados para acrescentar mais informações 

substanciais sobre as suas estratégias ecológicas e evolutivas. 
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Abstract 

 

Three species of sexually-dimorphic opossums are broadly distributed across South America: the 

habitat generalist Didelphis albiventris, the Atlantic forest-dweller D. aurita, and the Amazonian forest-

dweller D. marsupialis. We used 2D geometric morphometrics to quantify skull size and shape 

variation in the three opossum species and test the hypothesis that degrees of sexual dimorphism and 

morphological variation should follow a cline across different South American environments. We first 

detected a strong impact of allometry on skull shape variation especially in males of all the three species 

that tend to show stronger bite force which are thought to be related to sexual selection. The degree of 

sexual dimorphism varies in relation to environmental seasonality. The skull of the plastic species D. 

albiventris showed the strongest ecogeographical pattern, showing conformity to Bergmann’s rule in 

skull size. In this species, size increase and shape changes are associated with colder climates and 

stronger bite force. Skulls of Didelphis marsupialis are moderately impacted by climate, following 

productivity patterns of tropical regions associated with fruit availability. The most territorial species, 

D. aurita, has the strongest allometric effect and shows no clinal variation. Our results support also a 

degree of evolutionary constraint on the skull morphology of the three South American opossums. The 

black-eared opossums clade exhibits a weak (D. marsupialis) or nonexistent (D. aurita) association 

between skull morphology and climate. Skull shape changes of D. aurita are allometrically driven while 

those of the white-eared opossums clade (D. albiventris) varies in relation to the environment.  

 

Key-words: allometric slopes, biological constraint, Didelphidae, ecomorphology, evolutionary 

trends, macroecology, Neotropics. 
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Introduction 

 

The mammalian skull varies considerably between and within clades in relation to a multitude of 

factors. Those include intrinsic factors such as developmental and biomechanical constraints 

(Cardini and Polly 2013; Koyabu et al. 2014), as well as extrinsic ones (i.e., environmental 

variation; Caumul and Polly 2005). In recent years, geographical patterns of mammalian skull 

variation received a strong focus especially after the advancements in geometric morphometrics 

and spatial analyses (Adams et al. 2013; Cardini et al. 2007; dos Reis et al. 2002; Monteiro et al., 

2003; Stumpp et al. 2018). More in particular, the study of South American Neotropical clades 

revealed strong intra and interspecific variation related to the environment for several mammalian 

taxa including primates (Cáceres et al. 2014; Meloro et al. 2014a; b), carnivores (Bubadué et al. 

2016; Schiaffini 2016; Schiaffini et al. 2019), ungulates (Hendges et al. 2016), xenarthrans 

(Magnus et al. 2018a), rodents, lagomorphs (Maestri et al. 2016; Magnus et al. 2018b) and 

marsupials (Damasceno and Astúa 2016; Magnus et al. 2017). The high climatic variation 

registered from the equator to the southern part of South America had a significant impact on 

mammalian skull variation and diversification at all taxonomic and ecological levels. Nevertheless, 

intrinsic factors related to species biological characteristic (i.e., sexual dimorphism, biomechanical 

performance) still show a strong association with the skull shape variation of South American 

mammals (Astúa 2010; Hendges et al., 2019). Within sexually dimorphic species, each sex can be 

impacted by the environment at different strength, resulting for example in a pattern of sexual 

dimorphism related to climate (Kelley 1988).  

Here, we used three sexually dimorphic marsupials from the genus Didelphis as biological 

models to assess the relative influence of intrinsic and extrinsic factors on skull size and shape 

variation: the Brazilian white-eared opossum D. albiventris, a habitat generalist widely distributed 

in South America occurring mainly in savannahs and grasslands; the southern black-eared opossum 

D. aurita, a forest dweller restricted to the Atlantic forest; and the northern black-eared opossum 

D. marsupialis, a forest dweller whose main occurrence in South America is in the Amazonian 

forest. Therefore, using a combination of geometric morphometrics (Zelditch et al. 2012) and 

spatial autocorrelation methods (Diniz-Filho et al. 2003), we aimed to characterise opossum’s skull 

size and shape variation at continental scale by testing how sex, allometry, and environmental 

factors affect skull morphological changes within each species.  
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We also tested the impact of the environment on sexual size and shape dimorphism (SSD, and 

SShD). When the sexual dimorphism is male-biased, Rensch’s rule predicted that sexual 

dimorphism increases with body size (Rensch 1950). Astúa (2010) already identified sexual 

dimorphism in the skull shape of six Didelphis species, including the three species used in this 

study, however his work did not explore intraspecific variation of SSD in relation to geography. 

Post et al. (1999) reported environmental influence in sexual dimorphism patterns demonstrating 

that warm and stable climates favour the increase of sexual size dimorphism in the red deer (Cervus 

elaphus). Thus, we expect that sexual dimorphism in Didelphis will increase in climatically more 

stable environments as well.  

Bergmann’s rule predicts that endothermic animals tend to be larger at high latitudes in 

order to control heat lost better in colder environments (Bergmann 1847). However, the converse 

of Bergmann’s rule trend is often found in small mammals (Maestri et al. 2016; Medina et al. 2007; 

Belk and Houston 2002; Gohli and Voje 2016), including other Didelphidae marsupials such as 

Chironectes minimus (Damasceno and Astúa 2016) and Caluromys philander and C. lanatus 

(Magnus et al. 2017). Thus, on size variation of Didelphis spp. related to the environment, we 

expect to find the converse of Bergmann’s rule for the three species. We predict that the more 

generalist species should be more adaptable to environmental changes, meaning that morphological 

variation in D. albiventris related to climate should be stronger than in the smaller specialist, forest-

dweller D. aurita (Colles et al. 2009).  

 

Materials and Methods 

 

We photographed 413 skulls of Didelphis: 197 females from 114 localities and 216 males 

from 113 localities (for information on each species see Table 1). These samples covered all 

geographic distribution of D. albiventris and D. aurita, and the Brazilian Amazon portion of D. 

marsupialis distribution range (Fig. 1). Cardini (2014) demonstrated that the ventral view of the 

skull is ideal for studies employing 2D data since their results better resemble those of 3D datasets, 

while dorsal and lateral views provide unusual patterns of shape variation, which poorly match the 

3D datasets. Therefore, we positioned the skull of each specimen in ventral view at a fixed distance 

(1.5 m), aligning on the same optical plane the palate with the camera lens and adding a scale bar 

at the same height as the palate.  
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Table 1. Number of specimens, localities and grids separated by species and sexes of Didelphis. FS = Female 

Specimens; MS = Male Specimens; FL = Female Localites; ML = Male Localities; SD = Sexual dimorphism   

 

 #FS #MS #Specimens #FL #ML #Localities #SD Grids 

D. albiventris 86 88 174 50 45 95 21 

D. aurita 68 91 159 36 46 82 16 

D. marsupialis 43 37 80 28 22 50 13 

Total 197 216 413 114 113 227 50 

 

 

Figure 1. Scaled map of South America with the IUCN distributional range of the three species used in this study and 

zoomed images of the three distributions with the collection points for out dataset. Didelphis marsupialis represented 

by square symbols, D. aurita by triangles and D. albiventris by circles. Filled and smaller symbols are representing 

male samples and large and unfilled symbols are females. 

