
 

 

 

 

Macroevolution of Primate Skull Shape: Combining Geometric Morphometrics and 

Phylogenetic Comparative Methods 

by 

Randi H. Griffin 

Department of Evolutionary Anthropology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 
Charles L. Nunn, Supervisor 

 
___________________________ 

Richard F. Kay 
 

___________________________ 
Douglas M. Boyer 

 
___________________________ 

Christine E. Wall 
 

__________________________ 
Sayan Mukherjee 

 

Dissertation submitted in partial fulfillment of 
the requirements for the degree of Doctor 

of Philosophy in the Department of 
Evolutionary Anthropology in the Graduate School 

of Duke University 
 

2018 
 



 

 

ABSTRACT 

Macroevolution of Primate Skull Shape: Combining Geometric Morphometrics and 

Phylogenetic Comparative Methods 

by 

Randi H. Griffin 

Department of Evolutionary Anthropology 
Duke University 

 

Date:_______________________ 
Approved: 

 
___________________________ 
Charles L. Nunn, Supervisor 

 
___________________________ 

Richard F. Kay 
 

___________________________ 
Douglas M. Boyer 

 
___________________________ 

Christine E. Wall 
 

__________________________ 
Sayan Mukherjee 

 
 

An abstract of a dissertation submitted in partial 
fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Department of 

Evolutionary Anthropology in the Graduate School of 
Duke University 

 
2018 

  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright by 
Randi H. Griffin 

2018 
 



 

 

iv 

Abstract 

Primates span incredible behavioral and ecological diversity, and this diversity is 

reflected in the shape of the skull. This dissertation asks two questions surrounding the 

evolution of primate skull shape: 1) what are the macroevolutionary correlates of 

primate skull shape? And 2) what is the pattern of phenotypic integration in the primate 

skull at a macroevolutionary scale? To address these questions, I compiled a broad 

comparative dataset of anatomical landmarks identified from 3D scans of primate skulls 

and analyzed this data using statistical methods that combine geometric morphometrics 

and phylogenetic comparative methods. To investigate the macroevolutionary correlates 

of skull shape, I used multivariate phylogenetic generalized linear models to test for 

relationships between skull shape and several variables that are predicted to be 

correlated with skull shape: allometry, typical diet, tree gouging behavior, activity 

pattern, and sexual dimorphism. I found strong phylogenetic signal for primate skull 

shape, confirming the need for phylogenetic comparative methods. Allometry was a 

significant predictor of skull shape, with larger primates having relatively small, 

convergent orbits, and anteroposteriorly short skulls compared to small primates. Sexual 

dimorphism was associated with a dramatically lengthened rostrum, probably to 

facilitate a large gape in aggressive displays. Folivory was associated with deeper 
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mandibles, which may improve mechanical advantage and strain resistance. To 

investigate patterns of phenotypic integration in the skull, I performed hierarchical 

clustering analyses on phylogenetically corrected inter-landmark covariance matrices. In 

contrast to previous research, I did not find evidence for distinct phenotypic modules in 

the primate skull, and I argue that this discrepancy is due to methodological 

shortcomings of past research that biased results towards identifying different 

anatomical regions as discrete modules. This dissertation represents one of the first 

investigations of primate skull shape at a macroevolutionary scale, and demonstrates 

that the combination of geometric morphometrics and phylogenetic comparative 

methods can yield novel insights into evolutionary morphology.  
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1. Introduction 

 Primates display remarkable morphological diversity, and a fundamental goal of 

evolutionary anthropology is to understand how and why this diversity exists. The skull 

is a particularly interesting aspect of morphological evolution since the skull houses 

multiple sensory organs, the feeding apparatus, and the brain. In this dissertation, I 

focus on understanding variation in the primate skull at a macroevolutionary scale, 

which refers to evolution at the level of the species or above. Macroevolution contrasts 

with microevolution, which is evolution that occurs within a species. Although macro- 

and microevolution are thought to be the consequence of the same fundamental 

processes (Kutschera & Niklas 2004), understanding evolution at these different scales 

require different types of data and analytical frameworks: microevolutionary studies 

look for changes in the frequencies of genetic or phenotypic traits within populations in 

response to variation in selection pressures across the population, while 

macroevolutionary studies attempt to reconstruct and model the history of evolutionary 

change across species or higher taxonomic levels (Pennell & Harmon 2013).  

Research on the macroevolution of the primate skull is largely driven by the idea 

that natural selection has shaped primate heads to function in different ecological 

niches, yielding an enormous body of literature that makes connections between skull 

shape and function, behavior, and ecology in primates. Comparative studies across 
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primates have linked the morphology of the head to many aspects of behavior and 

ecology, including diet, activity pattern, locomotion, cognition, social structure, and 

mating systems (Martin 1990; Fleagle 2013). For instance, studies have linked orbit 

diameter and the angle of orbit convergence to activity pattern (Kay & Kirk 2000; Heesy 

2008), and the dimensions of the mandible to feeding behavior and diet (Vinyard et al., 

2003; Taylor 2006).  In addition to providing support for adaptive hypotheses, these 

macroevolutionary correlations have implications for interpreting the fossil record, as 

they can be used to reconstruct behavior and ecology in fossil primates (Plavcan et al., 

2012).  

While many studies have focused on linking aspects of skull shape with 

behavioral and ecological predictors, another body of research has focused on analyzing 

the interrelationships among morphological characteristics in the skull. These studies 

emphasize that the different regions of the skull are not independent, but are 

developmentally and functionally linked such that changes in one region are associated 

with changes in other regions across ontogenetic stages, individuals in a population, and 

across species (Olson & Miller 1958; Gould 1977; Smith et al., 1985; Cheverud 1996; 

Klingenberg 2008). The resulting covariation among morphological traits is known as 

phenotypic integration, and this integration is thought to be structured with tighter 

integration occurring among clusters of traits, or modules, that have strong 

developmental and functional associations. Studies investigating intraspecific patterns 
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of phenotypic integration in the primate skull have produced highly variable results, 

probably due to variation in the details of study design and statistical methods 

(reviewed in Klingenberg 2013a). Some studies find evidence for phenotypic modules 

(Moore 1981; Cheverud 1982a, 1995; Hanken & Hall 1993; Lieberman et al., 2000a, b; 

Bastir & Rosas 2004; Ackermann & Cheverud 2004; Bastir et al., 2006; Goswami 2006; 

Drake & Klingenberg 2010; Goswami et al., 2014; Esteve-Altava et al., 2013, 2015), while 

others do not (Hallgrímsson et al., 2009; Marcucio et al., 2011; Martínez-Abadías et al., 

2012; Klingenberg & Marugán-Lobón 2013; Young et al., 2014; Hu et al., 2015). Some 

studies have argued that there is a conserved pattern of intraspecific phenotypic 

modularity in the primate skull, and this should lead to a pattern of phenotypic 

modularity at a macroevolutionary scale (Ackermann & Cheverud 2004; Goswami 2006; 

Martínez-Abadías et al., 2012; Goswami et al., 2014), however, no studies have explicitly 

investigated macroevolutionary integration in the primate skull.   

 Studies on the evolution of primate skull shape have historically used traditional 

morphometric approaches, which involve analyzing linear measurements taken from 

the skull, such as distances or angles. This approach is widespread in studies on 

morphology and adaptation (e.g., Kay & Kirk 2000; Heesy 2008; Ross & Ravosa 1993; 

Vinyard et al., 2003; Taylor 2006), and systematics (e.g., Seiffert et al., 2005, 2009). The 

earliest studies on patterns of phenotypic integration also employed traditional 

morphometrics by analyzing matrices of linear measurements with clustering methods 
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(reviewed in Ackermann & Cheverud 2004). Traditional morphometric measurements 

have the advantage of being readily interpreted in terms of functional consequences. For 

example, the diameter of the orbit is closely linked to eye size and therefore to vision 

(Kay & Kirk 2000), while the distance from the mandibular condyle to the tooth row is 

an important determinant of maximum gape (Vinyard et al., 2003). However, a 

disadvantage of traditional morphometric studies is that they treat individual 

measurements as independent variables and produce tables of p-values that often 

provide mixed support for multiple hypotheses. Such results are difficult to interpret, 

especially in light of the fact that many of the measurements being analyzed are also 

correlated with each other.  

In contrast to traditional morphometrics, modern geometric morphometrics 

treats a matrix of 3D landmark coordinates as the unit of analysis and preserves the 

geometry of objects throughout analysis. Under this approach, landmark coordinate 

matrices are analyzed with multivariate statistics and the results are visualized as shape 

changes rather than presented in tables of disembodied linear measurements (Zelditch 

et al., 2013). Analyzing shape data as a multivariate trait has both analytical and 

interpretive benefits related to the fact that the interrelationships among different 

components of the shape are accounted for during analysis and visualization (Slice 

2007). Statistical significance tests pertain to the shape of the whole object rather than to 

individual measurements derived from the object (Adams 2014a, b), and results can be 
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visualized as changes in shape, for instance, using wireframe diagrams (Klingenberg 

2013b). Geometric morphometrics thus provides a less reductive approach to studying 

morphological structures, and permits the simultaneous investigation of the effects of 

multiple variables on multiple aspects of shape in a single analytical framework.   

Over the past two decades, geometric morphometrics has increasingly been used 

to study questions of both adaptation (e.g., Baab et al., 2014) and phenotypic integration 

(e.g., Martínez-Abadías et al., 2012) in the primate skull. However, the vast majority of 

these studies have focused on intraspecific comparisons, with very few studies 

investigating interspecific variation in primate skull shape (Fleagle et al., 2010, 2016). 

Studying the macroevolution of shape requires combining geometric morphometrics 

with phylogenetic comparative methods (Klingenberg & Marugán-Lobón 2013), which 

are a suite of methods that incorporate phylogenetic data into statistical tests in order to 

account for the statistical non-independence of comparative data and test evolutionary 

hypotheses (Nunn 2011; Garamszegi 2014). Traditional phylogenetic comparative 

methods are designed to analyze univariate traits, but many existing methods can be 

extended to analyze multivariate traits. For example, this can be achieved by performing 

multivariate methods on phylogenetically independent contrasts of aligned landmark 

coordinates (Felsenstein 1985; Klingenberg & Marugán-Lobón 2013) or by incorporating 

phylogenetic data into the error structure of multivariate generalized linear models 

(Adams 2014b). These combined methods can be used, for example, to test for 
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phylogenetic signal in shape data (Adams 2014a), fit phylogenetic generalized least 

squares models with shape as the response variable (Adams 2014b), and investigate 

patterns of evolutionary integration and modularity in shape data (Klingenberg & 

Marugán-Lobón 2013).   

1.1 Overview of dissertation chapters 

 The present dissertation combines geometric morphometrics and phylogenetic 

comparative methods to analyze a comparative dataset of primate skull shape 

comprised of anatomical landmarks collected from a taxonomically broad sample of 

primate skulls. These methods and data permit an investigation of the correlates of 

primate skull shape and the patterns of phenotypic integration within the skull at a 

macroevolutionary scale. Below, I provide a preview of my dissertation chapters. 

Chapter 2 describes the collection and processing of the 3D primate skull scans 

used in this dissertation. Since my research is focused on broad macroevolutionary 

patterns, I aimed to include one representative male and female specimen from each 

primate genus. Scans were obtained from a combination of existing digital morphology 

data repositories and de novo CT scanning of museum specimens. I only included skulls 

for which scans of both the cranium and mandible were available. Some scans were 

performed with the cranium and mandible articulated, while others were scanned with 

the cranium and mandible separately. Raw scan data was processed using 3D image 

processing software to produce 3D surfaces from which landmarks were collected. I 
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provide access to raw data from de novo CT scans and all 3D surface models derived 

from Morphosource data on Morphosource (Boyer et al., 2014, 2016). I also provide 

access to the full set of processed 3D surfaces on figshare, a free online repository for 

scientific data that allows users to upload and share published or unpublished data in 

any format (Griffin 2018).  

Chapter 3 introduces and evaluates a method for articulating the jaws of 3D 

primate skull surfaces when the cranium and mandible are scanned separately, which 

was the case for the majority of my scans. Although studies most often focus on either 

the cranium or mandible, it is interesting to consider them together since they are 

connected by the masticatory musculature and function together during chewing. My 

method of aligning digital surfaces of crania and mandibles is based on a technique 

called n-point alignment, which uses a computer algorithm to minimize the distance 

between n pairs of points collected from two 3D surfaces (Besl & McKay 1992). I used 

the software program Geomagic Studio 2014 to manually place 4-8 pairs of points on the 

upper and lower jaws of each skull, and then automatically position the cranium and 

mandible to minimize the distances between pairs of points. I evaluated the precision 

and accuracy of my approach by performing a measurement error study comparing 

landmarks collected from skulls articulated using n-point alignment to the same skulls 

scanned with the cranium and mandible physically articulated. Thus, physical 
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alignment serves as the standard to which the performance of n-point alignment is 

evaluated. 

Chapter 4 investigates the macroevolutionary correlates of primate skull shape, 

including phylogeny and several traits that previous research suggests may have 

influenced the evolution of the primate skull: allometry (Fleagle 1985; Emerson & 

Bramble 1993), sexual size dimorphism (Ravosa 1990; Plavcan & van Schaik 1992; 

Plavcan 2001), activity pattern (Cartmill 1992; Kay & Kirk 2000; Kirk & Kay 2004), diet 

(Ravosa 1990, 1991; Taylor 2002, 2006; Baab et al., 2014), and tree-gouging (Dumont 1997; 

Vinyard et al, 2003). I used 26 landmarks to characterize the shape of each skull and 

perform a detailed measurement error study, considering both intraobserver error and 

error from the placement of the jaw using the method introduced in Chapter 3. I tested 

for phylogenetic signal in primate skull shape using a multivariate extension of 

Blomberg’s K (Adams 2014a; Blomberg et al., 2003). Finally, I tested for associations 

between skull shape and predictor variables using multivariate phylogenetic 

generalized least squares (Adams 2014b), which models high dimensional response 

variables as a function of multiple predictors in a phylogenetic context. I evaluated 

regression models using a combination of permutation-based significance tests and 

visualization of shape changes associated with each predictor using wireframe plots 

(Klingenberg 2013b).  
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Chapter 5 investigates phenotypic integration and modularity in the primate 

skull at a macroevolutionary scale. At this scale, phenotypic integration refers to 

correlated evolutionary changes among morphological traits, while modularity refers to 

the tendency for evolutionary integration to be patterned, with tighter integration 

occurring within clusters of developmentally and functionally interdependent traits. 

Previous research has yielded mixed results, with some studies arguing that the 

evolution of the primate skull is highly modular (Ackerman & Cheverud 2004; Goswami 

2006; Goswami et al., 2014), and others arguing that the skull evolves as a tightly 

integrated unit (Hallgrímsson et al., 2009; Martínez-Abadías et al., 2012; Klingenberg & 

Marugán-Lobón 2013). In a taxonomically broad study including primates, carnivores, 

and marsupials, Goswami (2006) found evidence that the mammalian skull is 

characterized by 6 highly conserved phenotypic modules that evolve independently. In 

this chapter, I follow Goswami (2006) in using exploratory cluster analysis to identify 

modules in primate skull evolution. However, I highlight several methodological 

problems with Goswami (2006), and I argue that her approach was biased towards 

identifying significant modules. I use my dataset as a test case to compare results 

produced with Goswami’s (2006) methods and an alternative approach that addresses 

the primary problems with Goswami’s analyses.  
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Chapter 6 concludes the dissertation with an overview of my results and a 

discussion of future directions, with a focus on improving access to 3D data and 

advancing methods for geometric morphometrics analysis.  

1.2 Conclusion 

 The research in this dissertation constitutes several novel contributions to the 

field of primate morphological evolution. First, the dataset described in Chapter 2 

presents a unique collection of 3D digital surfaces that captures genus-level diversity in 

primate skull shape. In making these data publicly available, this dissertation 

contributes to inclusivity of data access, helps advance rates of scientific progress, and 

facilitates initiatives to replicate research results. Second, Chapter 3 presents a protocol 

and measurement error study for closing the jaws of digital 3D models of primate crania 

and mandibles. Although past studies have closed the jaws of digital skulls using a 

similar technique (e.g., Smits & Evans 2012), mine is the first to investigate the accuracy 

of this approach compared to scanning skulls with the jaws physically closed. Third, my 

investigation of the macroevolutionary correlates of primate skull shape in Chapter 4 is 

unique in the breadth of taxa, morphological traits, and predictor variables being 

considered in a single analysis. By treating the shape of the entire skull as the response 

variable in multiple regression analyses, I am able to ask which predictor variables have 

the greatest effect on genus-level variation in the overall shape of the skull, while 

controlling for other predictors. My focus on articulated crania and mandibles is rare 
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among broad comparative studies, which usually focus on either the cranium (e.g., Baab 

et al., 2014) or the mandible (e.g., Meloro et al., 2015), despite the fact that these 

structures function and evolve together. Finally, in Chapter 5, I conduct the first study of 

phenotypic integration in the primate skull at a macroevolutionary scale. In doing so, I 

draw attention to methodological difficulties with past research that may have lead to 

spurious results. All of the statistical analyses presented in this dissertation are 

reproducible using data and R code available on GitHub, making it easy for future 

researchers to evaluate and build upon this work.  
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2. Collecting 3D Digital Data on Primate Skulls 

2.1 Introduction 

 Digital data from 3D scanning has become increasingly important in morphology 

and paleontology over the past two decades for at least three reasons. First, 

improvements in scanning technology and computers that can handle large volumes of 

data make scanning an increasingly practical alternative to visiting museums and 

measuring physical specimens. While scanning can be costly and time consuming, it 

provides researchers with virtual copies of specimens that can be reused indefinitely. 

Second, scanning aids the preservation of museum collections by reducing the handling 

of physical specimens. Many museum specimens are handled by different researchers 

taking repeated caliper measurements, leading to unnecessary wear and tear. Finally, 

scanning with X-ray computerized tomography (CT) and microCT allows researchers to 

study internal structures without damaging specimens. For example, CT technology has 

permitted primate morphologists to non-destructively measure internal features of the 

skull such as semicircular canal size (e.g., Silcox et al., 2009) and cranial base angulation 

(e.g., Aristide et al., 2015). In light of these benefits, many morphologists spend much of 

their time and budgets on scanning and processing digital data (Copes et al., 2016). 

For my dissertation, I took advantage of the growing number of collections of 

digital morphology data to compile a taxonomically broad sample of CT scans of 
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primate skulls. I focused on CT and microCT scans because they are widespread and 

permit placing landmarks on internal structures, which is useful for characterizing 

aspects of skull shape that are of broad interest (e.g., basicranial flexion). I aimed to 

collect CT or microCT scans of an intact cranium and mandible from a single 

representative adult male and female of each primate genus. This is similar to sampling 

regimes used in recent studies on broad macroevolutionary patterns in skull shape, in 

which single specimens were used to represent entire primate genera (Fleagle et al., 

2010, 2016) or morphologically distinct bird species (Klingenberg & Marugán-Lobón 

2013). Although these estimates of primate skull shape include components of intra and 

interspecific variation, this variation is expected to be small in comparison to genus-level 

variation (Fleagle et al., 2010). 

An important decision for this study is whether to incorporate data from fossil 

taxa. Increasingly, theoretical and empirical work has drawn attention to the benefits of 

including fossils in certain types of phylogenetic comparative analyses. In particular, 

fossils are crucial for fitting accurate models of the tempo and mode of phenotypic 

evolution, and for modeling species diversification (Ho & Ané 2013; Pennell & Harmon 

2013; Slater 2013; Slater et al., 2012; Slater & Harmon 2013). Indeed, any analysis that 

depends on a model of evolution would theoretically benefit from the incorporation of 

fossil data, including the analyses presented in this dissertation. Unfortunately, in my 

initial search of digital data repositories and museum specimens, I was only able to find 
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a complete skull that was not very fragmented or distorted for one recently extinct 

primate (Paleopropithecus sp.). Although a more extensive search of museum collections 

might yield a few more specimens, such a small number of fossils are unlikely to 

appreciably impact the results of my analyses. This conclusion is bolstered by a recent 

study by Fleagle et al. (2016), who found that adding fossils to a broad comparative 

dataset of primate cranial shape did not change the major axes of variation across the 

order, and as expected, fossil taxa largely occupied gaps in morphospace between major 

extant groups. Moreover, some of the questions addressed in this dissertation present 

particular challenges to the incorporation of fossils. Specifically, Chapter 4 focuses on 

the relationship between skull shape and behavioral or ecological variables, and a 

fundamental challenge to incorporating fossils into this analysis stems from the fact that 

ecological and behavioral data for fossil taxa are unobserved and generally inferred 

from morphological data. Inferred behavior and ecology for fossil taxa can be quite 

uncertain (Plavcan et al., 2012), and depending on the variables being compared, may 

lack statistical independence from morphology. Based on these considerations, I expect 

that a study focused on extant taxa will reflect the dominant sources of variation in 

primate skull shape and represent reasonable first tests of the hypotheses addressed in 

this dissertation.  

I collected data in three phases. First, I filled as much of my dataset as possible 

with data from publicly accessible online repositories. Second, I requested data from 
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researchers who had scanned specimens but not yet made them publicly available. 

