
Métodos comparativos para 
dados multivariados



Outline da aula

• Breve histórico da morfometria geométrica
• “revolução” na morfometria na década de 1980
• Principais conceitos e aplicações
• Principais métodos comparativos para dados 

multivariados
– Taxa evolutiva
– Ajuste de modelos evolutivos levando em conta 

correlação entre traits
– Mudança de estado ótimo ao longo da filogenia



Lógica da morfometria tradicional

MacLeod 2017



Problemas com a morfometria 
tradicional

• Usa várias medidas lineares, razões e ângulos 
mas que não capturam a posição dos marcos 
anatômicos

• Difícil estabelecer homologia entre estruturas
• Medidas lineares não capturam geometria
• Geram várias variáveis correlacionadas que 

precisam passar por redução (e.g., PCA) antes 
de serem usadas

• Confunde tamanho e formato
• Sempre o PC 1 é relacionado com tamanho



Vantagens da GM

• Consegue separar Tamanho de Formato, além 
de fornecer técnicas de visualização

• Permite medir formas não só em 2D como em 
3D



Definição de forma

“all the geometric information
that remains when location, 
scale and rotational effects are 
filtered out from an object”

Kendall 1977



David Kendall

Desenvolveu o aparato 
matemático/geométrico 
para medir forma

Fred Bookstein

Desenvolveu métodos 
estatísticos que hoje em 
dia fazem parte do 
“catecismo” da GM

James Rholf

Adaptou Procrustes para 
dados de landmark



1990



2004 e
20121993

1992



http://www.emmasherratt.com/morphometrics

Operações que não mudam o formato 
do objeto





Adams et al. 2013



• Landmarks: coordenadas cartesiana (X,Y) que 
são homólogas entre exemplares (ou espécies)

• Semi-landmarks: não homólogos, usados para 
descrever contornos
– Antigamente eram usados outline techniques



Procrustes







Métodos comparativos



O que vimos até aqui?
• Formas de descrever um fenótipo
– Contagem
– Categorização (e.g., branco, preto)
– Medidas lineares (e.g., tamanho corporal, altura)

• Mas e fenótipos multivariados?
– Formato do corpo, formato da pata etc
– Processos de seleção não necessariamente podem 

modificar o tamanho e sim a forma
– Evolução correlacionada: um atributo pode ser 

modificado não por seleção sobre ele, mas sim por ação 
de seleção num atributo correlacionado
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Abstract.—Many questions in evolutionary biology require the quantification and comparison of rates of phenotypic
evolution. Recently, phylogenetic comparative methods have been developed for comparing evolutionary rates on a
phylogeny for single, univariate traits (!2), and evolutionary rate matrices (R) for sets of traits treated simultaneously.
However, high-dimensional traits like shape remain under-examined with this framework, because methods suited for such
data have not been fully developed. In this article, I describe a method to quantify phylogenetic evolutionary rates for
high-dimensional multivariate data (!2

mult), found from the equivalency between statistical methods based on covariance
matrices and those based on distance matrices (R-mode and Q-mode methods). I then use simulations to evaluate the
statistical performance of hypothesis-testing procedures that compare !2

mult for two or more groups of species on a phylogeny.
Under both isotropic and non-isotropic conditions, and for differing numbers of trait dimensions, the proposed method
displays appropriate Type I error and high statistical power for detecting known differences in !2

mult among groups. In
contrast, the Type I error rate of likelihood tests based on the evolutionary rate matrix (R) increases as the number of
trait dimensions (p) increases, and becomes unacceptably large when only a few trait dimensions are considered. Further,
likelihood tests based on R cannot be computed when the number of trait dimensions equals or exceeds the number of
taxa in the phylogeny (i.e., when p≥N). These results demonstrate that tests based on !2

mult provide a useful means of
comparing evolutionary rates for high-dimensional data that are otherwise not analytically accessible to methods based
on the evolutionary rate matrix. This advance thus expands the phylogenetic comparative toolkit for high-dimensional
phenotypic traits like shape. Finally, I illustrate the utility of the new approach by evaluating rates of head shape evolution in a
lineage of Plethodon salamanders. [Evolutionary rates; geometric morphometrics; macroevolution; morphological evolution;
phylogenetic comparative method.].

What is the tempo of evolutionary change, and how
rapidly do phenotypic traits diversify? For decades
evolutionary biologists have examined the tempo of
evolution as one means to understand the accumulation
of phenotypic diversity and the processes responsible for
evolutionary diversification (Simpson 1944; Gingerich
1993; Foote 1997; Sidlauskas 2008; Gingerich 2009).
Numerous hypotheses have been proposed to explain
the observation that lineages differ in their phenotypic
evolutionary rates (e.g., Sepkoski 1978; Blomberg et al.
2003; Butler and King 2004; Collar et al. 2009) and
predict how such differences may result in distinct
macroevolutionary trends across groups of organisms
(e.g., Gingerich 1993; Harmon et al. 2003). Indeed, the
exploration of evolutionary rates has been a perennial
component of macroevolution since the field’s inception.