 

The digital images were landmarked by one of us (TFB) using tpsDig2 ver. 2.26 (Rohlf, 

2015). We used a total of 25 landmarks, as in Cáceres et al. (2016), to describe features such as the 

general skull shape, the occipital condyle, the zygomatic arch areas, as well as the relative size and 

positioning of the teeth, especially the canine and molars, which were marked individually (Fig. 
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2). Because the skull is a structure with bilateral symmetry, we accounted for both sides of the skull 

in the landmark configuration and used the symmetric component of the Procrustes coordinates in 

all statistical procedures (Cardini et al. 2016).  

 

Figure 2. Disposition of 25 landmarks on both sides of the skull of Didelphis albiventris (MZUSP 17381). 1 = midpoint 

of central incisors; 2 = posterior-most point of lateral incisor alveolus; 3–5 = canine area; 5–7 = pre-molar series length; 

6–8 = first molar area; 9–11 = second molar area; 12–14 = third molar area; 15–17 = fourth molar area; 18–21 = 

temporal muscle insertion area; 22 = most posterior tip of the palatine; 23–25 = occipital condyle area. 

 

We performed Generalized Procrustes Analysis (GPA, Rohlf and Slice 1990) to remove 

differences in size, orientation, and positioning from our original landmark coordinates. This 

procedure transformed raw landmark coordinates into shape variables (= Procrustes coordinates). 
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Skull size was directly extrapolated from the raw landmark coordinates as the centroid size, that is 

the squared root of the sum of squared distances of each landmark from the barycentre of each 

configuration. To prevent pseudoreplication (Hurlbert 1984) and minimize the geographical bias 

in our data, we used the average values of the Procrustes coordinates and centroid size per locality 

and sex in all the statistical analyses. Averaged centroid size were transformed in natural logarithm 

to properly scale them relative to the mean (Dryden & Mardia, 1998; Meloro et al. 2008; Cáceres 

et al. 2014; Meloro et al. 2014a; 2014b). 

In order to study the geographical patterns of sexual size (= SSD) and shape (= SShD) 

dimorphism, we subdivided our sampled geographical locations with a grid and then computed 

mean male and female skull size to calculate SSD (= difference between male and female mean 

sizes) per species per each cell of the grid.  For shape, we averaged the male and female Procrustes 

coordinates and calculated the Procrustes distance between them in each grid to generate the SShD 

values. We used a grid with a 1.5 x 1.5 degrees cell resolution in order to maximize the number of 

useful cells as to have at least one individual of both sexes for each species in a cell. Grids were 

placed separately for each species. The original dataset reduced localities to 50 useful cells 

following the criteria explained above (Table 1).  

We used a Principal Components Analysis of the symmetric shape component to visualize 

variation between species and sexes in MorphoJ (Klingenbergh 2011). Two-way Procrustes 

ANOVA was performed to test for differences between species and sexes in both size and shape 

using the R package ‘geomorph’ (Adams et al. 2018). We tested for differences in the allometric 

slopes of species and sexes by running a homogeneity slope test  (that is the interaction term 

between size and species and/or sex) with the function procd.lm. We ran 9,999 permutations to 

validate reliability of the P value. Additionally, following Piras et al. (2011) and Sansalone et al. 

(2015, 2018) we also tested for different degrees of shape differences at specific standardised size 

values. This is accomplished by adding residuals shape coordinates to the expected [by allometric 

equation] corresponding shapes at the size chosen (Zelditch 2012). The function ‘lm.rrpp’ 

associated with ‘pairwise’, both from package ‘RRPP’(Collyer & Adams 2018), were employed to 

test for species and sexes pairwise shape differences, using the distances between means method, 

for each group pairs in this new set of “standardised by specific size value” shape coordinates. This 

procedure was done for comparisons of shape at large and small comparable sizes (Piras et al. 

2011). 
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For each specimen, we recorded the geographic coordinates of its collection locality (see 

Fig. 1), using DIVA-GIS 7.5 software (http://www.divagis.org/download), and extracted 19 

bioclimatic variables with 2.5 arc-minutes resolution from the WorldClim raster database (Hijmans 

et al. 2005). We performed a PCA analysis of the 19 bioclimatic variables and selected only the 

first five PCs, which cumulatively explained 95% of the environmental variance. We used this 

threshold to keep with the same one generally used for the morphological data (Zelditch et al. 

2012).  

Because our data are geographically distributed, spatial autocorrelation must be accounted 

for (Diniz-Filho et al. 2003). We performed an Eigenvector-based spatial filtering to generate the 

spatial filters to be included in our final models. This procedure was performed with the R package 

‘vegan 2.0’ (Oksanen et al. 2012) by running a Principal Coordinates of Neighbour Matrices 

(PCNM) (Borcard et al., 2011; Dray et al. 2006) to create independent spatial variables that 

represent the spatial relationship among our skulls sampling-site. We obtained the PCNM variables 

from the Principal Coordinate Analysis (PCoA) of the truncated geographic distance matrix 

between sampling sites (Dray et al. 2006). This procedure and the bioclimatic variables PCA were 

made each time we performed the tests with the different subsamples (genus level, sexual 

dimorphism grids, and species level). 

We employed variation partitioning based on redundancy analysis (RDA) (Dray et al 2006, 

Borcard et al. 2011) to evaluate the singular contribution to skull size and size-free shape variation 

of four distinct factors: species; sex; climate, described by the selected climatic PCs; and 

geography, described by the selected PCNM. Size-free shape coordinates were extracted as 

residuals of allometric regressions. They were employed at the genus level analyses only because 

variation partitioning allows four predictors at a time. We did the same procedure for SSD and 

SShD to test the impact of three exploratory factors: species, climate, and geography. The PC 

scores of shape variables that cumulatively explained 95% of the total shape variance were used as 

response variables in the variation partitioning models (Zelditch et al. 2012). Before running each 

variation partitioning model, we used a covariance matrix to select only the PCs of climate and 

PCNM variables that were significantly correlated with skull shape and size (selected variables 

detailed at the supplementary materials). In the case of D. aurita, no climatic PC was significantly 

correlated to skull size, and so we only ran the analysis with two components: sex and geography. 

We used adjusted R2 values to assess the contribution of each predictor while controlling for the 
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others, and the fraction of interaction between them (Borcard et al., 2011) and computed variation 

partitioning using the R package ‘vegan 2.0’ (Oksanen et al. 2012). To visualize the general 

climatic patterns in the univariate responses (SSD, SShD, and size variance in each species) we 

plotted the selected PC that holds the highest percentage of variance of climate data as predictor. 

To visualize the shape data of each species in relation to climate variables we present Partial Least 

Squares plots generated in TpsPLS (Rohlf, 2015) with associated shape deformations when the 

model was significant and compared the PLS angle vectors between species using MorphoJ 

(Klingenberg 2011). This test allowed to detect if climatic skull shape variation follow the same 

pattern between species (Meloro et al. 2014a, b). 

 

Results 

 

PCA of shape variables showed extensive overlap between species and sexes, especially 

between D. aurita and D. marsupialis. The first PC explained 57.23% of shape variance and 

showed some degree of separation between males and females, with males occupying the most 

positive scores of PC1 and females the most negative ones (Fig. 3). At the positive end of PC1, 

deformation plots showed proportional shortening and thinning of the muzzle area, smaller 

occipital condyle and foramen, molars, and incisors, and the increase of the zygomatic arch and 

canines while the opposite occurred on negative scores (Fig. 3). PC2 explained 15.18% of shape 

variance and separates D. albiventris specimens at the positive scores, from the other two species, 

at negative scores (Fig. 3). At the positive end of PC2, the skull tends to be shorter and thicker. 