Finally, I filled as many remaining gaps in my data as possible with de novo scans of 

specimens borrowed from museum collections. Below, I describe my data collection in 

greater detail, present the final list of specimens, and describe how scans were processed 

to generate 3D models for subsequent landmark collection. 

2.2 Methods 

2.2.1 Scan collection 

As my starting point, I sought to obtain adult specimens of each sex for the same 

65 primate genera represented in Fleagle et al. (2010), a study that was focused on 

characterizing broad variation in cranial shape across the primate order. Following 

Fleagle et al. (2010), I represented the two most speciose primate genera, Macaca and 

Cercopithecus, with two species each. Wherever possible, I compiled data on additional 

genera as long as there was a strong argument for their taxonomic status in the 

literature. In particular, I recognized two additional Tarsioidea genera, Carlito, and 

Cephalopachus (Groves & Shekelle 2010); I recognized the genus Mirza (Wilson & Reeder 

2005); and I recognized two additional Hylobatidae genera, Nomascus and Hoolock 

(Mootnick & Groves 2005). In contrast to Fleagle et al. (2010), I did not recognize the 

genera Oreonax (based on the findings of Matthews & Rosenberger 2008), Kasi (based on 

Osterholz et al., 2008), or Simias (based on Bradon-Jones et al., 2004). Finally, I searched 

for specimens from genera that were likely missing from Fleagle et al. (2010) due to their 
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scarcity in the wild and in collections, although I anticipated these would be difficult to 

find: Allocebus, Prolemur, Rungwecebus, and Rhinopithecus. Altogether, my target dataset 

included 144 specimens: 72 males and 72 females spanning 70 genera.  

I drew upon three digital morphology data repositories to compile scans: 

Morphosource (Boyer et al., 2014; Boyer et al., 2016; http://morphosource.com/), the 

Kyoto University Digital Morphology Museum, KUPRI (dmm.pri.kyoto-

u.ac.jp/archive/), and the Smithsonian 3D primate collection 

(http://humanorigins.si.edu/evidence/3d-collection/primate). Most of the data from 

Morphosource and KUPRI came in the form of raw CT data, and had to be processed 

following steps outlined in the next section. The scans from the Smithsonian 3D primate 

collection were provided as surface files, therefore no processing of raw CT data was 

necessary. Finally, to fill as many remaining gaps in the data as possible, I borrowed 

specimens from the American Museum of Natural History (AMNH), which were then 

microCT scanned at the Shared Materials Instrumentation Facility at Duke University. 

It was difficult to find skulls that were identified as male or female for certain 

species, particularly those for which sexual dimorphism is absent or extremely small. 

However, adults of unknown sex were common in collections; thus, I assigned an adult 

of either/unknown sex to represent these species if known male and female 

representatives could not be found. I considered the following taxonomic groups to be 

sufficiently lacking in sexual dimorphism to include specimens regardless of sex: all 

http://humanorigins.si.edu/evidence/3d-collection/primate
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extant lemurs (Jenkins & Albrecht 1991; Kappeler 1991) and marmosets including 

Callimico (Marroig & Cheverud 2009). Although it is possible that these primates display 

some detectable sex differences in their average morphology, these differences are 

expected to be extremely small compared to generic-level differences in skull shape 

(Jenkins & Albrecht 1991; Kappeler 1991; Marroig & Cheverud 2009), and the benefit of 

including these genera arguably outweighs a small amount of additional error. 

2.2.2 Scan processing 

 CT scanning produces a stack of X-ray images, each displaying a 2D slice of the 

scanned object. These images must be processed to generate a 3D surface model, from 

which landmark data can be collected using a variety of software programs. Here, I 

describe my process for transforming CT scans into PLY surface files, which represent 

3D models as a set of 3D points and a list of surfaces connecting them.  

Post-scan processing involves three major steps: segmentation, simplification, 

and smoothing. Segmentation is the partitioning of an image into distinct segments 

representing objects of interest. For the skulls in this study, the cranium and mandible 

were the primary objects of interest. These structures were scanned separately for most 

specimens, however in a few cases, the cranium and mandible were scanned in physical 

contact with each other. In these cases, I followed one of two procedures: if the cranium 

and mandible appeared to be in full dental occlusion, then they were processed together 

as a single file; in contrast, if the cranium and mandible were in partial contact, then the 
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structures were separated in the 3D visualization and analysis software Avizo 8.1 by 

manually labeling each slice in which they were touching.  

Simplification, also called decimation, is the downsampling of points in a 3D 

surface. Simplification reduces the detail of the resulting 3D surface, which is often 

necessary to standardize resolution across scans and reduce files to sizes that can be 

handled by subsequent analyses (Friess 2012). I ensured that all 3D models were of 

comparable resolution by using the smallest surface files from the Smithosonian 3D 

primate collection as a target size for all surfaces undergoing simplification. The smallest 

surface was of a female angwantibo (Arctocebus aureus, USNM 598476), which had a total 

of 245,109 faces. Accordingly, I standardized the resolution of all CT scans by 

simplifying skulls to have a target of 250k total faces, apportioning these between the 

mandible and cranium in proportion to their relative surface areas for each specimen 

(i.e., if the surface area of the mandible was 20% of the surface area of the cranium, then 

the mandible was simplified to have 50k faces and the cranium to have 200k faces). 

Simplification was performed using the edge collapse algorithm provided in Avizo 8.1. 

Finally, smoothing adjusts for the fact that simplified 3D surfaces are polyhedral 

approximations of smooth surfaces, causing smooth objects to appear faceted. 

Smoothing algorithms relocate the vertices of a 3D surface in order to produce an evenly 

curved surface that theoretically provides a more faithful representation of the original 

object (Taubin 1995; Vollmer et al., 1999; Friess 2012; Profico et al., 2016). I smoothed 
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surfaces using the “Smooth Surface” module in Avizo 8.1 (20 iterations with lambda = 

0.6), which shifts vertices towards the average of their neighbors using an algorithm 

based on Taubin (1995).  

2.2.3 Data availability 

All de novo microCT data was added to Morphosource under the project 

“Griffin dissertation”. For CT data that was either downloaded from or uploaded to 

Morphosource for this project, derivative surface files were also uploaded. The complete 

set of surface files used for landmark collection are available on Figshare (Griffin 2018). 

2.3 Results 

For five genera with little to no sexual dimorphism, I used a single specimen to 

represent both sexes: four extant lemurs (Daubentonia, Chierogaleus, Indri, and Mirza) and 

one marmoset (Callimico) (Table 1). When these specimens were accounted for, the sex-

specific datasets attained 89% completeness for males (n = 64) and 88% completeness for 

females (n = 63). Specimens and sources are listed in Table 1, and Figure 1 displays the 

data on a phylogenetic tree from 10kTrees Version 3 (Arnold et al., 2010) using the 

‘ggtree’ R package (Yu et al., 2012).  

Missing data is summarized as follows: I was unable to find any specimens for 7 

genera (Allocebus, Brachyteles, Galagoides, Phaner, Piliocolobus, Prolemur, Rungwecebus), I 

found only a male specimen for two genera (Cephalopachus, Rhinopithecus), and only a 

female specimen for one genus (Carlito). 
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The vast majority of scans were downloaded from existing 3D data repositories 

(91%), while 11 were acquired through de novo scanning (9%). Of the scans compiled 

from online repositories, most came from the Smithsonian 3D primate collection (58%), 

followed by Morphosource (39%) and KUPRI (3%). I contributed 12 new microCT scans 

and 98 processed surface files to Morphosource.  
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Figure 1: Phylogenetic distribution of skull data 
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Table 1: Specimens included in the dataset 

 Superfamily Genus Species Sex Specimen ID Source 
1 Lemuroidea Avahi laniger F MCZ-32503 Morphosource1 
2 Lemuroidea Avahi laniger M MCZ-44878 Morphosource1 
3 Lemuroidea Cheirogaleus major U AMNH-M-100640 Morphosource1 
4 Lemuroidea Daubentonia madagascarensis M DLC-6915 Morphosource2 
5 Lemuroidea Eulemur fulvus F MCZ-16393 Morphosource1 
6 Lemuroidea Eulemur fulvus M MCZ-44895 Morphosource1 
7 Lemuroidea Hapalemur griseus F MCZ-44911 Morphosource1 
8 Lemuroidea Hapalemur griseus M MCZ-44913 Morphosource1 
9 Lemuroidea Indri indri F AMNH-M-100816 de novo 
10 Lemuroidea Lemur catta F USNM-395515 HOP 
11 Lemuroidea Lemur catta M MCZ-16392 Morphosource1 
12 Lemuroidea Lepilemur mustelinus F AMNH-M-170558 Morphosource4 
13 Lemuroidea Lepilemur mustelinus M USNM-49688 HOP 
14 Lemuroidea Microcebus murinus F AMNH-M-185621 de novo 
15 Lemuroidea Microcebus murinus M AMNH-M-174537 de novo 
16 Lemuroidea Mirza zaza M DLC-2304m Morphosource2 
17 Lemuroidea Propithecus diadema F USNM-63347 HOP 
18 Lemuroidea Propithecus diadema M USNM-63348 HOP 
19 Lemuroidea Varecia variegata F MCZ-44906 Morphosource1 
20 Lemuroidea Varecia variegata M MCZ-44905 Morphosource1 
21 Galagoidea Arctocebus aureus F USNM-598476 HOP 
22 Galagoidea Arctocebus aureus M USNM-385710 HOP 
23 Galagoidea Euoticus elegantulus F MCZ-14658 Morphosource1 
24 Galagoidea Euoticus elegantulus M MCZ-14657 Morphosource1 
25 Galagoidea Galago senegalensis F USNM-465852 Morphosource4 
26 Galagoidea Galago senegalensis M USNM-465853 Morphosource4 
27 Galagoidea Loris lydekkerianus F USNM-256737 HOP 
28 Galagoidea Loris lydekkerianus M USNM-256739 HOP 
29 Galagoidea Nycticebus coucang F USNM-141141 HOP 
30 Galagoidea Nycticebus coucang M USNM-114460 HOP 
31 Galagoidea Otolemur crassicaudatus F AMNH-M-216241 de novo 
32 Galagoidea Otolemur crassicaudatus M AMNH-M-216239 de novo 
33 Galagoidea Perodicticus potto F USNM-450054 HOP 
34 Galagoidea Perodicticus potto M USNM-465899 HOP 
35 Tarsoidea Tarsius tarsier F USNM-200279 Morphosource4 
36 Tarsoidea Tarsius tarsier M USNM-200283 Morphosource4 
37 Tarsoidea Carlito syrichta M USNM-282761 Morphosource4 
38 Tarsoidea Cephalopachus bancanus F USNM-488084 Morphosource4 
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39 Ceboidea Alouatta caraya F MCZ-28655 Morphosource1 
40 Ceboidea Alouatta caraya M MCZ-28095 Morphosource1 
41 Ceboidea Aotus trivirgatus F MCZ-19801 Morphosource1 
42 Ceboidea Aotus trivirgatus M MCZ-19802 Morphosource1 
43 Ceboidea Ateles geoffroyi F MCZ-10138 Morphosource1 
44 Ceboidea Ateles geoffroyi M USNM-337702 HOP 
45 Ceboidea Cacajao calvus F USNM-302627 HOP 
46 Ceboidea Cacajao calvus M USNM-302626 HOP 
47 Ceboidea Callicebus moloch F AMNH-M-98389 de novo 
48 Ceboidea Callicebus moloch M MCZ-30564 Morphosource1 
49 Ceboidea Callimico goeldii F AMNH-M-98367 de novo 
50 Ceboidea Callithrix humeralifera F MCZ-30577 Morphosource1 
51 Ceboidea Callithrix humeralifera M MCZ-30586 Morphosource1 
52 Ceboidea Cebuella pygmaea F AMNH-M-76328 de novo 
53 Ceboidea Cebuella pygmaea M AMNH-M-76327 de novo 
54 Ceboidea Cebus apella F MCZ-30724 Morphosource1 
55 Ceboidea Cebus apella M USNM-361019 HOP 
56 Ceboidea Chiropotes chiropotes F USNM-549519 HOP 
57 Ceboidea Chiropotes chiropotes M USNM-518225 HOP 
58 Ceboidea Lagothrix lagotricha F USNM-461931 HOP 
59 Ceboidea Lagothrix lagotricha M USNM-545880 HOP 
60 Ceboidea Leontopithecus rosalia F USNM-337334 HOP 
61 Ceboidea Leontopithecus rosalia M USNM-518588 HOP 
62 Ceboidea Pithecia pithecia F MCZ-30719 Morphosource1 
63 Ceboidea Pithecia pithecia M USNM-374745 Morphosource4 
64 Ceboidea Saguinus fuscicollis F AMNH-M-74051 de novo 
65 Ceboidea Saguinus fuscicollis M AMNH-M-74042 de novo 
66 Ceboidea Saimiri sciureus F MCZ-30568 Morphosource1 
67 Ceboidea Saimiri sciureus M MCZ-27197 Morphosource1 
68 Cercopithecoidea Allenopithecus nigroviridis F USMN-395131 HOP 
69 Cercopithecoidea Allenopithecus nigroviridis M AMNH-M-52467 Morphosource3 
70 Cercopithecoidea Cercocebus albigena F MCZ-14725 Morphosource1 
71 Cercopithecoidea Cercocebus albigena M MCZ-22736 Morphosource1 
72 Cercopithecoidea Cercopithecus mitis F USNM-452531 HOP 
73 Cercopithecoidea Cercopithecus mitis M USNM-182386 HOP 
74 Cercopithecoidea Cercopithecus petaurista F USNM-481778 HOP 
75 Cercopithecoidea Cercopithecus petaurista M USNM-481779 HOP 
76 Cercopithecoidea Chlorocebus sabaeus F USNM-381449 HOP 
77 Cercopithecoidea Chlorocebus sabaeus M USNM-381445 HOP 
78 Cercopithecoidea Colobus polykomos F KUPRI-1105 DMM 
79 Cercopithecoidea Colobus polykomos M KUPRI-1053 DMM 
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80 Cercopithecoidea Erythrocebus patas F MCZ-47017 Morphosource1 
81 Cercopithecoidea Erythrocebus patas M MCZ-47016 Morphosource1 
82 Cercopithecoidea Macaca fascicularis F USNM-114162 HOP 
83 Cercopithecoidea Macaca fascicularis M USNM-121511 HOP 
84 Cercopithecoidea Macaca nemestrina F USNM-114502 HOP 
85 Cercopithecoidea Macaca nemestrina M USNM-123144 HOP 
86 Cercopithecoidea Mandrillus sphinx F AMNH-M-89357 Morphosource3 
87 Cercopithecoidea Mandrillus sphinx M USNM-598494 HOP 
88 Cercopithecoidea Miopithecus ogouensis F USNM-598534 HOP 
89 Cercopithecoidea Miopithecus ogouensis M USNM-598519 HOP 
90 Cercopithecoidea Nasalis larvatus F USNM-198277 HOP 
91 Cercopithecoidea Nasalis larvatus M USNM-142217 HOP 
92 Cercopithecoidea Papio papio F USNM-381430 HOP 
93 Cercopithecoidea Papio papio M USNM-378669 HOP 
94 Cercopithecoidea Presbytis rubicunda F MCZ-35704 Morphosource1 
95 Cercopithecoidea Presbytis rubicunda M MCZ-35712 Morphosource1 
96 Cercopithecoidea Procolobus badius F MCZ-24793 Morphosource1 
97 Cercopithecoidea Procolobus badius M MCZ-24775 Morphosource1 
98 Cercopithecoidea Pygathrix nigriceps F USNM-356574 HOP 
99 Cercopithecoidea Pygathrix nigriceps M USNM-269798 HOP 

100 Cercopithecoidea Rhinopithecus roxellana M USNM-268887 HOP 
101 Cercopithecoidea Semnopithecus schistaceus F USNM-21843 HOP 
102 Cercopithecoidea Semnopithecus schistaceus M USNM-21842 HOP 
103 Cercopithecoidea Theropithecus gelada F USNM-319992 HOP 
104 Cercopithecoidea Theropithecus gelada M USNM-305107 HOP 
105 Cercopithecoidea Trachypithecus cristatus F USNM-113174 HOP 
106 Cercopithecoidea Trachypithecus cristatus M USNM-113170 HOP 
107 Hominoidea Hoolock hoolock F USNM-257988 HOP 
108 Hominoidea Hoolock hoolock M USNM-257987 HOP 
109 Hominoidea Gorilla gorilla F USNM-220060 HOP 
110 Hominoidea Gorilla gorilla M USNM-176211 HOP 
111 Hominoidea Homo sapiens F TC-815 HOP 
112 Hominoidea Homo sapiens M TC-712 HOP 
113 Hominoidea Hylobates lar F USNM-83262 HOP 
114 Hominoidea Hylobates lar M USNM-104438 HOP 
115 Hominoidea Nomascus concolor F USNM-464992 HOP 
116 Hominoidea Nomascus concolor M USNM-320786 HOP 
117 Hominoidea Pan troglodytes F USNM-220327 HOP 
118 Hominoidea Pan troglodytes M USNM-220062 HOP 
119 Hominoidea Pongo pygmaeus F USNM-142169 HOP 
120 Hominoidea Pongo pygmaeus M USNM-521078 HOP 
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121 Hominoidea Symphalangus syndactylus F USNM-143580 HOP 
122 Hominoidea Symphalangus syndactylus M USNM-143577 HOP 

 
Museum/collection codes 
AMNH - American Museum of Natural History, CGM - Cairo Geological Museum, DLC 
- Duke Lemur Center, DPC - Duke Primate Center, KUPRI - Kyoto University Primate 
Research Institute, MCZ - The Louis Agassiz Museum of Comparative Zoology, TC - 
Terry Collection at the National Museum of Natural History, USNM - Smithsonian 
Institution National Museum of Natural History 

  
Scan source details 
HOP: Human Origins Program - http://humanorigins.si.edu/evidence/3d-
collection/primate   
DMM: Digital Morphology Museum- http://dmm.pri.kyoto-
u.ac.jp/dmm/WebGallery/index.html 
Morphosource - http://morphosource.com/    
Morphosource1 - Lynn Lucas and Lynn Copes (NSF DDIG 0925793 and the Wenner 
Gren Foundation) 
Morphosource2 - Gabriel Yapuncich (NSF BCS 1540421) 
Morphosource3 - Eric Delson (NYCEP and AMNH) 
Morphosource4  - Lauren Gonzales (LSB Leakey Grant & NSF BCS 1552848) 
 

2.4 Discussion 

 As highlighted in the introduction, digital morphology data has the advantages 

of being indefinitely reusable and non-damaging to physical specimens. An additional 

benefit of digital data is that scanning facilitates data sharing and the compilation of 

large comparative morphology datasets. As the number of available scans accumulates, 

researchers will increasingly be free to spend their time designing experiments and 

analyzing large data sets rather than obtaining new scans. My project takes advantage of 

the increasing availability of digital morphology data by drawing upon existing scans to 

http://humanorigins.si.edu/evidence/3d-collection/primate
http://humanorigins.si.edu/evidence/3d-collection/primate
http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html
http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html
http://morphosource.com/
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compile a broad comparative dataset of primate skulls. I was able to collect data on 

nearly 90% of extant primate genera, and 91% of this data came from existing databases.  

Because the scans from the Smithsonian had already been simplified, I simplified 

all scans to match the resolution of the smallest scans from the Smithsonian. I also 

smoothed scans using a protocol similar to that used by prior studies in the Boyer lab 

(Callie Crawford, personal communication). A possible concern is that the post-scan 

processing steps of simplification and smoothing can result in unwanted distortions of 

3D surfaces (Taubin 1995; Friess 2012; Profico et al., 2016). This is a potential concern for 

all studies relying on 3D imaging data: at a certain point, simplification removes points 

that are important to object shape, and smoothing necessarily makes imperfect 

assumptions about the shape of the original object. Currently, there is a lack of clear 

guidelines or established protocol for post-scan processing in morphology studies that 

use 3D scans (Profico et al., 2016). The issue is generally ignored in studies dealing with 

3D morphology models, and published papers often fail to detail what, if any, post-scan 

processing steps were taken following the collection of raw CT data (e.g., Aristide et al., 

2015). The extent to which the effects of post-scan processing are a concern depends on 

the level of detail needed for a given analysis (Friess 2012). As the present study is 

focused on comparing very broad aspects of skull shape across taxonomic units that 

differ dramatically in gross skull morphology (i.e., distinct primate genera), the required 
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level of anatomical detail required for this study is sufficiently low that concerns about 

the effects simplification and smoothing are minimal.  