In recent years a renaissance has occurred in the study
of evolutionary rates which has coincided with rapid
analytical developments in phylogenetic comparative
biology. These analytical approaches estimate the net
rate of phenotype change over time along a phylogeny
(!2), based on some underlying model that characterizes
the evolutionary process (described below). With these
methods, rates of phenotypic evolution can be quantified
and used to identify differences in evolutionary rates
among clades or shifts in evolutionary rates within
clades (O’Meara et al. 2006; Thomas et al. 2006; Revell
2008; Revell and Harmon 2008; Eastman et al. 2011;
Beaulieu et al. 2012; Revell 2012). Methods for comparing
evolutionary rates between traits on a phylogeny have

also been developed (e.g., Adams 2013). Together,
these approaches are part of the ongoing mathematical
unification of evolutionary rates, models of phenotypic
evolution, and evolutionary hypothesis testing. This
union represents the current forefront of phylogenetic
comparative biology.

Most empirical studies examine rates of evolution for
single, univariate traits such as body size (e.g., Thomas
et al. 2009; Harmon et al. 2010), or some composite
measure derived from multiple traits, such as principal
component scores (e.g., Collar et al. 2009; Mahler et al.
2010; Betancur-R et al. 2012). However, organismal
phenotypes can also be characterized multivariately,
either by a set of traits treated simultaneously or by
complex, multi-dimensional traits such as shape. In these
instances, evolutionary change corresponds to a shift in
the position of a species in a multivariate trait space
whose axes correspond to trait dimensions. Figure 1
shows the changes over time for a bivariate trait evolving
along a phylogeny (examples along ancestor-descendant
sequences are found in: Polly 2004; Bookstein 2013).
For multivariate traits, evolutionary rates have been
approximated using Mahalanobis distances between
pairs of extant taxa (Arnegard et al. 2010; Carlson et al.
2011), or by describing the net change per unit time
along ancestor-descendent lineages (Polly 2008; see also
Gingerich 2009). However, these approaches do not
provide a single estimate of the evolutionary rate for an
entire clade of species in a phylogenetic context, as is
found in the univariate case (!2).
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Salamandras do gênero Plethodon do leste dos EUA. Várias espécies do 
grupo P. cinereus tem distribuição restrira. Trabalhos com outros grupos 
demonstraram que espécies com distribuição restrira podem exibir 
elevadas taxas de evolução morfológica



PGLS para traits multivariados



Seleção de modelos para traits
multivariados
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Resultado do SURFACE

Modelos incluídos no mvMORPH



Mudanças de pico adaptativo
levando em conta a correlação entre traits
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Modularidade e integração de fenótipos 
complexos
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Musculoskeletal networks reveal
topological disparity in mammalian
neck evolution
Patrick Arnold1,2* , Borja Esteve-Altava3 and Martin S. Fischer1

Abstract

Background: The increase in locomotor and metabolic performance during mammalian evolution was
accompanied by the limitation of the number of cervical vertebrae to only seven. In turn, nuchal muscles
underwent a reorganization while forelimb muscles expanded into the neck region. As variation in the
cervical spine is low, the variation in the arrangement of the neck muscles and their attachment sites (i.e.,
the variability of the neck’s musculoskeletal organization) is thus proposed to be an important source of
neck disparity across mammals. Anatomical network analysis provides a novel framework to study the
organization of the anatomical arrangement, or connectivity pattern, of the bones and muscles that
constitute the mammalian neck in an evolutionary context.

Results: Neck organization in mammals is characterized by a combination of conserved and highly variable network
properties. We uncovered a conserved regionalization of the musculoskeletal organization of the neck into upper, mid
and lower cervical modules. In contrast, there is a varying degree of complexity or specialization and of the integration
of the pectoral elements. The musculoskeletal organization of the monotreme neck is distinctively different from that
of therian mammals.

Conclusions: Our findings reveal that the limited number of vertebrae in the mammalian neck does not result in a low
musculoskeletal disparity when examined in an evolutionary context. However, this disparity evolved late in mammalian
history in parallel with the radiation of certain lineages (e.g., cetartiodactyls, xenarthrans). Disparity is further facilitated by
the enhanced incorporation of forelimb muscles into the neck and their variability in attachment sites.