Molar teeth are proportionally larger, while canines are smaller and zygomatic arch is thicker, but 

shorter (Fig. 3). Still, species and sexes explained a significant proportion of skull shape (species: 

R2 = 0.107, F = 16.303, P < 0.001; Sex: R2 = 0.162, F = 49.516, P < 0.001) and size (species: R2 = 

0.448, F = 107.252, P < 0.001; sex: R2 = 0.088, F = 42.239, P < 0.001) variations. No interaction 

between species and sex could be found on shape (R2 = 0.007, F = 1.062, P = 0.171) and size (R2 

= 0.001, F = 0.282, P = 0.548).  
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Figure 3. Scatter plot of PC1 vs PC2. Transformation grids visualize shape deformations relative to the mean at the 

positive and negative extremes of the Principal Component axes. Every species is labelled according to different 

color and symbol within minimum convex hull superimposed. F is for females and M is for males. 

 

Size explained a considerable amount of skull shape variation in the total sample (N = 227, 

R2 = 0.148; F = 39.010, P < 0.001). The allometric slopes between species and sexes were 

significantly different (Group allometries: R² = 0.047, F = 2.989, P < 0.001; Fig. 4). Didelphis 

albiventris and D. marsupialis samples for both sexes and D. aurita females had different slope 

lengths from that of D. aurita males (Table 2). Regarding the angle between slopes, D. albiventris 

(both sexes) differs from D. aurita males and D. marsupialis (both sexes). Males of D. albiventris 
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also differ from both sexes of D. marsupialis (Table 2). Allometric convergence test confirmed this 

showing significant shape differences at all large size comparisons and in the following pairs at 

small sizes:  D. albiventris females-D. aurita (both sexes), D. albiventris (both sexes)-D. 

marsupialis females, D. albiventris males-D. aurita females, D. aurita females-D. aurita males, D. 

aurita females-D. marsupialis males, and D. aurita males-D. marsupialis females (Table 3).  

 

 

Figure 4. Slope comparison plot showing the predicted shape versus the size (Ln Centroid Size) of Didelphis skull. 
Deformation plots show relative shape changes from the smallest to the largest specimen for each species and sexes. 

Every species is labelled according to different color and symbol. Find the prediction percentage and P value for each 

species bellow its prediction line.  
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Table 2. Pairwise slope comparisons between species and sexes of Didelphis. Upper diagonal is either slope length 

contrast values or angles between slope vectors. Lower diagonals are P values for each comparison.  

 

Pairwise differences in slope length contrast 

 D. 

albiventris 

Female 

D. 

albiventris 

Male 

D. aurita 

Female 

D. aurita 

Male 

D. 

marsupialis 

Female 

D. marsupiais 

Male 

D. albiventris Female  0.010 0.005 0.225 0.062 0.078 

D. albiventris Male 0.778  0.005 0.215 0.071 0.088 

D. aurita Female 0.943 0.951  0.220 0.067 0.084 

D. aurita Male 0.000 0.000 0.009  0.287 0.303 

D. marsupialis Female 0.191 0.121 0.393 0.000  0.017 
D. marsupialis Male 0.175 0.123 0.332 0.000 0.803  

Pairwise differences in angles between slope vectors 

 D. 

albiventris 

Female 

D. 

albiventris  

Male 

D. aurita  

Female 

D. aurita  

Male 

D. 

marsupialis  

Female 

D. 

marsupialis  

Male 

D. albiventris Female  13.46923 29.47204 30.70127 40.98486 42.87029 

D. albiventris Male 0.273  34.27065 23.2719 37.52358 37.07128 

D. aurita Female 0.3353 0.203  42.09161 37.26995 38.66385 

D. aurita Male 0.0329 0.1392 0.1403  29.53142 32.97297 

D. marsupialis Female 0.0018 0.0034 0.2001 0.1118  30.32558 

D. marsupialis Male 0.0199 0.0379 0.2471 0.1478 0.1832  

 

Table 3.  Results from pairwise comparisons, between species and sexes of Didelphis, of standardized shapes at large 

and small sizes for the allometric convergency test. PDL = Procrustes distances between means at large sizes; PDS = 

Procrustes distances between means at small sizes; D. alb = D. albiventris, D. aur = D. aurita, D. mar = D. marsupialis. 
F = Females; M = Males. Significant results in bold (P < 0.05). 

 

Comparative Pairs PDL P value PDS P value 

D. alb F-D. alb M 0.035 0.004 0.025 0.065 

D. alb F-D. aur F 0.031 0.018 0.028 0.003 

D. alb F-D. aur M 0.030 0.004 0.035 0.004 

D. alb F-D. mar F 0.027 0.015 0.027 0.021 

D. alb F-D. mar M 0.040 0.000 0.036 0.088 

D. alb M-D. aur F 0.055 0.000 0.047 0.000 

D. alb M-D. aur M 0.025 0.001 0.023 0.135 

D. alb M-D. mar F 0.040 0.000 0.042 0.001 

D. alb M-D. mar M 0.034 0.000 0.030 0.124 

D. aur F-D. aur M 0.039 0.000 0.044 0.000 

D. aur F-D. mar F 0.021 0.043 0.013 0.229 

D. aur F-D. mar M 0.045 0.000 0.038 0.002 

D. aur M-D. mar F 0.025 0.000 0.038 0.002 

D. aur M-D. mar M 0.015 0.031 0.015 0.477 

D. mar F-D. mar M 0.024 0.002 0.024 0.161 
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Regression models performed independently for each taxon demonstrate all species and 

sexes to be impacted by allometry at different strengths (D. aurita male 51.39% > D. albiventris 

male 49.59% > D. albiventris female 29.69% > D. aurita female 24.89% > D. marsupialis male 

14.81% > D. marsupialis female 12.05%, see Fig. 4). In general, the largest specimens tend to have 

proportionally more elongated zygomatic arches (but not necessarily wider), smaller occipital 

foramina, larger canines, and relatively smaller molars. In males, muzzle is evidentially shorter in 

all species and the zygomatic arch becomes also wider (maximum in D. aurita male), but these 

changes are less apparent in females (Fig. 4). 

 

Within-genus models 

 

Skull morphology 

 

Variation partitioning showed that, as pure components, sex (7%), and species (7%) followed by 

geography (5%) and climate (1%) are the best predictors of skull size variation (see Fig. 5a and 

Supplementary Table 1). For skull shape size-free, sex was the most important factor, explaining 

14% of variation, followed by species (7%), and the interaction between species, climate, and 

geography (7%). Geography interaction with species explains 4% of shape variation (Fig. 5b and 

Supplementary Table 1). The pure components of geography and climate were not significant for 

skull shape (Supplementary Table 1).  

 

Sexual dimorphism 

 

Didelphis aurita has the highest mean values of SSD (D. aurita: 0.080 > D. albiventris: 0.078 > 

D. marsupialis: 0.058) and SShD (D. aurita: 0.039 > D. albiventris: 0.033 > D. marsupialis: 

0.027). However, the variation of sexual dimorphism in skull size (SSD) and shape (SShD) 

recorded across different geographical grids did not differ between species (N = 50, Size: F2,47  = 

1.408, P = 0.252; Shape: F2,47 = 0.259, P = 0.771). Variation partitioning analysis supported this 

with species as a pure component being not significant for both SSD and SShD. In all cases, climate 

and geography explained most of the sexual dimorphism variation in skull size and shape (see Fig. 