In the following two chapters, I explore the role of several potentially important 

sources of error in the landmark data I will collect from the specimens described in this 

chapter. Chapter 3 evaluates error in the position of the jaw relative to the cranium due 

to error in the placement of the jaw and the absence of soft tissue in the 

temporomandibular joint. Then, Chapter 4 introduces the full set of anatomical 

landmarks I will use to extract shape data from the skull surfaces compiled in this 

chapter and evaluates the influence of jaw placement and intraobserver error in 

landmark placement on variation for this set of landmarks.  
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3. Closing digital primate jaws with n-point 
alignment 
 

3.1 Introduction 

Before collecting landmarks for skull shape, surfaces of matching crania and 

mandibles must be placed in a configuration suitable for making comparisons across 

samples. A natural choice for this configuration is centric occlusion, defined here as 

“occlusion of the opposing teeth when the mandible is in centric relation” (Wilson & 

Banerjee 2004), where centric relation refers to the condylar heads resting in the glenoid 

fossa. Centric occlusion, aslo referred to as “habitual bite”, provides a reproducible 

reference position for the cranium and mandible (Harris & Corruccini 2008), and 

craniometric measurements taken with the maxilla and mandible in centric occlusion are 

widely used to define the anterior-posterior, inferior-superior, and lateral relationships 

between the maxilla and mandible. Centric occlusion has frequently been used as a 

reference position in research on both humans (e.g., Hylander 1977; Williamson et al., 

1978; Harris & Corruccini 2008; Gribel et al., 2011; Wang et al., 2013; Bae et al., 2014) and 

non-human primates (e.g., Smith 1984; Osborn 1993; Wood 1994; Taylor 2002).  

For physical specimens, the cranium and mandible can be put into centric 

occlusion by placing the mandibular condyles in the glenoid fossae and and closing the 

teeth into a stable configuration. However, there is no readily available and widely used 
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method available for placing digital crania and mandibles into centric occlusion. 

Recently, Smits & Evans (2012) used 3D surface models of carnivoran and 

dasyuromorph skulls to simulate the kinetics of occlusion during chewing, and as the 

starting point of their simulations, they placed digital crania and mandibles into centric 

occlusion using the Blender 3D image processing software. They described their 

procedure for aligning crania and mandibles as follows:  

… surface polygon files were exported as PLY (Stanford Triangle Format) files. 
The PLY files for the mandible and skull were then imported into Blender v. 2.5 
(The Blender Foundation, 2011) where they were positioned as in life. The dentary 
condyle was placed in the glenoid fossa and the mandible was positioned with 
protocones of the upper molars placed in the talonid basins of the lower molars 
(i.e. centric occlusion)… In life, synovial joint tissue is present between the bones, 
so the condyle was positioned with a small space between it and the glenoid fossa. 
– Smits & Evans (2012) 
 

It is difficult to know precisely how the skulls were positioned in Smits & Evens 

(2012), as details were not provided on what features of Blender were used to achieve 

the alignment, and no details were provided on how much space was placed between 

the condyle and glenoid fossa to account for the absence of soft tissue in the 

temporomandibular joint (TMJ). Moreover, no error study or validation was performed 

to evaluate how similar the results of their procedure were to physically positioning the 

jaws in centric occlusion. This lack of validation is a concern, because it is possible that 

substantial discrepancies exist between physical and digital alignment methods: unlike 

physical specimens, digital surface models can overlap in space, and the laws of physics 

do not easily guide the dentition into centric occlusion. Given that morphology studies 
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are increasingly based on 3D digital models, it would be helpful to know how reliable 

such digital approximations of centric occlusion are compared to physical alignment.  

In this chapter, I introduce and evaluate a simple approach to approximating 

centric occlusion for digital crania and mandible surfaces by minimizing the distance 

between n pairs of landmarks on the upper and lower jaws, hereafter referred to as “n-

point alignment” (Besl & McKay 1992). By placing landmarks at points on the cranium 

and mandible that are expected to come into contact during centric occlusion, n-point 

alignment can approximate the position of centric occlusion. When primate jaws are in 

centric occlusion, the mandibular condyles articulate with the glenoid fossa of the 

temporal bones, while the protocones of the upper molars are resting as closely as 

possible to the talonid basins of the lower molars (Gebo 2014). I consider an 8-point 

alignment that uses 8 pairs of points to align the cranium and mandible: landmarks on 

the right and left mandibular fossa are paired with landmarks on the right and left 

mandibular condyles, while landmarks on the tips of the protocones of the right and left 

upper molars 1-3 are paired with landmarks in the deepest part of the talonid basins of 

the corresponding lower molars (Figure 2). Note that since callitrichids have only 2 

molars, the third premolars can be used in place of the absent third molars.  

Physical alignment is the standard that digital alignment methods aim to 

replicate, thus I evaluate the accuracy of n-point alignment in terms of how similar its 

alignments are to physical alignment. I collected sets of landmarks from skulls 
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articulated using n-point alignment, and compared these to landmarks collected from 

scans of the same skulls physically aligned in centric occlusion. Since specimens are 

often missing teeth, it will sometimes be necessary to use fewer than 8 points for an 

alignment. To investigate the impact of using fewer than 8 point pairs, I also evaluate 

the accuracy of a 4-point alignment that includes only point pairs 1 and 2 in the TMJ, 

and point pairs 5 and 6 on the molars (these correspond to the first molars in callitrichids 

and the second molars in all other primates) (Figure 2). This is an important finding 

because skulls often are missing molars, including in the dataset I compiled in this 

dissertation. 

I test several predictions surrounding the landmarks collected from 8-point 

alignment, 4-point alignment, and physical alignment. First, because my method of n-

point alignment lacks a mechanism for preventing the cranium and mandible from 

overlapping beyond what is physically possible, I predict that n-point alignment will 

systematically underestimate the vertical distance between the cranium and mandible. 

Second, I predict that landmarks collected from the physically aligned skull will have 

the highest precision, because they only include measurement error, whereas landmarks 

collected from the n-point aligned skulls include both measurement error and error in 

the alignment of the jaw. Third, I predict that 8-point alignment will have greater 

accuracy and precision than 4-point alignment because error in the overall placement of 
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the mandible should be lower when error in individual landmarks is averaged across 

more landmarks.  

 

Figure 2: Landmarks placed on the cranium (A) and mandible (B) to produce 
an aligned skull (C) using Geomagic Studio 2014. 

 

Like Smits & Evans (2012), I consider the absence of soft tissue in the TMJ as a 

source of error in the placement of the mandibular condyle relative to where it would 

rest in a living animal. In living primates, the condyle is separated from the mandibular 

fossa by a fibrous articular disk sandwiched between two thin synovial membranes. 

Accordingly, the position of the mandible at centric occlusion for skeletal specimens is 

likely to be closer to the cranium than it would be if soft tissue were present in the TMJ. 
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However, in the absence of data on the thickness of soft tissue in the TMJ of different 

species, imposing an arbitrary amount of space between the condyle and the glenoid 

fossa is an imprecise approach that is likely to introduce a new, albeit uncertain source 

of error into the placement of the condyle. Although data on the thickness of soft tissue 

in the TMJ is not available for all of the species in my study, I shed some light on the 

magnitude of this error by measuring the thickness of TMJ disks from a taxonomically 

diverse sample of primate species spanning several orders of magnitude in body mass. 

To my knowledge, these are the first comparative data presented on the thickness of 

primate TMJ disks. Given that data are only available for a few specimens of variable 

and sometimes unknown age and sex, it is not possible to construct a rigorous model to 

estimate TMJ thickness for the species in my study. Thus, my goal is simply to 

characterize the magnitude of error resulting from absence of soft tissue in the TMJ, and 

not to provide a means for correcting this error.   

3.2 Methods 

3.2.1 Evaluating precision and accuracy  

I selected two specimens: One strepsirrhine, a female Microcebus murinus 

(AMNH-M-185621), and one haplorhine, a female Saguinus fuscicollis (AMNH-M-74051). 

Both specimens were in good condition and possessed all of their molars. Each specimen 

was microCT scanned twice, once articulated and once disarticulated, at the Shared 

Materials Instrumentation Facility at Duke University. The articulated skulls were firmly 
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placed in centric occlusion and wrapped securely with parafilm and tape prior to 

scanning. Disarticulated skulls were scanned with 1-2 inches of foam or tissue 

separating the cranium and mandible. Scans were simplified to ~250k faces per skull 

following the protocol in Chapter 2.  

To characterize configurations of the cranium and mandible for each skull, I used 

6 landmarks along the maxillary and mandibular alveolar borders: four at the lateral 

margins of each second molar, and two between the upper and lower central incisors 

(Figure 3). Together, these landmarks form a truncated triangular prism, or a shape 

similar to a slice of cheesecake (i.e., a triangular top and bottom connected by three 

rectangular sides), which captures the position and orientation of the cranium relative to 

the mandible. I selected these landmarks because they are easy to identify, and because 

they facilitate straightforward visual interpretation of shape changes. For example, 

increased vertical displacement between the cranium and mandible would result in an 

overall taller slice of cheesecake, while a change in the angle of the cranium relative to 

the mandible would manifest as a change in the slant of the top of the cheesecake 

relative to the bottom.  

From each physically aligned skull, I collected 10 sets of landmarks from the 

physically aligned skulls, against which n-point alignments will be evaluated. Then, I 

performed 8-point alignment and 4-point alignment 10 times each on the disarticulated 

skulls, and collected one set of landmarks from each alignment. Altogether, this resulted 
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in 30 sets of landmarks for each of the two skulls: 10 from the physically aligned skull, 

10 from the 8-point aligned skulls, and 10 from the 4-point aligned skulls.  

 

 

Figure 3: Six landmarks characterizing the alignment of the cranium and 
mandible. Illustrations by Mat Severson (Gebo 2014). 

 

To quantify the precision of landmarks collected from the different alignment 

methods, I computed the Procrustes variance, which is the mean squared distance of a 

set of Procrustes aligned landmarks from their mean positions (Rohlf 1999). High 

precision translates to a low Procrustes variance in landmark coordinates. I used a 

permutation test to assess whether Procrustes variances were significantly different 

among landmarks collected from the physically aligned skull, the 8-point aligned skulls, 

and the 4-point aligned skulls (Zelditch et al., 2012).  

To assess the accuracy (i.e., bias) of n-point alignment with respect to the 

physically aligned skulls, I quantified dissimilarity between landmarks taken from the n-
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point aligned skulls and the mean of the landmarks taken from the physically aligned 

skulls. I characterized dissimilarity with the Procrustes distance, which defines the 

distance between two shapes as the sum of the squared distances between pairs of 

biologically corresponding landmarks after generalized Procrustes alignment (Rohlf 

1999). Accordingly, for landmarks taken from n-point aligned skulls, a smaller 

Procrustes distance from the mean of the physically aligned skulls indicates a more 

accurate alignment. I computed the Procrustes distance from the mean of the physically 

aligned skulls for all of the landmark sets taken from n-point aligned skulls, and 

performed ANOVA to assess whether 8-point alignment is more accurate than 4-point 

alignment.  

 To characterize the nature of shape differences between n-point alignment and 

physical alignment, I performed principal components analyses (PCA) on landmarks 

collected from n-point and physically aligned skulls. First, I performed separate PCAs 

for GPA-aligned landmarks from each specimen (N = 30 each) and examined results 

using biplots and 3D wireframes of the shape changes associated with the major axes of 

variation. Second, I performed PCA for GPA-aligned landmarks from both specimens 

combined (N = 60). If differences between specimens do not dramatically outweigh 

differences between alignment methods, I would be forced to reconsider my approach. 

Finally, I computed the absolute distance between three pairs of landmarks from 

each set: 1-2, 3-4, and 5-6 (see Figure 3). Comparing these inter-landmark distances 



 

 37 

across alignment methods provides rough measures of the vertical displacement 

between the cranium and mandible associated with each n-point alignment (these 

measures do not purely capture vertical displacement because they also include some 

horizontal displacement). I used ANOVA to compare these distances across the three 

alignment methods, performing separate ANOVAs for the pairs associated with the 

molars (1-2 and 5-6) and the central incisors (3-4). In contrast to the PCAs of GPA-

aligned landmarks, this analysis provides estimates of error in absolute terms (i.e., 

millimeters), permitting an evaluation of error in relation to the size of the specimens 

being analyzed.  

I performed n-point alignment and landmarking in Geomagic Studio 2014. In 

identifying landmarks, I obtained guidance from the Photographic Atlas for Physical 

Anthropology (Whitehead et al., 2005). Statistical analysis was performed in R (R Core 

Team 2016) with the package ‘geomorph’ (Adams & Otarola-Castillo 2013; Adams et al., 

2015), and visualizations were produced with the aid of ‘ggplot2’ (Wickham 2009), 

‘ggbiplot’ (Vu 2011), and ‘rgl’ (Adler et al., 2016).  

3.2.2 Measuring TMJ disks 

 Specimens of TMJ articular disks from individuals of 6 primate species were 

provided by Chris Wall. These species spanned several orders of magnitude in body size 

and included representatives from each primate superfamily except Galagoidea: 

Lemuroidea (Propithecus coquereli and Lepilemur mustelinus), Tarsioidea (Tarsius syrichta), 
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Ceboidea (Saimiri sciureus), Cercopithecoidea (Papio anubis), and Hominoidea (Pongo 

pygmaeus). Each elliptical disk was cut in half along its minor axis with a scalpel, and 

then one half was pinned to a block of styrofoam and its thickness was measured at its 

thinnest point to the nearest micrometer using a dissecting microscope. As I did not 

detect any variation in repeated measurements, I report results from a single 

measurement. To illustrate the range of body mass captured by this sample, mean log 

body mass was taken for each species/sex from Smith & Jungers (1997) and included in a 

table along with TMJ disk measurements. Mean body mass was averaged for males and 

females if a specimen’s sex was unknown.  

3.3 Results 

3.3.1 Evaluating precision and accuracy  

As expected, the Procrustes variance was lowest among landmarks from the 

physically aligned skulls, and highest among landmarks from 4-point aligned skulls 

(Table 2). However, none of these differences were statistically significant for the 

Microcebus skull, and only the differences between n-point alignment and physical 

alignment were significant for the Saguinus skull (the difference between 4-point and 8-

point alignment was not significant) (Table 3).  
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Table 2: Procrustes variances from different specimens and alignment types 

 Microcebus 
murinus 

Saguinus 
fuscicollis 

Physical 0.000091 0.000093 
8-point 0.000163 0.000185 
4-point 0.000169 0.000269 

 

Table 3: p-values for pairwise tests for homogeneous variances, with results 
for Microcebus below the diagonal and Saguinus above the diagonal 

 Physical 8-point 4-point 
Physical - 0.048* 0.001** 

Sa
gu

in
us

 
fu

sc
ic

ol
lis

  

8-point 0.116 - 0.093 

4-point 0.102 0.897 - 

 Microcebus murinus 

 

In line with expectations, 8-point alignment tended to be more accurate than 4-

point alignment, displaying smaller average Procrustes distances from the mean of the 

physically aligned skulls (Figure 4). However, ANOVA revealed that the improved 

accuracy of 8-point alignment was not statistically significant for either Microcebus (p = 

0.259) or Saguinus (p = 0.077).  
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Figure 4: Procrustes distance from target shape 
 

PCA for landmarks from each specimen revealed that the first principal 

component accounted for just over half of the variance in landmarks for both specimens 

(55.5% for Microcebus and 52.8% for Saguinus) (Figure 5). This axis of variation clearly 

separated n-point aligned skulls from physically aligned skulls (Figure 6). Visual 

inspection of the wireframes associated with the first principal axis yielded somewhat 

different results for the two specimens. For Microcebus, n-point alignment resulted in an 

underestimation of the vertical distance between the molars, but the vertical distance 

between the central incisors was either estimated accurately (for 8-point alignment) or 
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was overestimated (for 4-point alignment). This indicates that for Microcebus, the 

cranium was angled upward (i.e., nose tilted up) in the n-point alignments relative to the 

physical alignment. In comparison, n-point alignment for the Saguinus skull was 

associated with an even underestimation of the vertical distance between both the 

molars and the central incisors (Figure 7). 

 

Figure 5: Proportion of variance explained by principal components 
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Figure 6: PCA biplots for each specimen 

 

 

Figure 7: Wireframes depicting shape changes along PC1 
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Measurements of the absolute distance between selected pairs of points 

confirmed that the cranium and mandible tended to be vertically closer together under 

n-point alignment compared to physical alignment (Figure 8). This was consistently true 

for the landmark pairs near the molars (1-2 and 5-6): under 8-point alignment, the molar 

landmark pairs were 0.12 mm closer together for the Microcebus specimen, and 0.38 mm 

closer together for the Saguinus specimen. These errors correspond to 0.4% of the length 

of the Microcebus skull (31 mm) and 0.8% of the length of the Saguinus skull (45 mm). 

Under 4-point alignment, these errors increased to differences of 0.21 mm for the 

Microcebus specimen (0.7% of skull length) and 0.44 mm for the Saguinus specimen (1% 

of skull length). The two specimens diverged when it came to the distance between the 

landmarks of the upper and lower central incisors (3-4). For the Saguinus specimen, both 

forms of n-point alignment underestimated the distance between the incisor points by 

0.33-0.35 mm, which is similar to the error for the molar points. In contrast, for the 

Microcebus specimen, 8-point alignment did not underestimate the distance between 

these points (the difference between 8-point alignment and physical alignment was just 

0.003 mm), and 4-point alignment overestimated the distance by 0.13 mm. Thus, for the 

Saguinus specimen, n-point alignment simply translated the entire mandible towards the 

cranium, while for the Microcebus specimen, n-point alignment shifted the molar region 

of the mandible closer to the cranium while elevating the nose of the cranium relative to 

the mandible. 
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Figure 8: Distances between select pairs of points on the cranium and 
mandible (see Figure 3 for point definitions) 

 

PCA of the GPA-aligned landmarks from both specimens combined revealed 

that the first principal axis clearly separated landmarks from the two specimens and 

accounted for 95.7% of the landmark variance (Figure 9). The second principal axis 

accounted for just 1.9% of landmark variance, and separated the n-point alignments 

from the physical alignments (Figure 9). The latter result is anticipated because the 

separate PCAs for landmarks for each specimen showed that within specimens, the first 

principal axis corresponds to differences between n-point alignment and physical 

alignment (Figure 6). 



 

 45 

 

Figure 9: PCA biplot including both specimens 

 

3.3.2 Measuring TMJ disks 

All TMJ disks were less than 0.7 mm in thickness, and the four smallest 

specimens had disks less than 0.1 mm in thickness (Table 4).  

 

Table 4: TMJ disk widths and species mean body mass 

 
Species 

 
Sex 

 
Disk (mm) 

 
Body mass (kg) 

 
Specimen information 

Pongo pygmaeus M 0.679 78.32 YN-89-200 

Papio anubis F 0.607 12.929 DEA, Duke University 

Propithecus coquereli ? 0.07 3.99 DLC 

Lepilemur mustelinus M 0.069 0.777 DLC 

Saimiri sciureus ? 0.082 0.745 DEA, Duke University 

Tarsius syrichta F 0.054 0.117 DLC-1216 
 
Museum/collection codes 
DEA -  Department of Evolutionary Anthropology; DLC - Duke Lemur Center; YN - Yerkes 
Regional Primate Center 
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3.4 Discussion 

The objective of this chapter was to evaluate the accuracy of a method based on 

n-point alignment for approximating centric occlusion between the digital crania and 

mandibles used in my study. This is admittedly a simplistic approach, and a superior 

algorithm for articulating digital jaws could certainly be devised. For example, a 

collision detection algorithm that maximizes contact between two surfaces while 

preventing them from overlapping would be an ideal computational tool, and it would 

likely avoid the systematic underestimation of the vertical distance between the molars 

that was present in my n-point alignments. However, while the solution presented here 

may be suboptimal, its simplicity is an enormous advantage, and the analyses presented 

here demonstrate that this approach produces satisfactory results.  

As anticipated, 8-point alignment was more precise and more accurate than 4-

point alignment, but these differences were not statistically significant for either 

specimen. This suggests that while 8-point alignment should perhaps be preferred due 

to its slight advantages, it is possible to perform n-point alignment with as few as 4 pairs 

of points without losing substantial precision or accuracy. When all landmarks from 

both specimens were combined, PCA revealed that 95.7% of the landmark variance was 

explained by differences between specimens, while just 1.9% was explained by 

differences between n-point alignment and physical alignment. This result is striking 

considering that this set of landmarks is incredibly simple, and a more complex dataset 
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characterizing various aspects of skull shape would show even stronger differentiation 

between specimens relative to differentiation between jaw alignment methods (as we 

shall see in the following chapter). Together, these results suggest that both 8-point and 

4-point alignment produce reasonable approximations of centric occlusion.  

As predicted, the cranium and mandible tended to be vertically closer under n-

point alignment compared to physical alignment, although these differences were 

relatively small. The vertical distances between the cranium and mandible differed 

between 8-point alignment and physical alignment by just 0.12 mm for the Microcebus 

specimen and 0.38 mm for the Saguinus specimen. These errors correspond to less than 

1% of total skull length for both specimens. Results for the two specimens differed in 

that for Microcebus n-point alignment was associated with vertical displacement near the 

molars accompanied by an upward tilting of the cranium relative to the mandible, while 

for Saguinus n-point alignment was only associated with vertical displacement. The 

different shape changes observed for the two skulls are likely explained by 

idiosyncrasies that are expected to lead every individual specimen to induce slightly 

different biases in the position of the cranium and mandible under n-point alignment. In 

general, it is reasonable to expect that vertical displacement will be most consistent in 

the region of the mandible where points for alignment are placed, while the more frontal 

portion of the mandible will be more variable since its position depends on the angle of 

the cranium relative to the mandible, and this can be influenced by morphological 
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peculiarities and their impact on my placement of landmarks in the regions where the 

points for alignment are placed (i.e., the occlusal surfaces of the molars and the TMJ). 