Keywords: Anatomical network analysis, Network theory, Forelimb evolution, Mammalian cervical spine, Sloths, Meristic
constraints, Modularity

Background
The increase in locomotor and metabolic performance
was one of the most important innovations in the evolu-
tion of mammals [1–6]. This innovation, however, was
accompanied by an exceptionally low variability in the
number of presacral vertebrae compared to other tetra-
pods (e.g., [7–14]). In fact, the number of cervical verte-
brae in mammals is limited to seven, except in extant
manatees and sloths [12]. As mammals evolved a new

locomotor mode based on an increase in sagittal axial
motions, their back and nuchal muscles underwent an
anatomical reorganization [15, 16]. The epaxonic mus-
cles (particularly the iliocostalis system) were reduced
along with the decrease of lateral axial motion [15, 16].
With the predominance of girdle-limb system as the
main propeller in mammals, pectoral muscles also
expanded into the dorsal region [15] and were integrated
into the head/neck functional unit. Studies on the evolu-
tion of the mammalian neck usually have focused on the
role of those muscles emigrating from the cervical
region during early development [17–20]. In contrast,
the muscles that expanded into the neck have been
solely investigated for their impact on shoulder and fore-
limb mechanics (e.g., [21–24]).

* Correspondence: patrick_arnold@eva.mpg.de
1Department of Human Evolution, Max Planck Institute for Evolutionary
Anthropology, Leipzig, Germany
2Institut für Spezielle Zoologie und Evolutionsbiologie mit Phyletischem
Museum, Friedrich-Schiller-Universität Jena, Jena, Germany
Full list of author information is available at the end of the article

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Arnold et al. BMC Evolutionary Biology  (2017) 17:251 
DOI 10.1186/s12862-017-1101-1



Estimar taxas de evolução para 
diferentes módulos

Testar hipóteses de conjuntos 
modulares 

Testar taxas de evolução diferenciais 
para atributos envolvidos em 

módulos diferentes





A new phylogenetic test for comparing multiple high-dimensional evolutionary rates suggests interplay of evolutionary rates and 
modularity in lanternfishes (Myctophiformes; Myctophidae)

A new phylogenetic test for comparing multiple high-dimensional evolutionary rates suggests interplay of evolutionary rates and modularity in lanternfishes 
(Myctophiformes; Myctophidae), Volume: 69, Issue: 9, Pages: 2425-2440, First published: 17 August 2015, DOI: (10.1111/evo.12743)
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Phylogenetic conservatism in skulls and
evolutionary lability in limbs – morphological
evolution across an ancient frog radiation is
shaped by diet, locomotion and burrowing
Marta Vidal-García* and J. Scott Keogh

Abstract

Background: Quantifying morphological diversity across taxa can provide valuable insight into evolutionary
processes, yet its complexities can make it difficult to identify appropriate units for evaluation. One of the
challenges in this field is identifying the processes that drive morphological evolution, especially when accounting
for shape diversification across multiple structures. Differential levels of co-varying phenotypic diversification can
conceal selective pressures on traits due to morphological integration or modular shape evolution of different
structures, where morphological evolution of different modules is explained either by co-variation between them or
by independent evolution, respectively.

Methods: Here we used a 3D geometric morphometric approach with x-ray micro CT scan data of the skull and
bones of forelimbs and hindlimbs of representative species from all 21 genera of the ancient Australo-Papuan
myobatrachid frogs and analysed their shape both as a set of distinct modules and as a multi-modular integrative
structure. We then tested three main questions: (i) are evolutionary patterns and the amount and direction of
morphological changes similar in different structures and subfamilies?, (ii) do skulls and limbs show different levels
of integration?, and (iii) is morphological diversity of skulls and limbs shaped by diet, locomotion, burrowing
behavior, and ecology?.

Results: Our results in both skulls and limbs support a complex evolutionary pattern typical of an adaptive
radiation with an early burst of phenotypic variation followed by slower rates of morphological change. Skull shape
diversity was phylogenetically conserved and correlated with diet whereas limb shape was more labile and
associated with diet, locomotion, and burrowing behaviour. Morphological changes between different limb bones
were highly correlated, depicting high morphological integration. In contrast, overall limb and skull shape displayed
semi-independence in morphological evolution, indicating modularity.

Conclusions: Our results illustrate how morphological diversification in animal clades can follow complex
processes, entailing selective pressures from the environment as well as multiple trait covariance with varying
degrees of independence across different structures. We suggest that accurately quantifying shape diversity across
multiple structures is crucial in order to understand complex evolutionary processes.

Keywords: Morphology, Modularity, Morphological integration, 3D morphology, Geometric morphometrics,
Phylomorphospace
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