5c, d) with climate vector being generally loaded on seasonality although they are correlated with 
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different climatic principal components (SSD is correlated to PC1 while SShD is to PC4 of climate, 

see Supplementary Materials). A plot showing SSD and SShD variation in relation to climate 

vector shows dimorphism to be higher in more seasonal environments for both size and shape and 

that SSD is negatively correlated with temperature, while SShD is positively correlated to 

temperature range (Fig. 6,  Supplementary Materials). 

 

 
Figure 5. Schematic depiction of the factors analyzed in partition variation to illustrate their individual contribution 

and their interaction components in the variance of skull a) size and b) shape; and skull c) size and d) shape sexual 

dimorphism. Values < 0 not shown. 
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Figure 6. Plots showing the relationship between sexual a) size and b) shape dimorphism and climate of Didelphis 

skull. Every species is labelled according to different color and symbol. Symbols increase with sexual dimorphism 

values. 

 

Within-species models 

 

Didelphis albiventris 

 

Variation partition model showed that skull size is primarily explained by the interaction between 

climate and geography (40%), followed by sex (9%), but the pure components of climate and 

geography are not significant (see Supplementary Figure 1a and Supplementary Table 3). 

PCClimate1 correlates positively with Annual Mean Temperature and Mean Temperature of 

Coldest Quarter and negatively with temperature seasonality. Since size and PCClimate1 had a 

negative correlation, skull size decreases in warmer and less seasonal environments (Figure 7a). 

For skull shape, size was the most important predictor, explaining 24% of variation, 

followed by the interaction of size, climate, and geography (12%), the interaction between sex and 

size (11%), and sex as a pure component (4%) (see Supplementary Figure 2a and Supplementary 

Table 3). PLS summarizes the relationship between shape and climate. The first block of PLS is 

positively correlated with PCClimate1 (r = 0.942) and holds 96.31% of total variation (PLS1: r = 

0.460, P < 0.001). In positive scores of PLS, where temperatures are high, with low seasonality, D. 

albiventris has proportionally shorter and smaller zygomatic arches, wider muzzle, and smaller 

canines than specimens with lower PLS scores living in colder and more seasonal areas (Figure 

7c). 
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Didelphis aurita 

 

Skull size variation in the Atlantic forest black eared opossum was primarily explained by sex 

(32%), followed by geography (3%), and the interaction between geography and sex (3%) (see 

Supplementary Figure 1b and Supplementary Table 4). For skull shape, size was the most important 

predictor of shape, explaining 34% of variation, followed by the interaction of size and sex (25%). 

Climate and geography as pure components were significant in the variation partitioning model, 

but with low percentage of explanation (both 2%) (see Supplementary Figure 2b and 

Supplementary Table 4). This is confirmed by PLS that was not significant for D. aurita skull shape 

vs climate (PLS 1 holds 64% of total variation, R = 0.255, P = 0.385). 

 

Didelphis marsupialis 

 

Skull size was primarily explained by climate interacting with geography (10%), followed by sex 

(7%) (see Supplementary Figure 1c and Supplementary Table 5). PCClimate1 of D. marsupialis 

sample positively correlated with Annual Mean Temperature, Mean Temperature of Coldest 

Quarter, Precipitation of Coldest Quarter and negatively with Temperature Annual Range and 

Mean Diurnal Range (= Mean of monthly (max temp - min temp)). As size and PCClimate1 were 

positively correlated, size increases in warmer environments that have higher precipitation rates in 

the winter and have low diurnal and annual temperature range (Figure 7b). 

For skull shape, sex was the most important predictor of shape, explaining 6% of variation, 

followed by size (4%), climate, size and geography interaction, and geography as a pure component 

explaining only 3% of shape variation (however, geography as a pure component was not 

significant; see Supplementary Figure 2c and Supplementary Table 5). PLS summarizes the 

relationship between shape and climate. The first block of PLS is negatively correlated with 

PCClimate4 (R = - 0.943) and holds 60.22% of total variation (PLS1 R = 0.458, P = 0.054). 

PCClimate4 positively correlates with Mean Diurnal Range and Isothermality, and negatively 

correlates with Temperature Seasonality (Supplementary Materials). Thus, at positive scores of 

PLS, D. marsupialis has proportionally longer and thinner zygomatic arches and longer and thinner 
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muzzle area in areas where diurnal range and isothermality are lower and temperature seasonality 

is higher (in positive scores, Figure 7d).  

 

 
 

Figure 7. Plots with the clinal variation of size and shape of D. albiventris and D. marsupialis. Size plots in a) D. 
albiventris and b) D. marsupialis. Shape Partial Least Squares plots with associated deformation grids from the most 

negative to the most positive PLS scores in c) D. albiventris and d) D. marsupialis. Open symbols are females, filled 

ones are males. 

 

PLS vector comparisons 

 

As D. aurita PLS was not significant, we only compared the vector directions between D. 

albiventris and D. marsupialis. The direction of PLS shape vectors due to climate between these 

species were not statistically distinct from an angle of 90o (angle = 81.600, P = 0.333), meaning 
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that the patterns of shape change due to climate between these species do not follow parallel 

directions. 

 

Discussion 

 

Our results reinforce the observation that Didelphis species are significantly different in size and 

shape of the skull and present sexual dimorphism. Didelphis aurita and D. marsupialis exhibit an 

extensive overlap in morphospace since both show thinner and longer skulls, in comparison to D. 

albiventris. They are also larger in size than D. albiventris. This is congruent with the findings of 

Astúa (2015) that found less separation between the two forest-dwellers opossum species. Indeed, 

D. aurita and D. marsupialis have more similar ecological requirements and are closely related to 

each other than to D. albiventris (Costa and Patton 2006; Dias and Perini 2018; Rossi et al. 2012). 

Molecular analyses based on cytochrome B show only 2.8% difference between D. aurita and D. 

marsupialis, and D. albiventris differs 5.7% from the last clade (Costa and Patton 2006). Regarding 

sexual dimorphism, male opossums exhibit a shorter muzzle area and larger zygomatic arches and 

canines than females. This pattern of shape deformation is also detectable in the allometric 

regressions.  

Allometry tends to be stronger in males of D. aurita and D. albiventris and, in most cases, 

supports divergent allometric patterns between species and sexes as it increases shape differences 

between them at large comparable sizes (Piras et al. 2011, Sansalone et al. 2015, 2018). These two 

species have larger size variation in our sample than D. marsupialis. Previous works concluded 

that the strong allometric patterns in marsupials are related to the amount of size variation within 

the group, which can be enforced by the continuous growth of marsupials, even in adulthood (Astúa 

de Moraes, 2000; Astúa, 2015). The potential of males to grow in accelerated rates, and therefore 

having more size variation than females in adulthood supports our hypothesis favoring stronger 

allometric patterns among them. Skull allometry generally selects traits which enhances bite force 

(larger temporal muscle area and shorter muzzle, Van Valkenburgh, 1991; Damasceno et al., 2013, 

Hendges et al. 2019) and the enlargement of the canine tooth width (important for fighting and 

killing among mammals, Ungar 2010). This can be detected mostly in males of all species, 

suggesting an intrinsic relationship in these marsupials for an association between bite force and 

size. This may have been favored by Didelphis species reproductive behavior, where males tend to 
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fight between each other during mating season, seeking for mates, and females present more 

territoriality, and therefore a strong bite would be advantageous for both sexes, but especially males 

(Cáceres 2003; Cáceres and Machado 2013; Ryser 1992). Field studies show that aggressiveness 

when males are captured during breeding season tends to be more intense than during the rest of 

the year (Cáceres 2003; also observed during field work by the authors JMB and NCC). This was 

also observed for the congeneric North American species D. virginiana (Ryser 1992). Julien-

Laferrière and Atramentowicz (1990) stated that D. marsupialis strategy is to completely stop 

reproductive activity in periods of food shortage, so that in their breeding seasons resources are 

always sufficiently available. The enhancement of the allometric slopes in each species could 

possibly be related to the degree of aggressiveness they present during mating seasons, explaining 

why Didelphis aurita has the strongest relation between size and shape, with proportionally the 

largest bite forces, followed by D. albiventris and lastly by D. marsupialis. 