 I found that TMJ articular disks are less than 0.7 mm in thickness, even for the 

largest specimens, indicating that the absence of this structure is unlikely to have a 

major impact on the position of the mandible in centric occlusion relative to where it 

would lie in a living specimen. Interestingly, inspection of Table 4 reveals that the four 

smaller specimens had similar TMJ disk thickness despite spanning an order of 

magnitude in body mass, while the disks of the two larger specimens were similar in 

thickness despite a large discrepancy in body mass (Pongo had 70% larger log body size 

than Papio, but it’s TMJ disk was only 12% thicker). This indicates that TMJ disk 

thickness varies among specimens, but has an imprecise relationship to size, making it 

difficult to estimate TMJ thickness based on size. In the absence of data on TMJ thickness 

in the species under study, these data suggest that there is little justification for 

introducing either a constant or simple size-adjusted amount of space between the 

condyle and glenoid fossa when positioning digital mandibles and crania in centric 

occlusion (as was probably done in Smits & Evans 2012). Such an approach would likely 

decrease the reproducibility of the jaw alignment, while having an uncertain and 

variable effect on error in the positioning of the condyle across specimens. For the 

purposes of my project, it is sufficient to know that even the thickest TMJ disks are likely 

to be less than 0.7 mm, therefore the absence of this structure is unlikely to have a major 
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impact on the position of the mandible in centric occlusion relative to where it would lie 

in a living specimen, especially with respect to the broad characterizations of skull shape 

that are the focus of my study.  

To summarize, it is clear that n-point alignment introduces systematic error in 

the configuration of skulls, particularly by underestimating the distance between the 

cranium and mandible in the molar region. My results indicate that the magnitude of 

this error may represent up to 1% of skull length. Whether this is an acceptable amount 

of error for a given study depends on the nature of the study. When analyzing datasets 

that include a mixture of skulls articulated using physical and n-point alignment, it may 

be wise to test for a significant effect of alignment method on skull shape and control for 

it if necessary, e.g., by analyzing residuals from a linear regression of shape against 

alignment method, similar to the approach commonly used to adjust for size in 

geometric morphometric studies (Zelditch et al., 2012). Since the present dissertation is 

concerned with intergeneric variation in gross skull shape, a 1% error in the depth of the 

jaw is unlikely to alter the results of analyses in any appreciable way, as this level of 

variation should lie well within the normal variation expected across a genus.  

The present chapter was concerned with evaluating the effectiveness of n-point 

alignment in approximating the physical alignment of two morphologically distinct 

skulls: one strepsirrhine and one haplorhine. In the following chapter, I introduce the 

full set of landmarks I will use to characterize skull shape for my project, and evaluate 
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how much variation in these configurations is expected to arise from n-point alignment 

and intraobserver landmark error. I compare the magnitude of variation arising from 

these sources to variation between closely related species to assess whether these 

sources of error are large enough to obscure differences between similar genera in the 

specific set of landmarks used for this study. Additionally, I use phylogenetic regression 

analysis to determine whether alignment method (n-point versus physical alignment) 

has a significant effect on skull shape in the context of the full set of species and 

landmarks analyzed in Chapters 4 and 5.  
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4. Macroevolutionary correlates of primate skull 
shape 

 

4.1 Introduction 

The primate skull protects the brain and houses the eyes, ears, nose, and 

masticatory apparatus. Since the skull serves many different functions, it is expected to 

be subject to multiple and often competing selection pressures on the morphology of the 

skull. An enormous body of literature has investigated the drivers of primate skull 

evolution using traditional morphometrics, which involves comparing morphometric 

measurements, typically linear distances or angles, across a set of specimens that vary in 

some trait hypothesized to influence the morphometric measurements in question 

(Zelditch et al., 2012). Examples include comparing jaw morphology across species that 

differ in diet or feeding behavior (e.g., Wood 1994; Taylor 2002, 2006; Vinyard et al., 

2003), and comparing orbit morphology across species that differ in activity pattern (e.g., 

Cartmill 1970; Kay & Kirk 2000). A common feature of these studies is that they analyze 

the morphology of one component of the skull in isolation from the rest of the skull, 

despite the fact that the skull necessarily functions and evolves as an interconnected 

whole. Additionally, these studies are often restricted in taxonomic breadth, precluding 

the study of broad macroevolutionary patterns. The few studies that do consider the full 

range of primate diversity frequently fail to explicitly incorporate phylogeny into 
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statistical tests (e.g., Kay & Kirk 2000; Plavcan & van Schaik 1992; Ross & Ravosa 1993), 

increasing the risk of spurious results (Felsenstein 1985; Díaz-Uriarte & Garland 1996; 

Uyeda et al., 2015).  

A more holistic approach to studying morphological evolution is provided by 

modern geometric morphometrics. Geometric morphometrics provides an analytical 

framework for analyzing the shapes of 3D objects in a way that preserves their geometry 

rather than reducing shapes to a table of disembodied distances or angles (Adams et al., 

2004; Slice 2007; Zelditch et al., 2012). Under this approach, the shape of an object is 

described by a set of 3D coordinates representing the position of landmarks, which are 

points of anatomical correspondence that can be identified on all the objects in a study. 

Rather than deriving univariate measurements from these landmarks as in traditional 

morphometrics, geometric morphometrics considers the entire matrix of landmark 

coordinates as a single multivariate trait, and results are expressed in terms of changes 

in the relative positions of landmark coordinates rather than in terms of individual 

measurements derived from these coordinates. This approach precludes explicitly 

testing hypotheses about specific relationships among landmarks, but has the 

advantages of accounting for the relationships among components of the object and 

analyzing the different components of shape in a single analysis. This facilitates the 

testing of broader hypotheses surrounding which factors contribute the most to 

variation in the overall shape of an object, and produces graphical results that are easier 
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to interpret than the tables of mixed results that are common in traditional 

morphometric studies (Adams et al., 2004; Slice 2007; Zelditch et al., 2012).  

Many studies have used geometric morphometrics to study variation in primate 

skull crania or mandibles within species or across a relatively narrow sample of species, 

but studies exploring broad macroevolutionary patterns of variation in skull shape 

across primates are rare. In one of the first examples, Fleagle et al. (2010) used geometric 

morphometrics to identify the major axes of primate cranial shape variation by 

performing principal component analysis on a set of 18 cranial landmarks taken from 

one representative male and female from nearly every extant primate genus. They found 

that the first axis of variation largely separated strepsirrhines and tarsiers from 

anthropoids, while the second axis of variation separated anthropoids with long and 

short snouts. A follow up study found that adding fossil primates to the dataset did not 

change these broad patterns (Fleagle et al., 2016). Other studies have used geometric 

morphometrics to identify links between diet and cranial shape in lemurs (Baab et al., 

2014) and in mandibular shape across primates (Meloro et al., 2015). All of these studies 

focused on either crania or mandibles, and to my knowledge, no broad comparative 

studies have considered the shape of articulated crania and mandibles, i.e., the entire 

primate skull. This is surprising considering that the mandible is an integral part of the 

skull and is the subject of much theoretical and empirical work on the relationship 
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between ecology and skull morphology, particularly in relation to diet (Smith & Savage 

1959; Hylander 1979; Taylor 2002; Vinyard et al., 2003; Ross et al., 2012). 

To investigate macroevolutionary predictors of primate skull shape, it is 

necessary to model the effects of multiple independent variables on a multivariate 

response variable in a phylogenetic context. For regressions involving univariate 

response variables, phylogeny can be incorporated using phylogenetic generalized least 

squares (PGLS; Martins & Hansen 1997), which is readily available in common statistical 

software and is widely used in evolutionary biology (Nunn 2011; Symonds & Blomberg 

2014). In its traditional implementation, it is problematic to use PGLS with multivariate 

response variables because statistical power quickly decreases with the dimensionality 

of the response variable (Rao 1966; Adams 2014b). However, Adams (2014b) introduced 

an implementation of multivariate PGLS, an extension of PGLS for high-dimensional 

data in which the significance of model terms is assessed by comparison to a null 

distribution obtained by permuting data across the tips of the phylogeny and refitting 

the model. Adams (2014b) demonstrated that this permutation-based approach 

produces acceptable Type 1 and Type 2 error rates even when the dimensionality of the 

response variable is quite large, even exceeding the number of specimens.   

In this chapter, I use multivariate PGLS to test several hypotheses surrounding 

the macroevolutionary drivers of primate skull shape using the digital skull dataset 

described in Chapter 2. I follow Fleagle et al. (2010) in focusing on broad 
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macroevolutionary patterns of variation across the primate order, but I build on this 

study by explicitly modeling skull shape as a function of multiple predictor variables, 

incorporating phylogeny into the analysis, and considering mandibles along with crania 

to provide stronger tests of hypotheses linking diet and feeding behavior to skull shape. 

I characterize skull shape using a set of 26 landmarks that capture the relative size, 

position, orientation, and shape of the orbits, rostrum, mandible, braincase, and 

basicranium. For predictor variables, I focus on 5 traits that past theoretical and 

empirical research suggests may have influenced primate skull shape evolution: skull 

size, sexual size dimorphism, activity pattern, diet, and tree-gouging behavior. In the 

remainder of this introduction, I discuss each of these predictors, highlighting the major 

themes emerging from past research and introducing the hypotheses to be tested in this 

chapter. In the Methods, I introduce my landmarks and summarize hypotheses and 

predictions for which aspects of skull shape are expected to change with each predictor. 

Since the shape of the entire skull is the response variable in my analysis, individual 

predictions for specific aspects of skull shape cannot be tested explicitly. However, I 

provide specific predictions to guide interpretation of graphical results. 

Skull size 

Absolute size affects virtually every aspect of morphological evolution through 

two major mechanisms. First, large animals are proportioned differently than small 

animals because of allometric scaling relationships, which vary across morphological 
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structures depending on their functional and ecological context (Fleagle 1985). For 

example, eyes scale with negative allometry because larger animals do not need larger 

eyes to achieve the same visual acuity and sensitivity as smaller animals (Ross 1995). 

Second, size creates both opportunities and limitations on the ecological niche an animal 

can exploit, leading to links between size and ecological traits. For instance, smaller 

primates tend to rely on insects as the major source of protein in their diet, but larger 

primates must turn to more abundant folivorous material to meet their protein 

requirements, leading to a correlation between size and diet across primates (Kay 1975). 

Consequently, size can act as a confounding variable in studies investigating 

relationships between morphology and ecology (Emerson & Bramble 1993; St Claire & 

Boyer 2016).  

Geometric morphometric studies have shown that cranium size often explains a 

substantial amount of intergeneric variation in cranial shape across primates (e.g., 

Singleton 2002; Baab et al., 2014; Meloro et al., 2015) and other vertebrates (e.g., Claude 

et al., 2004; Klingenberg and Marugán-Lobón 2013; Porto et al., 2013; Openshaw & 

Keogh 2014). The most common way to control for size is to regress shape against 

centroid size (or log centroid size), measured as the standard deviation of the sum of the 

squared distances from each landmark to its centroid (Mosimann 1970; Bookstein 1991). 

Centroid size can be controlled for by including it as a covariate in regression models, or 

residuals from a regression of shape against centroid size can be used as size corrected 
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shape variables for further analyses (Zelditch et al., 2012; Klingenberg 2016). In the 

present study, I follow the former approach and include skull centroid size as a 

covariate in all regression models to control for size.  

Based on past research, some predictions can be made for the relationship 

between the size and shape of the primate skull. As mentioned earlier, orbit size is 

predicted to scale with negative allometry because eyes do not need to scale with the 

size of an organism to maintain functional equivalence (Ross 1995). In addition, Fleagle 

et al.’s (2010) study of primate cranial shape found that cranium centroid size was 

associated with relatively smaller and more convergent orbits, increased brain size 

relative to the face, increased basicranial flexion, and a vertically elongated face and 

neurocranium, which largely corresponds to major shape differences between 

anthropoids and other primates. Given the similarities between our datasets, I expect a 

similar association to emerge between skull shape and centroid size, but I only include 

predictions based on allometric scaling relationships in Table 4.2. 

Sexual size dimorphism  

Many primates display striking sexual dimorphism in body mass, particularly 

among the anthropoids where males are the larger sex (Plavcan 2001). Sexual size 

dimorphism in primates is thought to evolve in response to intense agonistic 

competition among males for mates, and is accompanied by enlarged canines which are 

used for aggressive displays and fighting (Plavcan & van Schaik 1992; Plavcan 2001). In 
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turn, enlarged canines are associated with an elongated rostrum, which is thought to be 

driven by the fact that maximum gape is a limiting factor for canine size (Lucas 1981; 

Ravosa 1990). Together, these factors result in a suite of traits that characterize primate 

species with high levels of agonistic male-male competition for mates, including larger 

body mass in males, large canines, and a long face. Despite their smaller body mass, 

females of these species also display comparatively large canines and a long face, 

possibly due to correlated response (Lande 1980; Greenfield 1996) or simultaneous 

selection for fighting ability in females in the presence of a body mass constraint 

imposed by reproduction (Plavcan et al., 1995; Plavcan 1998).    

To my knowledge, the relationship between sexual size dimorphism and gross 

skull shape has not been tested across primates in a phylogenetic, geometric 

morphometric context. Fleagle et al. (2010) performed a non-phylogenetic principal 

components analysis on a set of cranial landmarks collected across primates, and found 

that the second axis of variation seemed to be correlated with variation in sexual size 

dimorphism. Based on this result, the authors suggested that similar patterns of cranial 

shape change occur in primate species with high degrees of sexual size dimorphism 

(Fleagle et al., 2010, pp. 576). Since their second principal axis also seemed to correspond 

to variation in rostrum length, their analysis is consistent with the hypothesis that 

rostrum length is selected for in primate species with high degrees of sexual 

dimorphism in body mass. However, their study did not explicitly test for a relationship 
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between sexual size dimorphism and skull shape, nor did they consider phylogeny in 

their analysis. In this chapter, I test the hypothesis that sexual size dimorphism 

influences skull shape across primates, with the prediction that sexual dimorphism will 

be associated with a long rostrum to facilitate increased maximum gape (Table 6). 

Activity pattern 

Primates are highly visual animals, and activity pattern is thought to be one of 

the strongest selection pressures on the morphology of the visual system. Nocturnal 

primates have a number of characteristics that are thought to be adaptations for 

increased visual sensitivity and acuity in low-light environments, including the presence 

of a tapetum lucidum in most nocturnal species, a high density of rods relative to cones 

in the retina, and larger eyes (Martin 1990). Because of the expected relationship 

between eye size and activity pattern, we also expect skull shape to be associated with 

activity pattern since larger eyes are associated with larger orbit diameters (Cartmill 

1972, 1974, 1992), and comparative analyses across primates have consistently found that 

relative orbit size is larger in nocturnal taxa (Walker 1967; Cartmill 1970; Kay & Cartmill 

1977; Martin 1990; Kay & Kirk 2000), although some studies have emphasized that this 

relationship is only strong among smaller bodied animals (Kay & Cartmill 1977). 

Although this prediction has been tested and supported many times, a concern is that 

past studies have neglected to account for phylogenetic non-independence in their 

statistical tests. This could be especially problematic for comparative studies on primate 
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activity pattern since this trait is so strongly associated with phylogeny. The analysis 

presented in this chapter fills this gap by using phylogenetic comparative methods to 

test for a macroevolutionary correlation between primate activity pattern and skull 

shape. 

Diet 

Diet is an important aspect of an organism’s ecological niche, and primates have 

clear dietary adaptations in the digestive system and dentition (Lambert 1998; Kay 1975; 

Boyer 2008). Theoretical links between diet and skull morphology are mostly based on 

biomechanical models relating the form of the masticatory apparatus to force production 

and strain resistance during chewing. Species with more mechanically challenging diets, 

such as folivores, are expected to have adaptations for greater mechanical advantage, 

including increased vertical depth and anteroposterior shortening of the face (DuBral 

1977; Hylander 1979; Ravosa 1990; Spencer & Demes 1993; Antón 1996), decreased jaw 

length (Hylander 1979; Spencer 1998), a deeper ascending ramus of the mandibular 

corpus (Smith & Savage 1959), and broader zygomatic arches (Samuels 2009). 

Additionally, species with mechanically challenging diets are expected to have 

adaptations for resisting strain, including increased depth of the mandibular corpus and 

symphysis (Hylander 1984, 1985; Daegling 1993), a tall ramus, and condyles elevated 

high above the occlusal plane (Ward & Molnar 1980). A possible non-biomechanical link 

between between diet and skull morphology is that folivores may have relatively 
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smaller brains than frugivores due to the energetic constraints or relaxed cognitive 

demands of a folivorous diet (Clutton-Brock & Harvey 1980; DeCasien et al. 2017). 

Evidence is surprisingly weak for associations between skull shape and diet in 

primates, despite considerable effort to establish theoretical and empirical links between 

diet and the gross shape of the cranium and mandible (Ross et al., 2012; Fleagle 2013; 

Ross & Iriarte-Diaz 2014; Dumont et al., 2016; Fabre et al., 2018). Within cercopithecoids, 

the more folivorous colobines were found to have shorter, deeper mandibles and wider 

condyles compared to cercopithecines (Bouvier 1986a), while a similar study of 

platyrrhines revealed that mandibular depth was associated with folivory (Bouvier 

1986b). Studies have found that folivorous diets are associated with vertically deeper, 

anteroposteriorly shorter faces and jaws in cercopithecines (Antón 1996; Ravosa 1990), 

and to larger, more robust mandibular corpora and symphyses across strepsirrhines and 

tarsiers (Ravosa 1991) and orangutans (Taylor 2006). “Hard object feeding” has been 

linked to deeper corpora in mangabeys (Bouvier 1986a; Daegling and McGraw 2000; 

Hylander 1979), to deeper corpora and larger condyles and symphyses in pitheciines 

(Bouvier 1986b), and to increased strength and stiffness of corpora and symphyses 

within Cebus (Bouvier 1986b; Daegling 1992). However, despite this array of studies with 

positive results, there are many studies that have failed to support theoretical links 

between diet and skull form, including comparisons between Procolobus badius and 

Colobus polykomos (Daegling and McGraw 2001), Lophocebus and Cercocebus agilis 
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(Daegling and McGraw 2007), and comparative studies across African apes (Taylor 

2002), hominoids (Daegling 2007), anthropoids (Wood 1994), and lemurs (Baab et al., 

2014). In his widely circulated introductory text on primate adaptation and evolution, 

Fleagle (2013) concludes that “attempts to link differences in mandible shape and skull 

form with dietary differences have been considerably less successful [than dentition and 

the digestive system], probably because cranial morphology serves so many diverse and 

often conflicting functions” (p. 188).  

The studies discussed above are limited in that they focus on comparing either a 

narrow range of species or a limited set of morphological measurements and predictor 

variables. A handful of studies have considered the relationship between diet and skull 

shape across a wide range of primate taxa in a phylogenetic context, and these have 

found weak support for an effect of diet. Baab et al. (2014) used phylogenetic 

comparative methods to investigate whether cranial shape in lemurs was predicted by 

several different dietary classifications, and found mixed support for an effect of “typical 

diet” (essentially comparing frugivores and folivores) on cranial shape. However, a 

limitation of Baab et al. (2014) is that the shape analysis did not include mandibles, 

which are a key component of the masticatory apparatus that is expected to covary with 

diet. Another phylogenetic comparative study investigated diet and mandibular shape 

across all primates using 2-dimensional landmarks, and found a weak but significant 

link between typical diet and mandibular morphology (Meloro et al., 2015). This study 
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suffers from the opposite weakness of Baab et al. (2014) in that crania were ignored, and 

is also limited because variation in jaw morphology was characterized in only two 

dimensions. Taken together, there is limited evidence that diet is associated with skull 

shape across primates, but there is a need for broad phylogenetic comparative studies 

that consider both cranial and mandibular shape in three dimensions.     

Tree-gouging 

Tree-gouging is a biting behavior in which the anterior dentition is used to gouge 

holes in trees to feed on embedded food items. Many researchers have proposed that 

gouging leads to adaptations for producing large bite forces, large internal loads, or 

large gapes (Herring & Herring, 1974; Szalay & Seligsohn 1977; Szalay & Delson 1979; 

Ravosa 1990; Dumont 1997; Williams & Wall 1999; Spencer 1999; Vinyard 1999; Williams 

et al., 2000; Vinyard et al., 2003, 2009; Viguier 2004; Burrows & Smith 2005; Forsythe & 

Ford 2011). Interestingly, many of the predictions associated with producing large bite 

forces and internal loads are the opposite of those associated with producing a large 

gape. In particular, increased bite force is expected to be associated with high condyles 

relative to the toothrow and anteroposteriorly short jaws, while increased gape is 

expected to be associated with lower condyles and longer jaws (Herring & Herring 1974; 

Ravosa 1990; Dumont 1997; Vinyard et al., 2003).  