A geographical pattern of skull morphology within the genus was expected as it mirrors 

mostly the differences among species that occur in different ecoregions, like D. marsupialis 

occurring in the Amazon forest, D. aurita in the Atlantic forest and D. albiventris occurring mostly 

in biomes like savannahs and grasslands (Gardner, 2007). Variation partitioning confirms this, 

since most of the climatic variation detected cannot be separated from species and the geographic 

eigenvectors (the three predictor interaction explains 25% of size and 7% of shape variation, see 

Fig 5). Interestingly, sexual dimorphism scores do not differ between species, but correlate with 

climate (9% of SSD and 7% of SShD, Supplementary Fig1) and geography (15% of SSD and 11% 

of SShD, Supplementary Fig1). This confirms that sexual dimorphism can be affected by 

environmental conditions. However, Didelphis does not follow the same trend as the red deer, 

where sexual dimorphism increases towards warm and stable environments (Post et al. 1999). 

Instead, Didelphis sexual dimorphism increases towards colder (SSD) and more seasonal 

environments (SSD and SShD). Considering that these animals are territorial (in the case of 

females) and possess behavioral aggressiveness (especially males), it is possible that this behavior 

increases in areas where some food type of resources, such as fruits and vertebrate prey, are not 

available throughout the year (Cáceres 2002, 2003, Cáceres and Machado 2013; Ryser 1992). If 

this is true, SSD and SShD can be favored by intraspecific competition. Because males have a 

larger home range than females (Cáceres and Monteiro-Filho 2001, Sunquist et al. 1987), their 

foraging behavior and diet could also be sexually discrepant as well (Cáceres 2003, Mendel et al. 
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2008). We cannot be sure about this because we could not find any study that analyzes sexual 

differences in opossum diet at different geographical regions, but sexual differences in diet of other 

mammals was previously found (Begg et al. 2003, Birks and Dunstone 1985, McLean et al. 2005). 

Didelphis spp. are opportunistic feeders and have large diet variation, especially related to 

seasonality and so we can expect variation in degree of sexual dimorphism in relation to food 

availability (Cáceres 2002, 2003, Ceotto et al. 2009, Julien-Laferrière and Atramentowicz 1990, 

Mendel et al. 2008).  

 Didelphis albiventris follows a clear and strong pattern of Bergmann’s rule for size, 

becoming larger in more seasonal and colder environments. We have expected the opposite, that 

they would follow the reverse Bergmann’s rule, like other small mammals (see Maestri et al. 2016; 

Medina et al. 2007; Belk and Houston 2002; Gohli and Voje 2016; including the didelphids 

Chironectes minimus (Damasceno and Astúa 2016) and Caluromys philander and C. lanatus 

(Magnus et al. 2017)). However, D. albiventris Bergmann patterns is congruent to trends found in 

mid-size to larger mammals, like the crab-eating fox Cerdocyon thous (Bubadué et al. 2016). 

Although a placental carnivore, this is an opportunistic species and presents similar distributional 

range to D. albiventris, also occurring in both grassland and forest environments (Bubadué et al. 

2016; Gardner 2007). Didelphis aurita shows no climatic trend, with size being spatially structured, 

but the main factor explaining its variation is still sexual dimorphism. Didelphis marsupialis also 

exhibits a climatic trend in size, but it does not follow Bergmann’s prediction. In this species, skull 

size increases in areas with higher temperatures, where diurnal and annual temperature ranges less 

and where precipitation tends to be higher in the coldest season. This shows that D. marsupialis 

morphological variation can be related to habitat productivity (Meiri et al. 2007), since fruit 

availability seems to positively correlate with rainfall in tropical regions (Fleming et al., 1987). 

Like size, the effect of climate on the skull shape is strong for D. albiventris, moderate for 

D. marsupialis, and nonexistent for D. aurita. Clinal variation of skull shape in D. albiventris is 

spatially structured and interacts with allometry. Indeed, cranial deformations towards a more 

seasonal and colder environments are congruent with those of allometry, keeping with our initial 

hypothesis that allometry selects traits that might help in a less resourceful environment. Food 

availability tends to vary more often in seasonal areas and diet studies on Didelphis have shown 

great variability of food frequency over the year (Cáceres 2002, Cantor et al. 2010; Silva et al. 

2014). Climatic instability in high latitudes can favor the selection of traits that enhance food 
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processing and capturing, facilitating the consumption of harder food items. Indeed, in omnivores, 

these morphotype shifts (larger zygomatic arch and canines, and smaller snout area) can increase 

the amplitude of food items that can be consumed and similar pattern were identified in other South 

American groups (e.g. capuchin and howler monkeys: Cáceres et al. 2014, Meloro et al. 2014a, b; 

peccaries: Hendges et al. 2016, 2019; and in woolly opossums: Magnus et al. 2017). Didelphis 

marsupialis showed a distinct pattern of clinal variation as supported by PLS vector comparison 

(angle = 81.600, P = 0.333). Like size, the climatic variables important for shape variation in the 

forest dweller D. marsupialis are distinct from the generalist D. albiventris. Didelphis marsupialis 

enhances molar area, showing thinner and longer muzzle and zygomatic arch in localities with low 

diurnal range, low isothermality and high temperature seasonality. This may be possibly due to an 

increase in fruit intake throughout the year (Julien-Laferriere and Atramentowicz 1990). Seasonal 

areas favor selection on skulls characterized by larger molar areas (Cáceres et al. 2014; Meloro et 

al. 2014a; 2014b; Bubadué et al. 2016; Hendges et al. 2016; 2019). It is possible that also the 

Amazonian opossum species are more fruit dependent than the other species. In fact, the extinct 

species from the late Miocene of Amazonia, D. solimoensis, like D. marsupialis, tended to be even 

more frugivorous than the living counterparts, such conclusion based on the molar morphology 

(Cozzuol et al 2006). However, it is important to notice that our samples are only within the 

Brazilian Amazon and the distributional range of D. marsupialis is much wider than that (Gardner 

2007).  