A few studies have tested these hypotheses in a comparative framework, 

producing mixed results. Dumont (1997) performed discriminant analysis on a sample 
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of marsupials, bats, and primates, and concluded that gouging mammals have higher 

mandibular condyles relative to the toothrow, which is consistent with adaptation for 

large bite forces and load resistance. However, this analysis included only 5 primates 

(including 3 of the 4 gougers in the study), and the taxonomic sampling was so broad 

that it is difficult to disentangle the effects of gouging from other events occurring 

during the long evolutionary history separating the species in the analysis. To address 

these concerns, Vinyard et al. (2003) investigated morphological adaptations to tree-

gouging in primates by testing for differences in skull morphology within carefully 

selected sets of closely related species that included three species of tree gougers 

(Callithrix jacchus, Euoticus elegantulus, and Phaner furcifer) and their nearest relatives. 

These were treated as three separate tests of 13 different morphological predictions 

related to tree-gouging. The authors found that the only consistent morphological 

correlate of tree-gouging was the reduced height of the mandibular condyle relative to 

the toothrow, which is expected if gougers are adapted for increased gape. Thus, the 

findings of Vinyard et al. (2003) directly contradict Dumont (1997). Since then, several 

more taxonomically restricted studies have corroborated findings from Vinyard et al. 

(2003) in Chierogalidae (Viguier 2004) and marmosets (Forsythe & Ford 2011), but not in 

galagos (Burrows & Smith 2005).  

In addition to the aforementioned predictions linking tree-gouging to condyle 

height and jaw length, researchers have proposed a number of other adaptations to tree-
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gouging. I ignore most of these because they lack empirical support and involve more 

fine-grained morphological features than I deal with in this dissertation (e.g., the 

dimensions of the mandibular condyle, or the thickness of the mandibular corpora). 

However, there are two additional predictions that have received support from 

empirical studies and are testable given the coarseness of my skull shape data: Dumont 

(1997) suggested that tree-gougers have wider crania in the temporal fossa region to 

resist internal loads, while Forsythe & Ford (2011) found evidence for Ravosa’s (1990) 

prediction that gougers have vertically shorter coronoid processes to facilitate increased 

gape by lengthening the muscle fibers of the temporalis. I therefore include these among 

my predictions for skull shape correlates of tree-gouging (Table 6).  

4.2 Methods 

4.2.1 Selection of landmarks 

I selected a set of landmarks to test the hypotheses that allometry, sexual size 

dimorphism, activity pattern, diet, and tree-gouging have influenced the evolution of 

skull shape. The selected landmarks capture features of skull shape that are predicted to 

be associated with these factors. To summarize, activity pattern is expected to influence 

the size of the orbits (Cartmill 1970, 1974, 1992; Kay & Kirk 2000), sexual size 

dimorphism is expected to influence rostrum length (Plavcan 1998, 2001), diet and tree-

gouging behavior are expected to influence the anteroposterior and vertical dimensions 

of the mandible and face and the breadth of the zygomatic arches (Smith & Savage 1959; 
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Antón 1996; DeBrul 1977; Herring & Herring 1974; Hylander 1979; Ravosa 1990; Samuels 

2009; Spencer & Demes 1993; Vinyard et al., 2003; Ward & Molnar 1980), and diet may 

also influence relative brain size (Clutton-Brock & Harvey 1980; DeCasien et al. 2017). 

Thus, I aimed to select landmarks that broadly capture the shape of the orbits, rostrum, 

mandible, zygomatic, and braincase. In addition, I selected landmarks in regions that 

may be important to control for due to correlations with the traits of interest. In 

particular, the relative size and shape of the braincase and basicranium are expected to 

interact with the size and orientation of facial structures (Ross & Ravosa 1993; 

Lieberman et al., 2002).  

Another important consideration when selecting landmarks for a study is 

whether landmarks should be defined anatomically or geometrically. Practitioners of 

geometric morphometrics often recognize Bookstein’s (1991) typology of landmarks, 

which classifies landmarks as Type 1 if they are defined anatomically, and Type 2 or 

Type 3 if they are defined geometrically (Type 3 landmarks differ from Type 2 

landmarks in that they are defined with respect to other landmarks). Type 1 landmarks 

tend to be the most reproducible when landmarks are collected from physical specimens 

with a digitizer, leading some researchers to recommend that Type 1 landmarks should 

be used whenever possible (Bookstein 1991). However, when the goal of a study is to 

characterize functionally important aspects of morphology, Type 2 and 3 landmarks are 

often more functionally relevant than Type 1 landmarks (Zelditch et al., 2012). 
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Moreover, geometrically defined landmarks are readily identifiable on lower resolution 

digital scans, which may lack the detail necessary to identify many Type 1 landmarks. 

Supporting this idea, a study of measurement error in geometric morphometrics found 

that Type 1 landmarks are more precise than Type 2 and 3 landmarks when collected 

from physical specimens with a digitizer, but Type 2 and 3 landmarks were more precise 

than Type 1 landmarks when collected from digital specimens using software (Sholts et 

al., 2011). In light of these considerations, I chose exclusively Type 2 and Type 3 

landmarks for this dataset. 

To identify potential landmarks, I consulted two general overviews of landmarks 

used in craniometrics and physical anthropology: An Atlas on Cephalometric 

Landmarks (Phulari 2013) and the Photographic Atlas for Physical Anthropology 

(Whitehead et al., 2005). I also drew from several comparative studies on skull shape in 

primates: Wood (1994), Taylor (2002), Fleagle et al. (2010), and Baab et al. (2014). 

Ultimately, I selected 26 landmarks, which are described in Table 5 and illustrated in 

Figure 10.  Of these landmarks, 8 characterize the mandible (ID, CN, M2N, GN, GO, 

CDL, MN, CR), 4 are on the rostrum (RHI, PR, CX, M2X), 4 are on the orbit (OM, OI, OL, 

OS), one is on the zygomatic arch (ZY), 5 are on the braincase (POC, EU, V, OP, G), and 

4 are on the basicranium (O, BA, FS, PO). Table 6 summarizes my hypotheses and 

predictions in terms of specific landmarks that are expected to be affected by each 

predictor variable. I do not actually calculate any linear measurements or angles in my 
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results because my statistical tests correspond to associations between predictor 

variables and the entire configuration of landmarks, so it is not possible definitively 

identify the precise features of the skull are responsible for a significant result. The 

landmark relationships described in Table 6 are purely to guide visual interpretation of 

the wireframe plots.  

Table 5: Landmark definitions 

 Landmark Abbr. Definition 

1 Rhinion RHI Most superior midline point of the nasal aperture 

2 Prosthion PR Most inferior point on septum between maxillary central incisors 

3 Infradentale ID 
Most superior point on septum between mandibular central 
incisors 

4 Gnathion GN Most inferior midline point of the mandibular symphysis 

5 Canine (maxillary) CX Most anterior point on the maxillary canine alveolar margin 

6 Canine (mandibular) CN Most anterior point on the mandibular canine alveolar margin 

7 M2 (maxillary) M2X Most lateral point on the maxillary M2 alveolar margin 

8 M2 (mandibular) M2N Most lateral point on the mandibular M2 alveolar margin 

9 Gonion GO 
Apex of curvature at the junction of the mandibular ramus and 
body 

10 Coronion CR Most superior point on the coronoid process 

11 Mandibular notch MN Most inferior point in the mandibular notch 

12 Condylion CDL Most lateral point on the mandibular condyle 

13 Porion PO Most superior margin of auditory meatus 

14 Zygomatic point ZY Most lateral point on the superior ridge of the zygomatic 

15 Orbit margin (lateral) OL Most lateral point on the orbit margin 
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16 Orbit margin (inferior) OI Most inferior point on the orbit margin 

17 Orbit margin (medial) OM Most medial point on the orbit margin 

18 Orbit margin (superior) OS Most superior point on the orbit margin 

19 Glabella G Most anterior midline point between the supraorbital ridges 

20 Post-orbital constriction POC Most medial point on the frontal behind the supraorbital ridge 

21 Euryon EU Most lateral point on the braincase 

22 Vertex V Most superior point on the braincase 

23 Opisthocranium OP Most posterior point on the braincase 

24 Opisthion O Most posterior midline point on the foramen magnum margin 

25 Basion BA Most anterior midline point on the foramen magnum margin 

26 Floor of sella FS Most inferior midline point of the sella turcica 

 

 

 

Figure 10: Landmarks for this study on a Cebus skull shown from the posterior 
(A), lateral (B), and inferior (C) views. Illustrations by Mat Severson (Gebo 2014). 
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Table 6: Summary of hypotheses and predicted relationships among 
landmarks 

Predictor 
variable Hypotheses & predictions Landmark relationships 

Skull size H1: Allometry influences skull shape evolution  

      P1: More convergent orbits 
Larger orbital-sagittal plane 
angle 

      P2: Smaller orbits Shorter OL-OM and OS-OI 

Sexual size 
dimorphism 

H2: Body mass dimorphism is associated with 
large gape  

      P3: Longer face Longer GO-PR 

      P4: Larger gonial angle Larger CDL-GO-GN angle 

Activity 
pattern H3: Nocturnality selects for larger eyes  

      P5: Larger orbits Longer OL-OM and OS-OI 

Diet 
H4: Folivory selects for bite force and load 
resistance  

      P6: Condyle higher above toothrow Longer CDL to occlusal plane 

      P7: Anteroposteriorly shorter jaw Shorter GO-GN 

      P8: Deeper mandibular corpus Longer ID-GN 

      P9: Deeper mandibular symphysis Longer CDL-GO 

      P10: Wider zygomatic arches Longer ZY to sagittal plane 

 H5: Folivory selects for smaller brains  

      P11: Smaller braincase Smaller V-FS x OP-G 

Gouging H6: Gouging selects for increased gape  

      P12: Condyle vertically closer to toothrow Shorter CDL to occlusal plane 

      P13: Anteroposteriorly longer jaw Longer GO-GN 

      P14: Coronoid process low relative to condyle Shorter CR to occlusal plane 

 
H7: Gouging selects for bite force and load 
resistance  

      P15: Condyle vertically further from toothrow Longer CDL to occlusal plane 

      P16: Anteroposteriorly shorter jaw Shorter GO-GN 

      P17: Wide cranium in temporal fossa region Shorter POC to sagittal plane 
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4.2.2 Landmark repeatability 

I performed a repeatability analysis to evaluate the severity of intraobserver 

error stemming from jaw placement and landmark placement. The degree of 

intraobserver error is acceptable so long as variation between specimens far exceeds 

variation due to intraobserver error. To make a conservative assessment of intraobserver 

error relative to differences between specimens in my study, I compared landmarks 

collected from two female specimens of the same genus: Macaca fascicularis and M. 

nemestrina. Previous studies of broad aspects of primate cranial shape have found that 

these two species occupy a similar region of morphospace and are more similar to each 

other than to species from other genera (Fleagle et al., 2010; 2016). I chose female rather 

than male specimens because intergeneric variation in skull shape is smaller among 

female primates compared to male primates (Fleagle et al., 2010; 2016). Thus, the 

comparison of these two specimens provides a conservative assessment of the 

magnitude of intraobserver error relative to differences between specimens in my study. 

I aligned the crania and mandibles of each specimen 4 times using 8-point 

alignment as described in Chapter 3. Then, for each alignment, I collected 4 complete 

sets of landmarks, with bilateral landmarks collected from the right side only. 

Altogether, I collected 4 sets of landmarks from each of 4 alignments from each of 2 

specimens, for a total of 4 x 4 x 2 = 32 sets of landmarks. I used nested Procrustes 

ANOVA to estimate and compare the amount of shape variation explained by 
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differences between specimens, intraobserver error in landmark placement, and 

intraobserver error in 8-point alignment. The cranium of each specimen was held in a 

fixed position during 8-point alignment and landmarking, making it possible to measure 

and directly compare the variances of raw landmark coordinates (von Cramon-Taubadel 

et al., 2007). I measured the standard deviation of each coordinate (i.e., an x, y, and z 

coordinate for each landmark) for each specimen and report these raw measurements to 

show how intraobserver error varies across landmarks and dimensions. I also computed 

the average standard deviation of the x, y, and z dimensions of each landmark using the 

equation: 

𝜎𝜎 =  �(𝜎𝜎𝑥𝑥2 + 𝜎𝜎𝑦𝑦2 +  𝜎𝜎𝑧𝑧2)/3 

Landmarks were collected with Meshlab v2016.12 (Cignoni et al., 2008). 

4.2.3 Data collection 

 A phylogenetic tree was obtained from 10kTrees v3 (Arnold et al., 2010). The 

jaws of all disarticulated skulls were aligned using n-point alignment as described in 

Chapter 3, and I collected landmark coordinates for all 127 articulated skulls. Damage 

occasionally prevented the collection of landmarks, leading to missing data. I dealt with 

missing landmarks in one of two ways. When possible, I took advantage of bilateral 

symmetry to estimate missing landmarks from the right side of the skull by placing 

them on the left side and reflecting them across the midline (Gunz et al., 2009; Griffin 

2017a). However, this method does not work for landmarks along the midline, nor in 
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situations where the same region is damaged on both sides of the skull. In these cases, I 

used linear regression to estimate the position of missing landmarks (Gunz et al., 2009), 

implemented with the `estimate.missing` function in `geomorph` (Adams & Otorola-

Castillo 2013). 

Sex specific body mass estimates were compiled from Smith & Jungers (1997). In 

cases where body mass estimates were reported from multiple studies, I computed a 

weighted average of the studies. For two species that had separate body mass estimates 

reported for the breeding and non-breeding seasons (Microcebus murinus and Mirza 

zaza), I took the average of the two seasons. For one skull of unknown sex, representing 

the sexually monomorphic species Cheirogaleus major, I took the average of male and 

female body mass. Using the data from Smith & Jungers (1997), I computed a sexual 

dimorphism index for each species, log(male weight) - log(female weight), as 

recommended by Smith (1999). 

Activity pattern codes were taken from Griffin et al., (2012), who conducted a 

literature review to classify 230 primate species as diurnal, cathemeral, or nocturnal. I 

translated this three-category coding scheme into a binary scheme, with nocturnal 

species coded as 1 and all species displaying significant diurnal activity (including 

cathemeral species) coded as 0. This dichotomy between nocturnal and non-nocturnal is 

biologically meaningful since primate species exhibiting significant diurnal activity are 

expected to show visual adaptations that diverge from the ancestral condition of 



 

 74 

nocturnality (Heesy & Ross 2001; Ross et al., 2007, Santini et al., 2015). Binary coding 

simplifies interpretation of the results and limits the number of parameters, which is an 

important consideration since the sample size is small relative to the number of 

predictors. 

Dietary codes were compiled from DeCasien et al. (2017), who characterized over 

140 primate species as folivore, frugivore, or omnivore. I conducted my own literature 

search to fill in data for species that were missing from the DeCasien et al. (2017) dataset. 

Since my hypotheses focus on folivory, I transformed these classifications into a binary 

variable separating “folivores” and “non-folivores”.  

Finally, I classified primates with a binary variable for tree-gouging behavior 

(Vinyard et al., 2003). With the exception of Daubentonia madagascariensis, which gouge 

trees in search of insects (Erickson 1994), habitual tree gouging primates are known to 

gouge trees in search of gums, and are therefore described as gummivores. 

Gummivorous primates can be placed into two broad groups: specialized and non-

specialized gummivores (Nash 1986). The specialized gummivores consume gums 

extensively and possess clear dental adaptations to gummivory. This group includes 

Cebuella and Callithrix (Coimba-Filpho & Mittermeier 1976, 1977), and Euoticus (Charles-

Dominique 1977). The second group of gummivores is less specialized, but is 

nonetheless known to consume non-trivial amounts of gums by gouging Acacia trees 

(Nash 1986). This group includes Papio spp. (Hausfater & Bearce 1976), Erythrocebus patas 
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(Isbell 1998), and Chlorocebus spp. (Wrangham & Waterman 1981). I thus repeated 

analyses using two different coding schemes for gouging: a conservative coding scheme 

that only classifies the specialized gummivores and Daubentonia as gougers, and a less 

conservative coding scheme that includes both specialized and non-specialized gougers.  

4.2.4 Statistical analysis 

Shape data was analyzed separately for males and females. First, landmark 

coordinates were aligned to a common frame of reference using Generalized Procrustes 

Alignment (GPA), which uses the least squares criterion to translate, rotate, and scale 

each matrix to eliminate variation due to location, orientation, and size, such that the 

remaining variation is due to shape alone (Gower 1975; Rohlf & Slice 1990; Zelditch et 

al., 2012). I tested for phylogenetic signal using a generalization of the Kappa statistic 

(Adams 2014a), which is a multivariate extension of the Kappa introduced by Blomberg 

(2003). Kappa = 0 indicates the absence of phylogenetic signal and Kappa = 1 indicates 

that the data conform to expectations under a Brownian motion model of evolution, 

while values between 0 and 1 reflect intermediate levels of phylogenetic signal. I 

repeated the test for phylogenetic signal on 1) the raw shape data, 2) residuals after 

controlling for allometry (log centroid size), and 3) residuals after controlling for all 

predictor variables. Simulations conducted by Adams (2014a) showed that multivariate 

Blomberg’s Kappa has high statistical power (> 80%) to detect low levels of phylogenetic 

signal when as few as 32 taxa and 8 trait dimensions are considered. Since my data 



 

 76 

contains >60 taxa and 78 trait dimensions, statistical power to detect phylogenetic signal 

is high.  

The crania and mandibles for the majority of specimens were aligned using n-

point alignment, but a minority of specimens (7 of 63 females and 4 of 64 males) were 

physically aligned prior to scanning. To test for an effect of alignment method on skull 

shape, I performed PGLS on the skull shape data for males and females with alignment 

method as the sole predictor variable. Based on the results from Chapter 3, it is 

conceivable that mandibles positioned with n-point alignment will be significantly closer 

to the cranium than physically aligned mandibles, in which case alignment method 

could be included as a covariate in subsequent analyses to control for its effect.  

I fit two sets of PGLS models: a set of ‘simple’ models and a set of ‘full’ models. 

The simple models estimate the effect of a single predictor variable while controlling for 

only allometry, such that they have the form: log centroid size + one other predictor. In 

comparison, the full models estimate the effect of each predictor variable after 

controlling for all the others. To determine whether two-way interaction terms should be 

included in the full models, I tested for significant interaction terms in a series of models 

that consider every pairwise combination of predictors along with their interaction. 

Only interaction terms that were significant in these models were included in the full 

PGLS models.  
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In addition to the PGLS models including all species, I performed analyses on 

subsets of species in two situations where past research suggests that the predicted 

relationship only holds true among species above or below a certain size threshold. First, 

Kay & Cartmill (1977) found that orbit size does not predict activity pattern well in 

mammals with a skull length above 75 mm, suggesting that there is a complex 

relationship between skull size, orbit size, and skull size. Therefore, I compute skull 

length for each species as the linear distance between the opisthocranium and glabella in 

females, fit both the simple and full models to the subset of specimens with a skull 

length above 75 mm, and assess the results for activity pattern. Second, while 

frugivorous primates can be found across a wide range of body masses, non-frugivores 

tend to be insectivorous below a body mass threshold of 500 g, and folivorous above 

that threshold (this relationship is widely known as “Kay’s threshold”; Kay 1984; Fleagle 

2013). Since my diet coding and predictions are based on comparing folivores to non-

folivores, it may be wise to limit comparisons to species above the 500 g threshold, since 

folivores are not found below this threshold and including those species could bias the 

results. Therefore, I fit both simple and full models to the subset of species with an 

average female body mass above 500 g and assess results for diet. 

I used wireframe plots to visualize shape changes associated with each predictor 

from the full PGLS models (Klingenberg 2013; Griffin 2017c). In each plot, a wireframe is 

displayed for different values of the variable of interest, while all other variables are 
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held at their mean value. For continuous variables (centroid size, body mass 

dimorphism), I compared wireframes where the variable of interest takes its minimum 

and maximum values. For discrete variables (nocturnal, folivore, and gouging), I 

compared wireframes where the variable of interest is either 0 or 1.  

Statistical analysis and visualization was performed in R (R Core Team 2016) 

with the package ‘geomorph’ (Adams & Otorola-Castillo 2013). Plots were produced 

with the R packages ‘rgl’ (Adler et al., 2017), ‘ggplot2’ (Wickham 2009), and ‘ggtree’ (Yu 

et al., 2012). 

4.3 Results 

4.3.1 Landmark repeatability  

The average standard deviation of landmark coordinates ranged from 0.09 mm 

to 0.67 mm, and the median was 0.19 mm for the M. fascicularis specimen and 0.2 mm for 

the M. nemestrina specimen (Table 7; Figure 11).  
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Figure 11: Distribution of standard deviations of landmark coordinates 
(dashed line = median) 

 

Table 7: Standard deviations of landmark coordinates (mm) 

 M. fascicularis M. nemestrina 

x y z mean x y z mean 

Rhinion 0.062 0.158 0.148 0.13 0.147 0.093 0.035 0.102 

Prosthion 0.068 0.088 0.244 0.155 0.091 0.083 0.256 0.164 

Infradentale 0.064 0.256 0.266 0.216 0.046 0.103 0.287 0.178 

Gnathion 0.177 0.042 0.197 0.155 0.243 0.075 0.364 0.256 

Canine (maxillary) 0.206 0.166 0.217 0.198 0.228 0.118 0.156 0.173 

Canine 
(mandibular) 

0.21 0.128 0.28 0.215 0.231 0.173 0.187 0.199 

M2 (maxillary) 0.092 0.074 0.258 0.164 0.229 0.119 0.351 0.252 

M2 (mandibular) 0.319 0.081 0.16 0.211 0.132 0.153 0.231 0.177 

Gonion 0.284 0.223 0.669 0.439 0.269 0.154 0.221 0.22 

Coronion 0.175 0.069 0.217 0.166 0.291 0.186 0.158 0.219 

Mandibular notch 0.116 0.095 0.272 0.179 0.201 0.134 0.129 0.158 
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Condylion 0.12 0.074 0.161 0.124 0.226 0.242 0.208 0.226 

Porion 0.136 0.048 0.162 0.125 0.227 0.083 0.251 0.201 

Zygomatic point 0.087 0.025 0.529 0.31 0.077 0.074 0.48 0.284 

Orbit margin 
(lateral) 

0.066 0.281 0.216 0.208 0.153 0.108 0.274 0.192 

Orbit margin 
(inferior) 

0.114 0.029 0.186 0.127 0.229 0.036 0.231 0.189 

Orbit margin 
(medial) 

0.079 0.285 0.351 0.265 0.146 0.471 0.406 0.369 

Orbit margin 
(superior) 

0.196 0.108 0.222 0.182 0.292 0.247 0.359 0.303 

Glabella 0.178 0.353 0.144 0.243 0.136 0.366 0.323 0.293 

Postorbital 
constriction 

0.158 0.554 0.289 0.372 0.095 0.458 0.527 0.407 

Euryon 0.005 0.342 0.222 0.235 0.01 0.285 0.298 0.238 

Vertex 0.53 0.216 0.645 0.498 0.381 0.189 0.391 0.334 

Opisthocranium 0.311 0.148 0.102 0.207 0.087 0.137 0.01 0.094 

Opisthion 0.11 0.129 0.061 0.104 0.171 0.142 0.098 0.14 

Basion 0.11 0.142 0.13 0.128 0.227 0.047 0.143 0.157 

Floor of sella 0.061 0.042 0.24 0.145 0.099 0.111 0.227 0.157 

 

Table 8: Nested Procrustes ANOVA results 

 D.f. SS MS R2 F Z p 

Specimen 1 0.075827 0.075827 0.963 842.25 16.08 0.001** 

Specimen:
alignment 

6 0.000716 0.000119 0.009 1.32 1.28 0.008** 

Residuals 24 0.002161 0.00009 - - - - 

Total 31 0.078704 - - - - - 
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Nested Procrustes ANOVA indicated that both ‘specimen’ and ‘alignment’ were 

statistically significant predictors of skull shape (Table 8). Differences between 

specimens accounted for 97.2% of total variance, while differences between alignments 

explained 0.9% of variance and the remaining 1.9% of variance arose from intra-observer 

error in landmark placement (Table 8). 

4.3.2 Data collection 

In light of results from the landmark repeatability analysis, I performed a single 

round of jaw alignment and landmark collection for each specimen in the sample. Since 

the skulls in my dataset consisted of healthy, intact specimens, missing landmarks were 

rare. Out of 3172 total landmarks (26 landmarks * 122 specimens), only 15 were missing. 

Of the missing landmarks, 5 were the floor of the sella, 3 were the rhinion, 2 were the 

zygomatic point, and 1 each of the maxillary canine, mandibular canine, maxillary 

molar, mandibular molar, and inferior orbit margin. Two of the lateral landmarks were 

filled in by reflecting the corresponding coordinate from the opposite of the skull across 

the midline, and the remainder were filled in using linear regression. Phylomorphospace 

plots were used to visualize the first two principal component axes of the shape data 

with the phylogeny projected into tangent space. These plots showed very similar 

patterns of variation for the female and male data, with a clear separation of 

strepsirrhines and tarsiers from anthropoids along the first principal axis (Figure 12). 
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There was no missing data among the predictor variables. Skull centroid size had 

a close relationship to body mass (Figure 13), verifying that no major errors occurred in 

the compilation of body mass data or processing of digital scans (e.g., incorrectly 

specifying the size of a scan). The body mass dimorphism index had a much weaker 

relationship to body mass that was driven primarily by superfamily-level differences in 

sexual size dimorphism (Figure 14). Of 65 species in the dataset, 29% were nocturnal, 

23% were folivores, and 6% were tree-gougers (Figure 15).  
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Figure 12: Phylomorphospace plots  
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Figure 13: Log centroid size versus log body mass for females and males, with 
95% confidence ellipses separating primate superfamilies 

 

Figure 14: Body size dimorphism index versus log body mass, with 95% 
confidence ellipses separating primate superfamilies 
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Figure 15: Discrete predictor variables displayed on the primate phylogeny 
('Gouging' = specialized, "Gouging2' = non-specialized) 
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4.3.3 Statistical results 

The Kappa statistic was highly significant and indicated intermediate levels of 

phylogenetic signal in skull shape for both sexes, regardless of which predictor variables 

were included (Table 9). The effect of alignment method on skull shape was not 

statistically significant for either females (p = 0.603) or males (p = 0.981), and was 

therefore not included as a covariate in subsequent models. None of the interaction 

terms were significant in the preliminary set of PGLS models; therefore, no interactions 

were included in subsequent models. In the PGLS models including all species, centroid 

size was always significant or near significant, indicating a consistent effect of body size. 

Folivory was significant in the simple models, but only approached significance in the 

full models. Nocturnality and gouging were never significant, while sexual dimorphism 

was highly significant in all PGLS models, including those that included the significant 

effect of centroid size (Table 10).  

Table 9: Results from phylogenetic signal tests 

 Blomberg's K p-value 

Raw landmarks - females 0.47 0.003 ** 

Raw landmarks - males 0.511 0.003 ** 

Controlling for centroid size - females 0.43 0.001 *** 

Controlling for centroid size - males 0.41 0.001 *** 

Controlling for all variables - females 0.33 0.001 *** 

Controlling for all variables - males 0.34 0.001 *** 
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Table 10: p-values from PGLS models 

 Centroid 
size 

Nocturnal Folivory Gouging Gouging 2 Sexual 
dimorphism 

Simple model, 
females 

0.018 * 0.292 0.036 * 0.378 0.552 0.001 ** 

Simple model, 
males 

0.002 ** 0.314 0.039 * 0.746 0.661 0.001 ** 

Full model, 
females 

0.026 * 0.241 0.068 . 0.268 0.456 0.001 ** 

Full model, 
males 

0.089 . 0.204 0.055 . 0.676 0.687 0.001 ** 

 

When the effect of nocturnality was investigated for the subset of primates with a 

skull length greater than 75 mm, it was not significant in the simple or full models for 

either sex (p > 0.05; n = 44). When the effect of folivory was investigated for the subset of 

primates above Kay’s threshold of 500 g, support for the effect of folivory was mixed as 

it was for the analysis including all species: the effect was significant in the simple 

model for females (p = 0.043, n = 50), the simple model for males (p = 0.043, n = 51), and 

the full model for males (p = 0.039, n = 51), but the effect was not significant in the full 

model for females (p = 0.107, n = 50).  

Wireframe plots are shown in the lateral view because visible shape variation 

occurred in the vertical and anteroposterior dimensions only. Average skull shape was 

nearly indistinguishable for males and females (Figure 16), reinforcing the observation 
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based on the phylomorphospace plots that these two datasets capture the same broad 

patterns of variation. Wireframes for analyses performed on subsets of the data were not 

noticeably different from wireframes based on the full dateset; therefore I do not present 

those here. Predictions 1 and 2 for the relationship between skull size and shape were 

supported, with larger skulls having smaller, more convergent orbits (Figure 17). 

Additionally, larger skulls are associated with a more flexed basicranium, an 

anteroposteriorly shortened face and neurocranium, and a relatively smaller braincase. 

In contrast to the positive Predictions 3 and 4 for the relationship between sexual size 

dimorphism and skull shape were supported, with greater sexual dimorphism being 

associated with a longer rostrum and gonial angle (Figure 18). Prediction 5 for the 

relationship between nocturnality and skull shape was supported, with nocturnal 

primates possessing larger orbits (Figure 19). Wireframes for folivores revealed a 

notably deeper mandibular corpus and smaller braincase relative to non-folivores, 

supporting predictions 8 and 11 respectively. However, predictions 6, 7, 9, and 10 were 

not supported (Figure 20). Results for tree-gouging were similar regardless of whether 

the more restrictive or more inclusive coding scheme was used, with wireframes 

showing a lower condyle and coronoid process relative to the toothrow in gougers 

compared to non-gougers, supporting predictions 12 and 14 (Figures 21 and 22). All 

other predictions for tree-gouging were unsupported. 
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Figure 16: Average skull shape for females (left) and males (right), with major 
regions color-coded as a visual aid 
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Figure 17: Relationship between skull size and shape for females (top) and 
males (bottom). Wireframes show the mean skull shape at the minimum (left) and 

maximum (right) values of log centroid size. 
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Figure 18: Relationship between sexual dimorphism and skull shape for 
females (top) and males (bottom). Wireframes show the mean skull shape at the 

minimum (left) and maximum (right) values of the sexual dimorphism index. 
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Figure 19: Nocturnality and skull shape for females (left) and males (right) 

 

 

Figure 20: Folivory and skull shape for females (left) and males (right) 
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Figure 21: Tree-gouging (specialized species only) and skull shape for females 
(left) and males (right) 

 

 

Figure 22: Tree-gouging (including non-specialized species) and skull shape 
for females (left) and males (right) 

 

 



 

 94 

4.4 Discussion 

My results indicate that broad macroevolutionary patterns of variation in 

primate skull shape are structured by phylogeny, but are also influenced by skull size, 

sexual size dimorphism, and diet. All tests for phylogenetic signal were highly 

significant, verifying the need for phylogenetic comparative methods. Wireframe plots 

depicting the PGLS results indicated that larger primates have smaller, more convergent 

orbits and anteroposteriorly shorter skulls compared to smaller primates. As predicted, 

folivorous primates had deeper mandibles and smaller braincases than non-folivores, 

while sexual size dimorphism was associated with an elongated rostrum. Models did 

not reveal a significant effect of nocturnality or tree-gouging on skull shape. However, 

the non-significant changes in skull shape associated with these variables matched 

several predictions: nocturnal primates had larger orbits, while tree-gouging primates 

had lower mandibular condyles and coronoid processes relative to the toothrow. As a 

whole, results were very similar between males and females, lending support to their 

reliability. Individual results are discussed in more detail below. 

Landmark repeatability  

The landmark repeatability analysis revealed that landmarks in this study are 

highly repeatable, justifying a single round of jaw alignment and landmark collection 

from each specimen. Intraobserver variation in jaw alignment and landmark placement 

was dwarfed by variation between the two female Macaca specimens, with differences 
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between specimens accounting for 97.2% of landmark variance. This is consistent with 

past geometric morphometric studies that have found that intraobserver error is too 

small to obscure generic-level patterns in cranial shape (Fleagle et al., 2010; Baab et al., 

2014). The median landmark error for the two Macaca specimens was 0.19 and 0.2 mm, 

which is similar to the instrument precision of 0.23 mm reported by the manufacturer of 

the widely used Microscribe 3DX digitizer (Immersion, CA). The severity of 

intraobserver landmark error I found is also comparable to intraobserver error reported 

by past studies. For instance, von Cramon-Taubadel et al. (2007) undertook an in-depth 

study of measurement error for 19 cranial landmarks taken from a pair of human crania 

using a digitizer, and the standard deviations they reported ranged from under 0.1 mm 

to 1.4 mm. In sum, intraobserver error in my landmarks is reasonable and unlikely to 

have a major impact on the results. 

Skull size 

Overall, my results support the hypothesis that skull size influences primate 

skull shape. Wireframes revealed that in larger primates, the orbits are smaller and more 

convergent, the basicranium is more flexed, the face and neurocranium are vertically 

lengthened, and the braincase is relatively smaller. Allometric scaling relationships 

certainly contribute to the observed patterns, e.g., the negative allometry of eye size 

(Ross 1995) and braincase size (Roth & Dicke 2005). However, the shape changes 

associated with centroid size largely reflect broad differences between anthropoids and 



 

 96 

other primates, and are unlikely to represent pure allometric scaling relationships 

(Fleagle et al., 2010). Multiple factors likely interacted to produce the dramatic changes 

in overall skull shape associated with anthropoid origins, including an abrupt shift to a 

relatively larger brain, reliance on vision rather than olfaction, and nocturnal to diurnal 

activity at a small body size (Ross 1996). For the purposes of my study, the important 

point is that the shape changes associated with skull centroid size are controlled for in 

the PGLS models, such that the links between skull shape and the variables discussed 

below are links that remain after the effect of skull size has been removed from the 

shape data.   

Sexual size dimorphism  

Sexual dimorphism in body mass was found to be the strongest predictor of skull 

shape for both males and females. Sexually dimorphic species displayed dramatically 

elongated rostra, which is predicted as an adaptation for increased gape in primates that 

aggressively display and fight with their canines in agonistic interactions (Herring and 

Herring 1974; Lucas 1981; Ravosa 1990; Plavcan 2001). These results accord with the 

principal components analysis of Fleagle et al. (2010), who argued that sexual size 

dimorphism was the major factor segregating short and long-faced species along the 

second principal axis. Studies of various non-primates have also found associations 

between sexual size dimorphism and skull shape that may be driven by selection for 

intrasexual fighting ability, including cottonmouth snakes (Vincent et al., 2004), anolis 
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lizards (Sanger et al., 2013), and chuckwallas (Lappin et al., 2006). Together, these 

studies underscore the potential of intersexual competition for mates as a driving force 

in the evolution of skull morphology.  

Surprisingly, the skull shape changes associated with sexual size dimorphism 

were virtually indistinguishable for males and females. One reason these results are 

surprising is that studies focused on individual primate species have found that species 

with sexual dimorphism in body mass also show sexual dimorphism in skull shape, 

with males and females following distinct ontogenetic trajectories after puberty 

(O’Higgins & Jones 1998; O’Higgins & Collard 1999, 2002; Plavcan 2002; Cobb & 

O’Higgins 2007). However, it is important to recognize that my macroevolutionary 

analysis can only identify skull shape changes that are consistently found across 

primates with sexual size dimorphism. It is possible that individual species are 

characterized by idiosyncratic sex differences in skull shape, but if the specific nature of 

these sex differences varies across primates, they will not be detected by my analysis. 

Thus, my results do not indicate that there is an absence of sexual dimorphism in skull 

shape within primate species, but only that the most common skull features associated 

with sexual size dimorphism across primates are shared between males and females.  

Activity pattern 

As expected, my wireframe diagrams showed that nocturnal primates have 

larger orbits on average, but the shape differences were not statistically significant in 
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any models. Reflecting the strong association between activity pattern and phylogeny, 

the wireframes comparing nocturnal and non-nocturnal primates also appeared to 

reflect broad differences between strepsirrhines and haplorhines, with nocturnal 

primates tending to have vertically shorter, anteroposteriorly longer faces, and relatively 

smaller brains. Previous comparative work has found that nocturnality is strongly 

associated with larger orbits across primates (Walker 1967; Cartmill 1970; Kay & 

Cartmill 1977; Martin 1990; Kay & Kirk 2000), however these studies did not account for 

phylogenetic non-independence in their statistical tests. In the largest of these studies, 

Kay & Kirk (2000) used a sample of 60 primate species that was very similar to the 

present study in size and taxonomic breadth, but their study was prone to false positives 

because they ignored phylogeny (Felsenstein 1985). It is possible that the relationship 

between activity pattern and orbit size would become significant if my sample was 

expanded to include more taxa. Supporting this interpretation, I have previously 

analyzed Kirk & Kay’s (2004) 93-species dataset on primate orbit size and activity 

pattern, and found the relationship between nocturnality and orbit size is highly 

significant when phylogeny is ignored (p < 10-7), but statistical support is much more 

modest when phylogeny is accounted for (p = 0.017; Griffin 2017b). Since Kirk & Kay’s 

(2004) dataset is 50% larger than the dataset analyzed in this dissertation, it is not 

surprising that my results are not significant.   
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Diet 

Folivory was a significant predictor of skull shape in the simple PGLS models, 

and approached significance in the full models. Similar results were obtained when taxa 

were limited those those with a female body mass greater than Kay’s threshold of 500 g 

(Kay 1994). In line with predictions, wireframes indicated that folivores tend to have 

deeper mandibular corpuses in the gonial region of the ascending ramus, and smaller 

braincases. The deeper mandibles are consistent with the hypothesis that folivory selects 

for increased bite force and load resistance (Smith & Savage 1959; Hylander 1979; Taylor 

2002). On the other hand, the smaller braincase is consistent with the hypothesis that 

folivores have smaller brains, perhaps because of energetic constraints on the growth of 

metabolically expensive brain tissue or because foraging for abundant foliage tends to be 

less cognitively demanding than other types of foraging (Clutton-Brock & Harvey 1980; 

DeCasien et al., 2017). Otherwise, the skulls of folivores and non-folivores were similar 

on average, and several biomechanical predictions were not supported: folivores did not 

have higher condyles relative to the occlusal plane, deeper symphyses, anteroposteriorly 

shorter jaws, or wider zygomatic arches.  

Mixed results such as these are common in comparative studies of diet and skull 

morphology (e.g., Taylor 2002, 2006; Baab et al., 2014; Ross & Iriarte-Diaz 2014). It is 

important to recognize that the lack of support for several biomechanical predictions 

does not necessarily mean that primate evolution has never employed these mechanisms 
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for increasing mechanical advantage and strain resistance. It is possible that different 

species have evolved different adaptations to diet, such that some biomechanical 

predictions are borne out in some taxa but not in others. Broad comparative studies 

cannot reveal these different strategies if it different taxa take different evolutionary 

paths to achieve a similar functional goal, since comparisons across taxonomically 

diverse samples will only find evidence for recurring patterns of change. My results 

indicate that across primates, the most consistent biomechanical adaptation to folivorous 

diets is the deepening of the mandibular corpus.  

A potential shortcoming of my analysis of diet is the inadequacy of binary 

dietary categories. The average amount of foliage (or any other food category) in a 

primate’s diet is a continuous variable, and capturing this continuous variation would 

improve statistical power to detect associations between diet and skull shape. 

Unfortunately, there is insufficient data for the species in my study to obtain more fine-

grained measures of diet. A deeper concern is that the focus on typical diet could be 

misguided. It has been argued that the mechanical properties of foods are a more 

important driver of feeding adaptations in the skull than typical diet (Ross et al., 2012). 

Again, my focus on folivory was a practical decision given the scarcity of comparative 

data on the mechanical properties of primate diets. In light of the crudeness of my 

dietary characterizations, it is perhaps unsurprising that the only biomechanical 
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hypothesis I found support for was the deeper mandibles, which are a hallmark of the 

most folivorous primates (Taylor 2002, 2006). 

Gouging  

I did not find a significant link between tree-gouging and skull shape, regardless 

of whether a more restrictive or inclusive coding scheme was used. The only discernable 

difference between the wireframes of gougers versus non-gougers is that gougers have 

lower mandibular condyles and coronoid processes relative to the toothrow. Although it 

is not statistically significant, this pattern agrees with past studies supporting the 

hypothesis that the mandibles of gougers are adapted for large gapes (Vinyard et al., 

2003; Viguier 2004; Forsythe & Ford 2011). Of course, gougers may also have adaptations 

that increase bite force, and it is possible that gouging species possess constellations of 

different adaptations that balance the tradeoff between adaptations for gape and 

adaptations for bite force and load resistance. For instance, jaw muscle architecture may 

have evolved to counteract the reductions in bite-force that accompany a large gape 

(Eng et al., 2009; Taylor et al., 2009), and the relatively narrow palates of gouging 

marmosets have been interpreted as an adaptation for dissipating internal loads 

(Forsythe & Ford 2011). However, my results are consistent with those suggesting that 

the reduced height of the mandibular condyle and coronoid process relative to the 

toothrow is the most salient skull feature associated with tree-gouging in primates, 

supporting the view that large gapes are important for gouging behavior. This also 
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accords with functional experiments showing that gouging primates produce very large 

gapes, but not especially large bite forces during gouging (Vinyard et al., 2009; Toler 

2017).  

My analysis could be improved in two major ways that would increase power to 

detect an association between tree-gouging and skull morphology. First, the sample of 

primates could be expanded to include more species of interest. At least one habitual 

tree-gouger, Phaner furcifer, was not included in my sample because I could not find a 

representative skull with an intact mandible. Notably, this was one of the species for 

which Vinyard et al. (2003) found significantly shorter condyles compared to close 

relatives. Additionally, including non-gouging taxa that are more closely related to 

gouging taxa would help clarify whether observed morphological trends are due to 

gouging or some other factor shared by the close relatives of gougers. My analysis 

improves on Dumont (1997) in this respect, but does not go as far as Vinyard et al. (2003) 

in sampling the closest known relatives of each gouging species. Second, the analysis 

presented in this chapter was conservative in only labeling habitual tree-gougers as 

“gougers”, but in reality, different species engage in tree-gouging behavior to greater or 

lesser degrees, and might therefore be adapted to gouging to different degrees. 