The phenotypic plasticity of each species – a property of the individual genotype to produce 

different phenotypes when exposed to different environmental conditions (Pigliucci et al. 2006) – 

explains the geographical pattern found in our study. Indeed, D. albiventris is one of the most 

generalist and widespread opossum species of South America (Costa and Patton, 2006). Generalist 

species tend to be morphologically more plastic than those narrow-niche species (i.e. specialists) 

and, when they have a broad geographical range, such as D. albiventris, they might produce greater 

variation among individuals than specialist species, such as D. aurita and D. marsupialis, because 

generalist species usually occur in a broad scale of different environments (see Pigliucci et al., 

2006; Hendges et al., 2016). Cáceres and Machado (2003) compared D. albiventris and D. aurita 

habitat use in the field and concluded that D. aurita seems to be more dominant towards the forest 

domain than D. albiventris, where food resources are more abundant during mating season. Astúa 

(2015) pointed out that the white-eared opossums’ clade, which includes D. albiventris, tends to 



130 

 

have a more plastic tendency for morphological changes than the black eared opossums’ clade, 

which includes D. aurita and D. marsupialis. This means that shape changes in the skull of the 

black-eared clade are much more allometric than in the white-eared clade also due to the fact that 

the black eared opossums are more restrict towards their environmental conditions. We expected 

that morphological trends between D. aurita and D. marsupialis would be more similar due to their 

ecological preferences (dense forest) and phylogenetic history, but this does not seem to be the case 

since D. aurita showed no climatic pattern while D. marsupialis does. Dias and Perini (2018) 

biogeographical analyses on Didelphis suggest an Amazonian origin for the black eared opossum 

clade (D. aurita – D. marsupialis), which is congruent with the Miocene fossil records from 

Amazon (Cozzuol et al 2006). If this is true, this would place the Atlantic forest D. aurita as a 

derived species, supporting the lack of association of their skull morphology with climate, in part 

due to its smaller geographic range (Fig. 1).  

In summary, we found that the three species of Didelphis differ on skull size and shape 

patterns, including allometric trends, but not for sexual dimorphism. Interestingly SSD and SShD 

varies following geographical and environmental clines suggesting that on regional scale Didelphis 

are morphologically flexible. Skull shape and size clines could also be found in D. albiventris and 

D. marsupialis in relation to their wide range and broad ecological niche. Didelphis aurita instead 

shows no ecogeographical variation, possibly due to their smaller distributional range, but it is the 

species with more allometric effect. This study emphasizes the need of more comparative 

intrageneric researches with other mammalian groups, since species within a genus could respond 

very differently regarding phenotypic changes.  
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SUPPLEMENTARY MATERIALS 

Abbreviation codes for the bioclimatic variables 

Abbreviation Variable 

Bio1 Annual Mean Temperature 

Bio2 Mean Diurnal Range (Mean of monthly (max temp - min temp)) 

Bio3 Isothermality (BIO2/BIO7) (* 100) 

Bio4 Temperature Seasonality (standard deviation *100) 

Bio5 Max Temperature of Warmest Month 

Bio6 Min Temperature of Coldest Month 

Bio7 Temperature Annual Range (BIO5-BIO6) 

Bio8 Mean Temperature of Wettest Quarter 

Bio9 Mean Temperature of Driest Quarter 

Bio10 Mean Temperature of Warmest Quarter 

Bio11 Mean Temperature of Coldest Quarter 

Bio12 Annual Precipitation 

Bio13 Precipitation of Wettest Month 

Bio14 Precipitation of Driest Month 

Bio15 Precipitation Seasonality (Coefficient of Variation) 

Bio16 Precipitation of Wettest Quarter 

Bio17 Precipitation of Driest Quarter 

Bio18 Precipitation of Warmest Quarter 

Bio19 Precipitation of Coldest Quarter 
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Variables selected for each dependent variable 
 

Didelphis all species dataset (genus level models): 

 
Skull Size: PCClimate2, PCClimate3, PCNM1, PCNM2, PCNM5, PCNM6 

 

Skull Shape: PCClimate1, PCClimate2, PCClimate3, PCClimate4, PCClimate5, PCNM1, 

PCNM2, PCNM3, PCNM5, PCNM6, PCNM7, PCNM8, PCNM9, PCNM11, PCNM12, 

PCNM13, PCNM15, PCNM16, PCNM20, PCNM21, PCNM23, PCNM24, PCNM25, PCNM26, 

PCNM27, PCNM28, PCNM31 

 

Correlation scores of each bioclimatic variable for each principal component of climate for 

all species average data 

Variables PCClimate1 PCClimate2 PCClimate3 PCClimate4 PCClimate5 

Bio1 0.304 -0.076 -0.110 0.154 -0.053 

Bio2 -0.124 -0.272 0.213 0.292 0.560 

Bio3 0.257 -0.140 0.091 -0.215 0.327 

Bio4 -0.273 0.086 -0.074 0.311 0.016 

Bio5 0.245 -0.125 -0.173 0.414 0.125 

Bio6 0.308 -0.004 -0.144 -0.071 -0.129 

Bio7 -0.256 -0.085 0.078 0.398 0.271 

Bio8 0.243 -0.038 -0.036 0.411 -0.239 

Bio9 0.301 -0.062 -0.144 -0.038 0.048 

Bio10 0.269 -0.035 -0.185 0.365 -0.078 

Bio11 0.311 -0.072 -0.064 0.026 -0.048 

Bio12 0.190 0.331 0.303 0.067 0.084 

Bio13 0.223 0.121 0.486 0.032 0.014 

Bio14 0.010 0.470 -0.156 0.074 0.145 

Bio15 0.069 -0.406 0.328 -0.022 -0.115 

Bio16 0.224 0.148 0.471 0.021 0.003 

Bio17 0.008 0.470 -0.150 0.075 0.187 

Bio18 -0.141 0.245 0.328 0.274 -0.409 

Bio19 0.230 0.216 -0.004 -0.126 0.399 
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Sexual dimorphism dataset (genus level models): 
 

Sexual Size Dimorphism (SSD): PCClimate1, PCNM7, PCNM12 

 

Sexual Shape Dimorphism (SShD): PCClimate4, PCNM7 

 

Correlation scores of each bioclimatic variable for each principal component of climate for 

sexual dimorphism data 
Variables PCClimate1 PPClimate4 

Bio1 0.298 0.135 

Bio2 -0.128 0.208 

Bio3 0.270 -0.175 

Bio4 -0.266 0.339 

Bio5 0.223 0.446 

Bio6 0.299 -0.059 

Bio7 -0.244 0.334 

Bio8 0.243 0.356 

Bio9 0.300 -0.014 

Bio10 0.259 0.398 

Bio11 0.304 -0.012 

Bio12 0.213 -0.051 

Bio13 0.218 -0.180 

Bio14 0.039 0.207 

Bio15 0.042 -0.187 

Bio16 0.223 -0.177 

Bio17 0.038 0.210 

Bio18 -0.176 -0.034 

Bio19 0.256 0.067 
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Didelphis albiventris: 
 

Skull size: PCClimate1, PCClimate4, PCNM1, PCNM2, PCNM4 

 

Skull Shape: PCClimate1, PCClimate2, PCClimate3, PCClimate4, PCNM1, PCNM2, PCNM4, 

PCNM5, PCNM6, PCNM9, PCNM12, PCNM14 

 

Correlation scores of each bioclimatic variable for each principal component of climate for 

D. albiventris data 

Variables PCClimate1 PCClimate2 PCClimate3 PCClimate4 

Bio1 0.317 -0.038 -0.004 0.232 

Bio2 -0.079 0.469 0.055 0.054 

Bio3 0.279 0.011 0.036 -0.292 

Bio4 -0.277 0.123 -0.086 0.296 

Bio5 0.214 0.090 -0.083 0.463 

Bio6 0.307 -0.230 -0.039 0.050 

Bio7 -0.227 0.334 -0.007 0.243 

Bio8 0.221 0.193 0.009 0.321 

Bio9 0.292 -0.216 -0.012 0.088 

Bio10 0.237 0.006 -0.053 0.458 

Bio11 0.332 -0.081 0.027 0.080 

Bio12 -0.076 -0.155 0.525 0.125 

Bio13 0.134 0.082 0.522 -0.051 

Bio14 -0.248 -0.292 0.075 0.211 

Bio15 0.228 0.328 0.050 -0.182 

Bio16 0.117 0.057 0.541 -0.042 

Bio17 -0.249 -0.298 0.073 0.208 

Bio18 -0.170 0.154 0.339 0.161 

Bio19 -0.070 -0.401 0.084 0.040 
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Didelphis aurita: 
 