Improved observational data on primate feeding behavior would allow for more fine-

grained measures of gouging behavior, and thus stronger tests of the hypothesis that 

gouging influences skull morphology.   
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4.4.1 Limitations and future directions 

The analysis presented in this chapter has several important limitations. One 

limitation is the incomplete sampling of primate diversity. I sought a representative 

male and female from every primate genus in an effort to sample as broadly as possible, 

but this approach ignores potentially important intrageneric variation. As the 

contradictory results of Dumont (1997) and Vinyard et al. (2003) demonstrate, taxonomic 

sampling can have an enormous impact on the results of comparative studies. Overly 

broad sampling can lead researchers to miss important patterns or find evidence for 

patterns that do not exist. Filling gaps in my dataset would improve statistical power to 

detect associations with predictor variables and provide stronger tests of the hypotheses 

in this chapter. Such depth of sampling will become increasingly realistic as the number 

of digital morphology scans continues to grow. 

Another limitation is that there are multiple sources of measurement error in the 

skull shape data that I did not consider. The most important is probably intraspecific 

variation, which I ignored by selecting a single specimen for each species. Combining 

measurements from multiple specimens per species would improve estimates of species’ 

mean skull shape. I also ignored interobserver variation in landmark placement since I 

was the sole collector of data, but researchers can vary in their landmark placements, 

and combining measurements from multiple observers reduces this error (von Cramon-

Taubadel et al., 2012). Finally, there is error from the processing of raw 3D scans into 
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surface models prior to landmarking (Taubin 1995; Profico et al., 2016). However, given 

the coarseness of the morphological traits and the wide morphological disparity among 

the taxa in my study, I consider these sources of error to be a minor concern. Baab et al. 

(2014) investigated the impact of intraspecific variation and interobserver variation on 

estimates of mean cranial shape for a similar landmark dataset, and they concluded that 

these sources of error were so small relative to intergeneric variation that they could be 

ignored. Prior studies have also indicated that error associated with processing 3D scans 

can be safely ignored for all but the most fine-grained morphological comparisons 

(Algee-Hewitt & Wheat 2016; Muñoz-Muñoz & Perpiñán 2010).  

A more serious limitation is that my analyses assume the phylogeny is accurate 

and traits follow a Brownian motion model of evolution. The accuracy of the phylogeny 

is a key component of models of evolution, and phylogenetic error can lead to model 

misspecification. Fortunately, the primate phylogeny is well supported, especially at the 

level of taxonomic diversity in the present study (Prasad & Allard 2008), so phylogenetic 

inaccuracy is unlikely to be a serious problem. But even if the phylogeny is estimated 

without error, there are alternatives to Brownian motion that I did not consider due to 

the unavailability of methods for fitting and comparing more complex models to data 

with as many dimensions as my skull shape data. Even if the model of evolution is not a 

point of interest in a PGLS analysis, the adequacy of the evolutionary model is still 

critical since it determines the error structure of the data and thus the validity of the 
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statistical results (Mazel et al., 2016). Alternative models include variants of Brownian 

motion that incorporate additional parameters to allow for directional trends in 

evolution, selection towards a mean, or heterogeneity in means and rates of evolution 

across the tree (Pagel 1999; Beaulieu  et al., 2012; O’Meara 2012; Thomas & Freckleton 

2012; Pennell & Harmon 2013). If methodological advances make such models available 

for multivariate data, this will be an interesting direction for future research.  
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5. Macroevolutionary integration and modularity in 
the primate skull 
 

5.1 Introduction 

For decades, evolutionary biologists have proposed variants on the hypothesis 

that different parts of organisms are integrated with each other to varying degrees, 

rather than developing independently (Olson & Miller 1958; Gould 1977; Smith et al., 

1985; Cheverud 1996; Klingenberg 2008). This hypothesis is broadly known as 

phenotypic integration, and reflects covariation among morphological traits that occurs 

across ontogenetic stages within an individual (e.g., Ackerman 2005), across individuals 

within a species (e.g., González-José et al., 2004), and across species or higher taxonomic 

levels (e.g., Klingenberg & Marugán-Lobón 2013). Patterns of phenotypic integration are 

expected to reflect both developmental and functional interactions among traits because 

natural selection should favor the coordinated development of traits that are 

functionally related (Olson & Miller 1958; Lande 1984; Wagner 1996; Ackermann & 

Cheverud 2004).  

A major conceptual advance of the past decade is to investigate clusters of more 

or less integrated traits, while methodological advances have enabled rigorous testing of 

how these clusters are distributed across body systems. Clusters of interdependent traits 

are often referred to as modules, and the tendency for organisms to show modular 
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patterns of integration is known as phenotypic modularity (e.g., Goswami 2006; 

Klingenberg 2009; Marroig et al., 2009; Porto et al., 2009; Goswami et al., 2014; Adams 

2016). Modular organization is thought to be a key component of “evolvability” because 

it allows selection to act independently on functionally related traits (Altenberg 1994, 

2005; Goswami et al., 2014). Understanding the causes and consequences of phenotypic 

integration and modularity is an active area of research in many different study systems, 

including insect wings (e.g., Klingenberg & Zaklan 2000), rodent mandibles (e.g., 

Zelditch et al., 2008, 2009), and mammalian crania (e.g., Goswami et al., 2014).   

Comparative biologists typically study patterns of phenotypic integration by 

analyzing matrices of correlations or covariances among morphological traits. The traits 

used to construct these matrices can be either traditional morphometric measurements, 

such as linear distances and angles, or Procrustes coordinates in a geometric 

morphometrics framework (Zelditch et al., 2012). Methods for investigating patterns of 

phenotypic integration in trait correlation or covariance matrices can be used to test 

hypotheses for modularity (confirmatory analyses) or to generate new hypotheses in 

exploratory research (exploratory analyses; Mitteroecker & Bookstein 2007; Goswami & 

Polly 2010; Klingenberg 2013a). Confirmatory analyses either use matrix correlation to 

test for a significant correlation between an empirical trait correlation/covariance matrix 

and a theoretical correlation/covariance matrix (e.g., Marroig et al., 2004), or employ 

permutation tests to determine whether traits within proposed modules are more 
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strongly associated than traits in different modules (e.g., Drake & Klingenberg 2010). In 

contrast, exploratory analyses generally involve the application of clustering algorithms 

to trait correlation or covariance matrices to identify new patterns of modularity, 

without the constraints of a priori hypotheses (e.g., Zelditch et al., 2008).  

Confirmatory and exploratory analyses have different strengths and challenges. 

The main advantage of confirmatory approaches is that they fit within a traditional 

hypothesis testing framework. However, a serious shortcoming of this approach is that 

many different modularity hypotheses are often consistent with the data (Goswami & 

Polly 2010), yielding results that are difficult to interpret. In particular, when proposed 

modules consist of regional clusters of landmarks, widely used significance tests are 

likely to find evidence for modularity in a situation where interlandmark covariances 

vary continuously as a function of spatial proximity rather than showing a discrete 

pattern of modularity (Klingenberg 2009; Roseman et al., 2009). For researchers 

concerned about confirmatory approaches finding dubious support for predetermined 

modules, exploratory methods provide a data-driven alternative to identifying potential 

phenotypic modules. The results of cluster analyses can be difficult to interpret when the 

clusters do not clearly correspond to theoretical expectations, but such unexpected 

results may provide a more honest view of phenotypic integration patterns than a 

confirmatory approach that ignores the fact that many alternative models would also be 

statistically significant (Goswami & Polly 2010). However, because most clustering 
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algorithms are guaranteed to find clusters even when there are no true clusters in the 

data, the greatest challenge associated with clustering phenotypic data is determining 

when the resulting pattern of clusters is statistically significant (Klingenberg 2013a). 

Here, I apply an exploratory approach to investigating modularity in the primate 

skull.  The mammalian skull is well represented in studies on phenotypic integration, 

particularly among anthropoid primates (reviewed in Klingenberg 2013a). Past studies 

point toward relatively high evolutionary conservation of patterns of integration across 

primate skulls (Marroig & Cheverud 2001; Ackerman 2002, 2005; Ackerman & Cheverud 

2004; de Oliviera et al., 2009; Singh et al., 2012), and even more broadly across mammal 

skulls (Goswami 2006; Porto et al., 2009). The most consistent finding is that the skull as 

a whole is highly integrated, with limited evidence for modularity between the face and 

the neurocranium (Moore 1981; Cheverud 1982a, 1995; Hanken & Hall 1993; Lieberman 

et al., 2000a,b; Bastir & Rosas 2004; Bastir et al., 2006; Drake & Klingenberg 2010; Esteve-

Altava et al., 2013, 2015). The existence of facial and neurocranial modules is predicted 

by theory because these structures are largely derived from different embryonic tissues 

(branchial and paraxial mesoderm, respectively), and serve largely distinct functions 

(Ackerman & Cheverud 2004). Still, other studies have failed to find any evidence for 

phenotypic modularity between the face and neurocranium, and instead emphasize the 

strength of integration between parts of the skull (Hallgrímsson et al., 2009; Marcucio et 

al., 2011; Martínez-Abadías et al., 2012; Klingenberg & Marugán-Lobón 2013; Young et 
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al., 2014; Hu et al., 2015). A few studies have argued that there are up to six well-defined 

modules in the crania of therian mammals (Ackerman & Cheverud 2004; Goswami 2006; 

Goswami et al., 2014), but these more fine-grained modules have not been consistently 

supported (Lieberman et al., 2000a,b; Bastir & Rosas 2004; Bastir et al., 2006; Martínez-

Abadías et al., 2012; Esteve-Altava et al., 2015).  

The vast majority of studies on phenotypic integration in the primate skull have 

a narrow taxonomic focus, considering intraspecific variation in just one or a few 

species. In contrast, Goswami’s (2006) pioneering work used exploratory methods to 

identify patterns of intraspecific cranial integration across a sample of 1644 adult 

specimens representing 106 mammal species, including two monotremes, 20 marsupials, 

and 84 placentals. Each species was represented by at least 11 specimens. Among 

placentals, primates were well represented, including 37 species evenly distributed 

across the primate order. From each of these specimens, Goswami (2006) collected 18-32 

3D cranial landmarks and performed exploratory cluster analysis on interlandmark 

variance-covariance matrices separately for each species. Hierarchical cluster analysis 

identified six cranial modules that were consistently present in the therian mammals, 

including primates. These modules corresponded to different anatomical regions: nasal, 

molar, orbit, zygomatic, vault, and basicranium.  

Goswami (2006) concluded that phenotypic integration in the cranium is highly 

modular and that the six-module pattern she discovered is conserved across therian 



 

 111 

mammals. Given that these modules corresponded to functionally and developmentally 

related regions, Goswami argued that phenotypic integration in the therian skull is 

structured by functional and developmental relationships as predicted by theory (Olson 

& Miller 1958; Lande 1984; Wagner 1996; Ackermann & Cheverud 2004). This study 

stands out in the literature on cranial integration as the first and only effort to 

characterize variation in intraspecific patterns of cranial integration broadly across 

mammals. Additionally, this study is remarkable in the strength and consistency of the 

six-module pattern of phenotypic integration found across diverse taxa.  

Although Goswami (2006) considered a broad range of taxa, she only estimated 

patterns of intraspecific variation and did not characterize patterns of variation across 

species. Patterns of intraspecific covariation are often assumed to predict patterns of 

interspecific trait covariation (e.g., Gould 1975). However, it is theoretically possible for 

patterns of intra- and interspecific covariances to differ (Cheverud 1982b), and it is 

common for empirical studies to find incongruence between these levels of variation 

(e.g., Klingenberg & Zimmerman 1992; Pélabon et al., 2013). According to quantitative 

genetic theory, evolutionary covariation is expected to match intraspecific covariation 

when there is a close correspondence between genetic and phenotypic trait covariances 

(Lande 1979; Cheverud 1982b; Cheverud 1996). In other words, if intraspecific trait 

covariation is primarily determined by common genetic factors underlying the traits, 

then patterns of interspecific trait covariation will follow a similar pattern unless there is 
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a major shift in the genetic covariance structure underlying the traits. Conversely, if 

there is a weak correspondence between the genetic and phenotypic covariances of 

traits, as is the case when environmental effects during development play a major role in 

structuring trait covariances, then intraspecific phenotypic covariation is a poor 

predictor of interspecific patterns (Lande 1979; Cheverud 1982b; Cheverud 1996). The 

relationship between genetic and phenotypic covariances in primate skull shape is 

poorly studied, but evidence from quantitative genetics in human crania hints at a close 

relationship between these covariance matrices (Martínez-Abadías et al., 2012). If this is 

true, then patterns of macroevolutionary integration in the primate skull should be 

similar to intraspecific patterns.  

Characterizing integration patterns in a macroevolutionary context requires 

methods that account for phylogenetic relationships in shape data. This can be achieved 

by performing analyses on evolutionary covariance matrices, which describe the 

covariation among morphological traits across species and incorporate phylogeny by 

estimating covariances using phylogenetic comparative methods, such as 

phylogenetically independent contrasts (PIC; Felsenstein 1985) or phylogenetic 

generalized least squares (PGLS; Zelditch et al., 2012; Klingenberg 2013a; Klingenberg & 

Marugán-Lobón 2013). By computing phylogenetically corrected intertrait covariance 

matrices, all of the methods used to study integration and modularity within species can 

also be used to study integration and modularity in the evolutionary changes across 
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species. Only a handful of studies have investigated macroevolutionary integration in 

cranial shape, with a focus on testing the hypothesis that the face and neurocranium 

form distinct modules. For example, Klingenberg & Marugán-Lobón (2013) investigated 

macroevolutionary integration and modularity between the face and neurocranium 

across a phylogenetically broad sample of 160 bird species, and found that integration 

between these regions was significant, but modularity was not. In contrast, Drake & 

Klingenberg (2010) found significant but weak modularity between the face and 

neurocranium in both domestic and wild canids, and Santana & Lofgren (2013) found 

similar results for rhinolophid bats. To my knowledge, macroevolutionary integration in 

the skull has not been investigated in primates, and no studies have used exploratory 

cluster analysis to study integration in the skull at a macroevolutionary scale. 

Present study 

I use exploratory methods to investigate macroevolutionary integration in the 

primate skull, controlling for phylogeny by analyzing PICs of generalized Procrustes 

analysis (GPA) aligned landmark coordinates. I analyze the same geometric 

morphometrics dataset used in Chapter 4, which includes a representative male and 

female skull from nearly every primate genus.  

I follow Goswami (2006) in using hierarchical clustering to identify phenotypic 

modules in the skull without a priori hypotheses. However, there are several 

methodological issues with Goswami’s study that deserve scrutiny. These issues relate 
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to the alignment of landmarks, the calculation of interlandmark covariances, and the 

statistical validation of clusters. As detailed in the Methods, these issues are expected to 

bias Goswami’s results towards identifying groups of adjacent landmarks as significant 

clusters. I introduce an alternative approach that addresses each of these issues and I 

analyze my data using both my methods and Goswami’s methods to assess the impact 

that these methodological differences have on the results. I predict that cluster analysis 

will produce similar results to Goswami (2006) when her methods are used, but the 

regional clustering of landmarks will be less pronounced, or perhaps even absent when 

my approach is used.  

Allometry and other factors that produce a strong gradient in shape data can act 

as integrating forces that obscure modular patterns in phenotypic data (Mitteroecker & 

Bookstein 2007; Klingenberg & Marugán-Lobón 2013). In Chapter 4, I found that both 

allometry and sexual dimorphism have pronounced effects on primate skull shape at a 

macroevolutionary scale. To determine whether controlling for these factors affects my 

results, I perform my cluster analysis on both raw PICs and on corrected PICs after 

controlling for allometry and sexual dimorphism using multiple regression. I expect 

evidence for modularity to be stronger when allometry and sexual dimorphism are 

controlled for. Since Goswami (2006) did not control for any predictor variables and 

found strong evidence for modularity even without taking this step, I perform 

Goswami’s methods on the raw PICs only. 
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5.2 Methods 

The data analyzed in this chapter includes 26 landmarks collected from the skulls 

of 63 female and 64 male primates. The specimens are described in Chapter 2, my 

method for aligning digital crania and mandibles is described in Chapter 3, and 

landmarks definitions are given in Chapter 4. I use a primate consensus phylogeny from 

10kTrees v3 (Arnold et al., 2010). Male and female datasets are analyzed separately. To 

investigate whether the strength or pattern of integration differs across primate 

suborders, I repeat analyses on three subsets of the data: all primates, strepsirrhines, and 

haplorhines.  

My cluster analysis involves four steps: 1) align landmark configurations to a 

common frame of reference and correct for phylogeny, 2) compute an interlandmark 

variance-covariance matrix, 3) apply a hierarchical clustering algorithm, 4) perform 

cluster validation. For steps 1, 2, and 4, my approach differs from that of Goswami 

(2006) in important ways. In what follows, I describe each of these steps in detail, 

highlighting problems with Goswami’s (2006) approach and explaining how my 

approach avoids these problems.   

Step 1: Align landmark configurations to a common frame of reference and optionally 
control for phylogeny and/or other variables 

The first step in any analysis of landmark data is Procrustes superimposition, 

which aligns sets of landmarks to a common frame of reference. The most common 

method of alignment is generalized Procrustes analysis (GPA), which uses a 
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combination of translation, rotation, and scaling to remove variation among landmark 

configurations due to location, orientation, and size (Gower 1975; Rohlf & Slice 1990). 

GPA uses the least squares criterion to optimize alignment and is by far the most widely 

used approach to aligning landmarks in geometric morphometrics (Zelditch et al., 2012). 

Importantly, size variation is removed from the landmark configurations by scaling to a 

common centroid size, such that pure size variation does not contribute to variation in 

the position of landmarks. Landmark configurations may still be correlated with size in 

the presence of allometry, but if all specimens have an identical shape and vary only in 

size, they will be identical after GPA. 

Goswami (2006) used a variation of GPA in which landmark configurations were 

translated and rotated, but not scaled during alignment. Consequentially, variation in 

specimen size probably contributed substantially to interlandmark covariances. This 

problem with Goswami’s approach was originally identified by Klingenberg (2008), who 

pointed out that Goswami (2006) “used a somewhat unusual Procrustes fit without 

scaling to a standard size,” and concluded, “variation in size almost inevitably produces 

integration among neighboring landmarks because their primary directions of 

movement, toward and away from the common center of gravity, are similar. This 

method may therefore partly account for the clustering of landmarks according to 

anatomical regions” (pp. 122). To avoid this problem, I align landmark configurations 

using standard GPA.  
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Once landmark coordinates are aligned, adjustments can be made to correct for 

the effects of phylogenetic relationships or other variables that may influence shape. 

Since Goswami (2006) only considered intraspecific variation, phylogeny was not a 

concern, and no other predictor variables were considered. For my analysis, it is 

necessary to account for phylogeny because my landmark data contains multiple species 

and phylogenetic signal in skull shape is strong (Chapter 4). I account for phylogenetic 

relationships by computing phylogenetically independent contrasts (PICs) of each 

landmark coordinate (Felsenstein 1985) and performing subsequent analyses on the 

matrix of PICs rather than raw landmark coordinates (Klingenberg & Marugán-Lobón 

2013). PIC is an algorithm that transforms N phylogenetically correlated species data 

points into N – 1 statistically independent, normally distributed data points by 

traversing the phylogeny and computing N – 1 ‘contrasts’ between pairs of species while 

accounting for the amount of shared evolutionary history between them. PICs for 

multiple traits can then be analyzed with common statistical methods that assume 

statistically independent data, such as linear regression analysis (Felsenstein 1985). In 

addition to computing matrices of PICs for the raw shape data, I computed matrices of 

‘corrected’ PICs that control for the effects of allometry and sexual dimorphism on skull 

shape. This is achieved by regressing each vector of PICs against PICs of log centroid 

size and sexual dimorphism and using residuals from these regressions as the corrected 
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shape data (Klingenberg & Marugán-Lobón 2013). The sexual dimorphism index used 

for these analyses was taken from Chapter 4.  

To distinguish between the methods that Goswami and I use to align landmark 

configurations, I refer to my approach as “full GPA” and Goswami’s approach as 

“partial GPA”, since she uses rotation and translation, but not scaling, to find the 

optimum alignment of landmarks.  

Step 2: Compute an interlandmark variance-covariance matrix 

Landmarks are multivariate traits with 3 dimensions; thus, computing a 

landmark variance-covariance matrix requires a definition of the covariance between 

landmarks. Goswami (2006) defined the covariance between two landmarks A = [x1, y1, 

z1] and B = [x2, y2, z2] as a sum of covariances: cov(A, B) = cov(x1, x2) + cov(y1, y2) + cov(z1, 

z2). However, this equation is problematic because it only accounts for covariation in the 

same direction in 3D space, while covariation in perpendicular directions (e.g., an 

association between changes in the x-dimension of landmark A and the y-dimension of 

landmark B) are ignored. Additionally, negative covariances are treated as meaningful, 

such that a positive covariance in the one dimension can be cancelled out by a negative 

covariance in a different dimension, even though both of these covariances reflect an 

association between the two landmarks that should increase their covariance. This issue 

was also identified by Klingenberg (2008), who pointed out that most studies of 

integration “consider landmarks to be integrated with each other if their variation is 
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correlated, that is, if there is any stochastic association between shifts of the landmarks 

regardless of the direction of the movements,” whereas Goswami “uses a mathematical 

formalism that implies a quite different definition of integration, which considers 

landmarks as integrated only if they move jointly and in the same or similar directions, 

but does not view them as integrated if their movements are correlated but in 

perpendicular or opposite directions” (pp. 117). In combination with the fact that 

landmark configurations were not scaled to a common size, this problematic definition 

of interlandmark covariances likely contributed to the strong regional pattern in the 

clusters she identified (Klingenberg 2008).  