Skull Size: PCNM2, PCNM9 

 

Skull Shape: PCClimate1, PCClimate2, PCClimate3, PCClimate4, PCNM1, PCNM2, PCNM3, 

PCNM4, PCNM6, PCNM7, PCNM8, PCNM10 

 

Correlation scores of each bioclimatic variable for each principal component of climate for 

D. aurita data 

Variables PCClimate1 PCClimate2 PCClimate3 PCClimate4 

Bio1 0.362 -0.104 0.014 0.115 

Bio2 -0.207 -0.227 -0.018 0.357 

Bio3 -0.062 -0.324 0.071 -0.133 

Bio4 -0.162 0.171 -0.142 0.491 

Bio5 0.288 -0.134 -0.068 0.376 

Bio6 0.369 -0.031 0.016 -0.139 

Bio7 -0.220 -0.082 -0.082 0.524 

Bio8 0.341 -0.034 0.015 0.245 

Bio9 0.356 -0.118 -0.010 -0.025 

Bio10 0.348 -0.049 -0.027 0.256 

Bio11 0.361 -0.124 0.041 -0.014 

Bio12 0.082 0.370 0.215 0.068 

Bio13 0.020 0.194 0.472 0.107 

Bio14 0.097 0.374 -0.211 -0.014 

Bio15 -0.054 -0.274 0.410 0.020 

Bio16 0.037 0.222 0.463 0.053 

Bio17 0.070 0.374 -0.232 0.022 

Bio18 -0.004 0.286 0.384 0.122 

Bio19 0.093 0.290 -0.251 -0.062 
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Didelphis maruspialis: 

 
Skull Size: PCClimate1, PPClimate5, PCNM2 

 

Skull Shape: PCClimate3, PCClimate4, PCClimate5, PCNM3, PCNM4, PCNM6, PCNM7 

 

Correlation scores of each bioclimatic variable for each principal component of climate for 

D. marsupialis data 

Variables PCClimate1 PCClimate3 PCClimate4 PCClimate5 

Bio1 0.302 -0.160 0.039 0.072 

Bio2 -0.267 -0.087 0.405 0.235 

Bio3 0.214 0.077 0.558 -0.272 

Bio4 -0.169 0.160 -0.546 0.033 

Bio5 0.100 -0.376 -0.094 0.631 

Bio6 0.311 -0.005 -0.159 -0.129 

Bio7 -0.294 -0.103 0.138 0.315 

Bio8 0.278 -0.146 0.218 0.099 

Bio9 0.306 -0.114 -0.153 -0.007 

Bio10 0.298 -0.148 -0.120 0.086 

Bio11 0.302 -0.183 0.071 0.054 

Bio12 0.158 0.539 -0.059 0.311 

Bio13 0.076 0.403 0.098 0.149 

Bio14 0.181 0.083 0.031 0.206 

Bio15 -0.104 -0.042 0.128 -0.158 

Bio16 0.104 0.430 0.078 0.152 

Bio17 0.173 0.096 0.054 0.242 

Bio18 -0.146 0.132 0.204 0.223 

Bio19 0.287 0.145 0.022 -0.111 
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Supplementary Table 1. Variation partitioning with skull size and shape of Didelphis species as dependent variable 

and species, sex, climate and geography as independent variables. P values tests for the significance of F after 1000 

permutations. Significance is highlighted. 

Skull Size Df R² Adj R² F P 

Species 2 0.450 0.445 91.138 0.001 

Sex 1 0.087 0.083 21.255 0.001 

Climate 2 0.348 0.342 59.543 0.001 

Geography 4 0.491 0.482 53.382 0.001 

Species + Sex 3 0.532 0.526 84.153 0.001 

Species + Climate 4 0.527 0.518 61.514 0.001 

Species + Geography 6 0.589 0.578 52.363 0.001 

Sex + Climate 3 0.437 0.429 57.373 0.001 

Sex + Geography 5 0.575 0.565 59.538 0.001 

Climate + Geography 6 0.518 0.505 39.216 0.001 

Species + Sex + Climate 5 0.614 0.605 69.948 0.001 

Species + Sex + Geography 7 0.660 0.649 60.359 0.001 

Species + Climate + Geography 8 0.600 0.585 40.653 0.001 

Sex + Climate + Geography 7 0.605 0.592 47.611 0.001 

All 9 0.673 0.660 49.425 0.001 

Species “Pure” 2  0.068 22.661 0.001 

Sex “Pure” 1  0.074 48.464 0.001 

Climate “Pure” 2  0.011 4.457 0.008 

Geography “Pure” 4  0.054 9.793 0.001 

Size-Free Skull Shape Df R² Adj R² F P 

Species 2 0.194 0.187 26.812 0.001 

Sex 1 0.124 0.120 31.735 0.001 

Climate 5 0.124 0.104 6.225 0.001 

Geography 22 0.222 0.138 2.635 0.001 

Species + Sex 3 0.325 0.316 35.602 0.001 

Species + Climate 7 0.221 0.196 8.850 0.001 

Species + Geography 24 0.295 0.210 3.499 0.001 

Sex + Climate 6 0.236 0.215 11.292 0.001 

Sex + Geography 23 0.331 0.255 4.353 0.001 

Climate + Geography 27 0.252 0.150 2.475 0.001 

Species + Sex + Climate 8 0.351 0.327 14.645 0.001 

Species + Sex + Geography 25 0.418 0.345 5.746 0.001 

Species + Climate + Geography 29 0.308 0.206 3.013 0.001 

Sex + Climate + Geography 28 0.359 0.268 3.937 0.001 

All 30 0.430 0.342 4.896 0.001 

Species “Pure” 2  0.074 12.110 0.001 

Sex “Pure” 1  0.136 41.469 0.001 

Climate “Pure” 5  -0.003 0.795 0.688 

Geography “Pure” 22  0.015 1.228 0.114 
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Supplementary Table 2. Variation partitioning with sexual size and shape dimorphism of Didelphis species as 

dependent variable and species, climate and geography as independent variables. P values tests for the significance of 

F after 1000 permutations. Significance is highlighted. 

SSD Df R² Adj R² F P 

 Species 2 0.057 0.017 1.414 0.246 

 Climate 1 0.142 0.124 7.952 0.004 

 Geography 2 0.205 0.171 6.067 0.003 

 Species + Climate 3 0.186 0.133 3.513 0.021 

 Species + Geography 4 0.262 0.197 3.999 0.009 

 Climate + Geography 3 0.330 0.287 7.561 0.001 

 All 5 0.360 0.287 4.952 0.002 

Species “Pure” 2  0.001 1.025 0.384 

Climate “Pure” 1  0.091 6.728 0.008 

Geography “Pure” 2  0.154 5.970 0.003 

Sshd Df R² Adj R² F P 

 Species 2 0.011 -0.031 0.262 0.78 

 Climate 1 0.119 0.100 6.452 0.021 

 Geography 1 0.165 0.148 9.491 0.005 

 Species + Climate 3 0.135 0.079 2.401 0.083 

 Species + Geography 3 0.179 0.126 3.349 0.027 

 Climate + Geography 2 0.239 0.207 7.394 0.004 

 All 4 0.260 0.194 3.945 0.009 

Species “Pure” 2  -0.013 0.616 0.572 

Climate “Pure” 1  0.068 4.885 0.031 

Geography “Pure” 1  0.115 7.551 0.009 
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Supplementary Table 3. Variation partitioning with skull size and shape of Didelphis albiventris as dependent variable 

and sex, size (in the case of shape), climate and geography as independent variables. P values tests for the significance 

of F after 1000 permutations. Significance is highlighted. 

Skull Size Df R² Adj R² F P 

 Sex 1 0.110 0.100 11.597 0.002 

 Climate 2 0.448 0.436 37.779 0.001 

 Geography 3 0.445 0.427 24.623 0.001 

 Sex + Climate 3 0.533 0.518 35.053 0.001 

 Sex + Geography 4 0.543 0.523 27.069 0.001 

 Climate + Geography 5 0.477 0.448 16.439 0.001 

 All 6 0.566 0.537 19.378 0.001 

Sex “Pure” 1  0.089 18.288 0.001 

Climate “Pure” 2  0.014 2.368 0.098 

Geography “Pure” 3  0.019 2.262 0.099 

Skull Shape Df R² Adj R² F P 

 Sex 1 0.164 0.155 18.483 0.001 

 Size 1 0.453 0.447 77.909 0.001 

 Climate 4 0.158 0.121 4.263 0.001 

 Geography 8 0.246 0.177 3.556 0.001 

 Sex + Size 2 0.506 0.495 47.584 0.001 

 Sex + Climate 5 0.310 0.271 8.075 0.001 

 Sex + Geography 9 0.394 0.331 6.222 0.001 

 Size + Climate 5 0.511 0.483 18.774 0.001 

 Size + Geography 9 0.544 0.497 11.416 0.001 

 Climate + Geography 12 0.268 0.162 2.528 0.002 

 Sex + Size + Climate 6 0.550 0.520 18.139 0.001 

 Sex + Size + Geography 10 0.586 0.537 12.032 0.001 

 Sex + Climate + Geography 13 0.411 0.317 4.396 0.001 

 Size + Climate + Geography 13 0.579 0.512 8.671 0.001 

 All 14 0.619 0.553 9.396 0.001 

Sex “Pure” 1  0.041 8.503 0.001 

Size “Pure” 1  0.236 44.257 0.001 

Climate “Pure” 4  0.016 1.747 0.038 

Geography “Pure” 8  0.033 1.827 0.008 
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Supplementary Table 4. Variation partitioning with skull size and shape of Didelphis aurita as dependent variable and 

sex, size (in the case of shape), climate (only for shape) and geography as independent variables. P values tests for the 

significance of F after 1000 permutations. Significance is highlighted. 

Skull Size Df R² Adj R² F P 

 Sex 1 0.364 0.356 45.262 0.001 

 Geography 2 0.090 0.067 3.868 0.031 

 All 3 0.413 0.390 18.045 0.001 

Sex “Pure” 1  0.323 42.304 0.001 

Geography “Pure” 2  0.034 3.185 0.045 

Skull Shape Df R² Adj R² F P 

 Sex 1 0.291 0.282 32.347 0.001 

 Size 1 0.579 0.573 108.510 0.001 

 Climate 4 0.057 0.008 1.158 0.305 

 Geography 8 0.126 0.029 1.303 0.201 

 Sex + Size 2 0.604 0.594 59.525 0.001 

 Sex + Climate 5 0.328 0.283 7.314 0.001 

 Sex + Geography 9 0.385 0.307 4.944 0.001 

 Size + Climate 5 0.627 0.602 25.172 0.001 

 Size + Geography 9 0.644 0.599 14.290 0.001 

 Climate + Geography 12 0.174 0.028 1.190 0.262 

 Sex + Size + Climate 6 0.649 0.621 22.811 0.001 

 Sex + Size + Geography 10 0.668 0.621 14.096 0.001 

 Sex + Climate + Geography 13 0.412 0.298 3.617 0.001 

 Size + Climate + Geography 13 0.683 0.622 11.118 0.001 

 All 14 0.705 0.642 11.245 0.001 

Sex “Pure” 1  0.020 4.768 0.001 

Size “Pure” 1  0.344 65.294 0.001 

Climate “Pure” 4  0.021 2.035 0.012 

Geography “Pure” 8  0.021 1.551 0.026 
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Supplementary Table 5. Variation partitioning with skull size and shape of Didelphis marsupialis as dependent variable 

and sex, size (in the case of shape), climate and geography as independent variables. P values tests for the significance 

of F after 1000 permutations. Significance is highlighted. 

Skull Size Df R² Adj R² F P 

 Sex 1 0.107 0.088 5.624 0.023 

 Climate 2 0.135 0.098 3.601 0.042 

 Geography 1 0.142 0.123 7.754 0.007 

 Sex + Climate 3 0.234 0.183 4.588 0.008 

 Sex + Geography 2 0.226 0.192 6.716 0.004 

 Climate + Geography 3 0.177 0.122 3.224 0.029 

 All 4 0.259 0.192 3.845 0.009 

Sex “Pure” 1  0.070 4.875 0.029 

Climate “Pure” 2  -0.001 0.980 0.371 

Geography “Pure” 1  0.008 1.470 0.259 

Skull Shape Df R² Adj R² F P 

 Sex 1 0.129 0.111 6.967 0.002 

 Size 1 0.114 0.095 6.020 0.002 

 Climate 3 0.053 -0.011 0.833 0.602 

 Geography 4 0.131 0.052 1.652 0.078 

 Sex + Size 2 0.199 0.164 5.715 0.001 

 Sex + Climate 4 0.175 0.100 2.337 0.013 

 Sex + Geography 5 0.243 0.155 2.760 0.001 

 Size + Climate 4 0.169 0.094 2.240 0.017 

 Size + Geography 5 0.212 0.121 2.320 0.006 

 Climate + Geography 7 0.213 0.078 1.581 0.078 

 Sex + Size + Climate 5 0.254 0.168 2.935 0.001 

 Sex + Size + Geography 6 0.291 0.190 2.871 0.001 

 Sex + Climate + Geography 8 0.298 0.158 2.123 0.003 

 Size + Climate + Geography 8 0.279 0.135 1.937 0.007 

 All 9 0.347 0.197 2.307 0.002 

Sex “Pure” 1  0.062 4.076 0.009 

Size “Pure” 1  0.039 2.950 0.032 

Climate “Pure” 3  0.007 1.127 0.315 

Geography “Pure” 4  0.029 1.390 0.168 
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Supplementary Figure 1. Schematic depiction of the factors analyzed in partition variation to illustrate both their individual contribution and their interaction 
components in the variance of skull size of a) Didelphis albiventris, b) Didelphis aurita and c) Didelphis marsupialis. Values < 0 not shown. 

 

 
 

Supplementary Figure 2. Schematic depiction of the factors analyzed in partition variation to illustrate both their individual contribution and their interaction 

components in the variance of skull shape of a) Didelphis albiventris, b) Didelphis aurita and c) Didelphis marsupialis. Values < 0 not shown. 
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