To address these shortcomings, I use an equation that characterizes the degree of 

covariation in any direction between two sets of points in 3D space. I start by computing 

the covariance matrix between the landmark coordinate matrices A and B: 

Σ𝐴𝐴𝐴𝐴 = 𝐸𝐸(𝐴𝐴𝑇𝑇𝐵𝐵) 

Since the landmark coordinate matrices have 3 columns containing the x, y, and z 

coordinates, this equation yields a 3 x 3 matrix with the cell (x, y) containing the 

covariance between the x-coordinates of landmark A and the y-coordinates of landmark 

B. The scalar-valued covariance between landmarks A and B is then given by: 

𝑐𝑐𝑐𝑐𝑐𝑐(𝐴𝐴,𝐵𝐵)  = 𝑇𝑇𝑇𝑇(Σ𝐴𝐴𝐴𝐴Σ𝐴𝐴𝐴𝐴) 

This equation sums the squared covariances between each dimension of 

landmark A and each dimension of landmark B, such that covariation in any direction of 

3D space contributes equally to the interlandmark covariance. This metric is identical to 
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the numerator of the multivariate correlation coefficient, or the RV coefficient, and 

differs from this metric only in that it is not scaled by the variances or covariances 

within each set of landmarks (Adams 2016). As usual, the variance of a landmark is 

equivalent to the covariance of the landmark with itself.  

To distinguish between these equations for computing interlandmark 

covariances, I will refer to my equation as the “full covariance” and Goswami’s equation 

as a “partial covariance” since it only accounts for covariances in the same direction of 

3D space. 

Step 3: Apply hierarchical clustering algorithm 

Following Goswami (2006), I use Ward's method (1963) of hierarchical clustering, 

which is widely used in studies of morphological integration (e.g., Cheverud 1982a; 

Zelditch et al., 2008, 2009). Ward’s method aims to find clusters in a Euclidean distance 

matrix by minimizing the variance of intracluster distances. I convert landmark 

variance-covariance matrices to Euclidean distance matrices by applying the law of 

cosines (Kassambara 2017), such that the Euclidean distance between landmarks A and 

B is given by: 

𝑑𝑑𝐴𝐴𝐴𝐴 = �𝑐𝑐𝑣𝑣𝑇𝑇(𝐴𝐴) + 𝑐𝑐𝑣𝑣𝑇𝑇(𝐵𝐵) − 2𝑐𝑐𝑐𝑐𝑐𝑐(𝐴𝐴,𝐵𝐵) 

Presumably Goswami (2006) converted interlandmark variance-covariance 

matrices to distance matrices before performing hierarchical clustering, but the details of 

how this step was performed are left unspecified. Since Goswami also used Ward’s 

http://onlinelibrary.wiley.com.proxy.lib.duke.edu/doi/10.1111/j.1525-142X.2008.00290.x/full#b83
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(1963) hierarchical clustering algorithm, which requires a Euclidean distance matrix as 

input, I assume she performed this step as I do.  

Step 4: Perform cluster validation 

Clustering algorithms will find clusters even in unstructured datasets; thus, 

cluster validation is a critical step in any cluster analysis. Goswami (2006) claimed to 

find evidence for six clusters, however she did not specify how she determined that six 

was the optimal number of clusters. Presumably, this was a subjective conclusion based 

on visual inspection of the dendrograms produced by the hierarchical clustering 

algorithm. After deciding on six clusters and cutting the dendrograms accordingly, 

Goswami validated these clusters with t-tests comparing within-cluster to between-

cluster correlations. If within-cluster correlations were significantly greater than 

between-cluster correlations, Goswami concluded that modularity was significant. 

However, this is problematic because even for completely random data, it will often be 

possible to find clusters that have within-cluster correlations that are greater than 

between-cluster correlations (Sneath & Sokal 1973). Moreover, it is circular logic to test 

for significant within-cluster landmark correlations if those clusters were identified 

using information about the correlations among landmarks (Klingenberg 2013a). Thus, 

Goswami’s approach is likely to find statistically significant clusters even if there are not 

true clusters in the data.  
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To improve upon Goswami’s approach, I use the gap statistic method, which is a 

statistically principled approach to cluster validation that outperforms a wide array of 

alternatives in the literature (Tibshirani et al., 2010; Kassambara 2017). For any clustering 

procedure, the pooled within-cluster sum of squares Wk decreases as the number of 

clusters k increases. Since this is true even for random data, the challenge is to determine 

whether the clusters proposed by a clustering algorithm explain more variance in the 

data than can be expected due to chance. The gap statistic method compares the 

observed decrease in Wk as k increases to the expected decrease under an appropriate 

null distribution. The null distribution is obtained by sampling uniformly from the 

bounding box aligned with the principal components of the data, such that the range 

and shape of the original data is preserved, but any clusters in the null data arise 

through a random process. The gap statistic is computed for each k as the average 

distance between the observed and expected log Wk: 

𝐺𝐺𝑣𝑣𝐺𝐺(𝑘𝑘)  =  (1/𝐵𝐵)�𝑙𝑙𝑐𝑐𝑙𝑙(𝑊𝑊𝑘𝑘𝑘𝑘)− 𝑙𝑙𝑐𝑐𝑙𝑙(𝑊𝑊𝑘𝑘)
𝑘𝑘

 

Where B is the number of null datasets and b = 1, 2, …, B. Since the observed gap 

statistic will usually be smaller than the expected gap statistic for many values of k, a 

criterion is required determine the optimal value of k. I follow the recommendation of 

Tibshirani et al. (2010), who advocate for the “one standard error” rule based on 

simulation results. The “one standard error rule” states that the optimal k is the value for 

which Gap(k) ≥ Gap(k + 1) − sk+1, where sk is the standard deviation of Gap(k).  
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There is one major challenge to using the gap statistic method in the context of a 

cluster analysis performed on a distance matrix derived from a covariance matrix: the 

gap statistic assumes that the n x n distance matrix input to the clustering algorithm was 

computed using the Euclidean distances among sets of p features measured on n 

independent observations. The null distribution of the gap statistic is based on 

simulating sets of p features for n independent observations, using the same range and 

shape of the original data. However, when clustering is performed on a distance matrix 

derived from a covariance matrix, there is no dataset of p features for each landmark 

because the information used to compute the distance matrix is purely relational. To 

solve this problem, I use multidimensional scaling to generate a dataset for which the 

Euclidean distances among landmarks closely approximate the Euclidean distances 

derived from the interlandmark covariance matrix (Borg & Groenen 2005). The results of 

the multidimensional scaling analysis are then used as input data (i.e., the p features for 

each landmark) to the gap statistic method.  

 To summarize, there are three differences between the approaches taken by 

Goswami (2006) and those used here. First, I align landmark configurations using full 

GPA, while Goswami used a variant of GPA without size standardization. Second, I 

compute covariances between landmarks with an equation that considers correlated 

change in any direction of 3D space to be meaningful, while Goswami used an equation 

that only considers change in the same direction to be meaningful. Third, I use the gap 
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statistic to find the optimal number of clusters, while Goswami assumed there are six 

clusters and validated this assumption using t-tests to test for significantly higher 

within-cluster correlations relative to between-cluster correlations. To shed light on the 

consequences of these methodological differences, I analyze each subset of my data 

(males/females, strepsirrhines/haplorhines/primates) using both my and Goswami’s 

methods. I expect Goswami’s approach to produce strong regional clustering of 

landmarks with highly significant modularity. In comparison, my approach should 

produce weaker regional clustering and reduced evidence for modularity. Additionally, 

any modular pattern should be stronger when allometry and sexual dimorphism are 

controlled for statistically.  

Dendrograms are used to depict hierarchical clustering results. As a visual aide, I 

color all dendrograms to display k = 6 clusters, since this was the number of clusters 

reported by Goswami (2006). If the landmarks are not strongly clustered, then the 

majority of landmarks will appear in one large cluster. In contrast, if there is a 

hierarchical pattern of clustering according to anatomic regions, then landmarks will fall 

into evenly sized clusters corresponding to different anatomical regions. 

Analyses are performed in R with the packages ‘geomorph’ (Adams & Otorola-

Castillo 2013; Adams et al. 2015) and ‘Morpho’ (Schlager 2017) for geometric 

morphometric methods, ‘ape’ for phylogenetic comparative methods (Paradis et al., 

2004), and ‘cluster’ for cluster analysis and visualization (Maechler et al., 2017). 
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5.3 Results 

I found no strong hierarchical pattern of clustering when full GPA and full 

interlandmark covariances were used (Figures 23 and 24). When uncorrected data were 

analyzed, the vast majority of landmarks fell into one large cluster for every dataset 

(Figure 23). When corrected data were used, there was a slightly stronger pattern of 

hierarchical clustering, with landmarks falling into two large clusters for the male 

primate and both strepsirrhine datasets, but one large cluster for the female primate and 

both haplorhine datasets (Figure 24). I found some indication that neighboring 

landmarks are more likely to fall near one another in the dendrograms. For instance, the 

upper and lower molars were almost always nearest neighbors, and the landmarks on 

the orbit tended to cluster near one another. However, this pattern was weak and I 

found many examples of landmarks from different anatomical regions clustering near 

one another. For example, in the female primate dendrogram in Figure 23, the 

mandibular canine clustered near the glabella and the opisthion, and the molars 

clustered near the superior orbital margin while the other three orbital landmarks 

clustered near the gnathion. Moreover, these relationships were inconsistent across the 

different datasets. The gap statistic method revealed that the optimal number of clusters 

was 1 for all subsets of the data, both with and without correction for predictor 

variables, indicating that there was no significant clustering among landmarks (Table 

11).  
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When Goswami’s partial GPA and partial interlandmark covariances were used, 

a clear hierarchical pattern of clustering according to anatomical regions emerged for all 

datasets (Figure 25). The exact pattern of clustering varied across datasets, but 

landmarks were always distributed across relatively evenly sized clusters rather than 

being grouped into a single large cluster, and these clusters consistently reflected 

distinct anatomical regions. When the gap statistic was applied to these data, results 

were variable: the optimal number of clusters was 1 for the primate and haplorhine 

datasets, 3 for female strepsirrhines, and 7 for male strepsirrhines (Table 11).  

When the number of clusters was fixed at 6 and modularity was assessed with t-

tests comparing within- and between-cluster interlandmark correlations, modularity 

was highly significant (p < 0.001) for all hierarchical clustering results. Thus, when 

Goswami’s approach to cluster validation was used, the six-module model was always 

supported, thus replicating her findings.  
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Figure 23: Dendrograms using full GPA and full covariances with uncorrected 
data, showing k = 6 clusters 
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Figure 24: Dendrograms using full GPA and full covariances after controlling 
for allometry and sexual dimorphism, showing k = 6 clusters 
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Figure 25: Dendrograms using partial GPA and partial covariances, following 
Goswami (2006), showing k = 6 clusters 
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Table 11: Optimal number of clusters based on gap statistic method 

 Full GPA, full 
covariance, 
uncorrected data 

Full GPA, full 
covariance, 
corrected data 

Partial GPA, 
partial 
covariance 

All primates - females 1 1 1 

All primates - males 1 1 1 

Strepsirrhini - females 1 1 3 

Strepsirrhini - males 1 1 7 

Haplorhini - females 1 1 1 

Haplorhini - males 1 1 1 

 

5.4 Discussion 

This study represents the first investigation of phenotypic integration patterns in 

the primate skull on a macroevolutionary scale. Hierarchical clustering analysis did not 

reveal any evidence for evolutionary modules. This contrasts with previous work 

arguing for the existence of an evolutionarily conserved six-module pattern of 

integration in mammal crania (Goswami 2006). I was able to produce similar results to 

Goswami (2006) when I performed cluster analysis using her method of landmark 

alignment, her equation for computing interlandmark covariances, and her approach to 

cluster validation. Thus, the disparity between our results is likely to be due to 

methodological problems with that study and not necessarily due to true differences in 

inter- and intraspecific patterns of skull integration.  
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5.4.1 Absence of phenotypic modularity 

There is a long tradition in comparative morphology of predicting and seeking 

modular patterns in trait covariance data, yielding a body of literature containing 

diverse methodological approaches and mixed results (reviewed in Klingenberg 2013a). 

This work assumes that modular processes underlie the development of organisms, and 

suggests that modular patterns should be apparent in the covariances among traits at 

ontogenetic, population, and interspecific scales (Marroig & Cheverud 2001; Ackerman 

2002, 2005; Ackerman & Cheverud 2004; Goswami 2006; Goswami et al., 2014). 

However, a related body of work emphasizes the importance of strong developmental 

and functional interactions among major regions of the skull (Lieberman et al., 2000a, b; 

Martínez-Abadías et al., 2012; Klingenberg & Marugán-Lobón 2013). Because phenotypic 

modularity is defined as substantially stronger associations within modules relative to 

between modules, the presence of factors that induce correlations among modules can 

obscure the patterns produced by modular processes (Mitteroecker & Bookstein 2007; 

Klingenberg 2013a). I attempted to control for some of these factors by analyzing 

residuals of regressions of shape data against log centroid size and sexual dimorphism, 

and after doing so found no evidence for distinct modules. It is impossible to control for 

all integrating factors in comparative data, and it is possible that accounting for 

additional factors would lead to a detectable modular pattern in the skull shape data. 

Still, this would not change the conclusion that the predominant pattern in primate skull 
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shape variation at a macroevolutionary scale is strong integration among the major 

regions of the skull rather than strong modularity.   

Another thread of theoretical and empirical work emphasizes the complex 

nature of mammalian skull development and calls into question whether phenotypic 

modularity should be the expected outcome of modular developmental processes 

(Hallgrímsson et al., 2009; Marcucio et al., 2011; Martínez-Abadías et al., 2012; Young et 

al., 2014; Hu et al., 2015). Under this view, skull shape variation is the result of many 

different developmental processes that may each act locally, but successive processes 

obscure the patterns produced by earlier processes because their effects occur in 

different but overlapping anatomical regions. Hallgrímsson et al. (2009) refers to this as 

the “palimpsest model” of development, referring to the practice of reusing parchment 

such that older writing is only faintly visible under the newer writing. This model is 

supported by experimental development studies that demonstrate the presence of 

multiple modular developmental processes that together produce an absence of 

phenotypic modularity in adult variation (Hallgrímsson et al., 2009). This work 

emphasizes the conceptual distinction between modular processes and modular patterns 

in phenotypic data and is critical of the tendency for evolutionary biologists to conflate 

pattern (phenotypic covariances) with process (development) when discussing 

modularity. When studies fail to find evidence for phenotypic modularity, it could 
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simply be that development is modular, but is too complex to produce a straightforward 

pattern of phenotypic modularity 

Hallgrímsson et al. (2009) also point out that the ability to detect the effects of 

developmental modularity by analyzing phenotypic covariances depends on the 

presence of sufficient variation in the relevant developmental processes. To illustrate 

this point with a thought experiment, imagine a population of genetic clones raised 

under identical conditions such that there is no phenotypic variation among the adults: 

even if the developmental processes producing the adult phenotype are modular, the 

phenotypic covariances derived from this population of clones will not be modular 

because there is no variation in the sample (Hallgrímsson et al., 2009). This is an extreme 

example, but it proves the point that the ability to detect modularity in a phenotypic 

covariance matrix depends on the presence of an appropriate amount of variation in the 

sample. Thus, when studies do not find modularity in phenotypic data, it could be that 

there is insufficient variation in the underlying modular processes to produce detectable 

phenotypic modularity. This is another reason to be wary of conflating pattern and 

process in studies of phenotypic modularity.  

5.4.2 Comparison to Goswami (2006) 

Goswami (2006) reported a strongly conserved six-module pattern across therian 

mammals, and suggested that this is related to “evolvability” since these modules can 

evolve independently in response to different selection pressures (Goswami 2006; 
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Goswami et al., 2014). In contrast, my results indicate that the skull evolves as an 

integrated whole, with no evidence for evolutionary modules. The discrepancy between 

our results might be due, in part, to methodological differences between our studies. 

One major difference is in our choice of landmarks. Although our landmark datasets 

include a similar number of landmarks distributed across the major regions of the skull, 

my dataset consists of geometrically defined landmarks (i.e., landmarks defined by 

geometric extrema of structures, such as the most superior or medial point on a 

structure), while Goswami’s dataset consist primarily of anatomical landmarks (i.e., 

landmarks defined by intersections of bones, which are possible to identify based on 

local anatomy without reference to the broader geometric context). It is possible that 

modular structure in the skull is more readily identifiable when anatomical landmarks 

are used rather than geometric landmarks. While landmark choice certainly might 

contribute to our different results, I argue that there are more important analytical 

differences between our studies. As mentioned in the Methods, Goswami’s measure of 

interlandmark covariance is problematic because it is a partial covariance that only 

considers correlated changes in the same direction in 3D space to be meaningful. A 

second issue was the use of partial Procrustes superimposition in which landmark 

configurations were not scaled to a common centroid size, such that size variation likely 

contributed substantially to landmark covariances. These two factors are expected to 

interact to produce a pattern of clustering according to anatomical regions, since 
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landmarks that tend to move in the same direction in the presence of size variation will 

be strongly associated (Klingenberg 2008). My results support the conclusion that the 

methods used by Goswami (2006) induce a pattern of hierarchical clustering according 

to anatomical regions even when no such pattern exists.  

Another major discrepancy between my study and Goswami (2006) is how we 

determine whether modularity is considered statistically significant. Clustering 

algorithms are guaranteed to produce clusters, and a critical step in any cluster analysis 

is to validate the resulting clusters. Goswami (2006) considered clusters to be significant 

if the correlations among landmarks within the clusters were significantly greater than 

the correlations between clusters, but this approach is circular (Klingenberg 2013a) and 

is likely to yield significant results even for unstructured data (Sneath & Sokal 1973). My 

study overcomes these issues by using the gap statistic to validate clusters (Tibshirani et 

al., 2010). Even though the clusters identified in my study showed significant inter-

landmark correlations within clusters using Goswami’s approach, the gap statistic 

revealed that these associations were no greater than expected due to chance alone, and 

the true number of clusters was consistently estimated as 1 for every subset of the data. 

Thus, it seems likely that statistical support for six-module pattern in Goswami (2006) 

was exaggerated due to methods that are strongly biased towards finding significant 

patterns. 
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A final important difference between my and Goswami’s study is that Goswami 

assessed patterns of phenotypic integration within species, while my study focused on 

phenotypic integration in the changes across species. Since the mechanisms of shared 

function and development thought to produce phenotypic integration are the same at 

the intra- and interspecific levels, theory predicts that phenotypic integration should be 

observed on both the intra- and interspecific levels (Ackermann & Cheverud 2004). 

However, it is possible that patterns of cranial integration are truly different at the intra- 

and interspecific levels, similar to how allometric scaling relationships can differ 

depending on the level of analysis (Cheverud 1982b). This could occur if the processes 

producing patterns of phenotypic integration are different within species versus 

between species. For example, it could be that variation within species tends to occur 

within modules, while variation at a macroevolutionary scale tends to favor dramatic 

changes that involve coordinate changes among different modules, leading to reduced 

phenotypic modularity at a macroevolutionary scale. It would be interesting to re-

analyze the cranial landmark data from Goswami (2006) using alternative methods, 

since this dataset provides a valuable opportunity to directly compare intra- and 

interspecific patterns of cranial integration among primates and other mammals. Such a 

comparison is not possible with my dataset since I did not sample intraspecific variation. 

To my knowledge, a comparison of cranial integration patterns at the intra- and 
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interspecific levels has never been performed, and represents an interesting avenue for 

future research.  

5.4.3 Limitations and future directions 

There are several limitations to the analysis presented in this chapter, which 

mirror the limitations highlighted at the end of Chapter 4. First, my dataset aims to 

capture intergeneric variation across primates while largely ignoring intrageneric 

variation. Comparative analyses are sensitive to the taxa included in the sample, and it is 

possible that different patterns of phenotypic integration could emerge with more fine-

grained sampling of primate diversity. Second, I ignore intraspecific variation and 

measurement error in my analyses, and although these sources of variation are expected 

to be small relative to intergeneric variation (see Chapter 4), they contribute to 

unmodeled error in my analyses. Finally, the results of any comparative analysis depend 

on the appropriateness of the underlying evolutionary model, and because the analyses 

presented in this chapter are based on analyzing PICs of landmark coordinates, the 

assumption is that skull shape evolves according to Brownian motion (Felsenstein 1985). 

There is a need for both methodological and empirical research aimed at identifying and 

exploring the consequences of non-Brownian evolution in the context of geometric 

morphometrics data and studies on evolutionary integration and modularity. 
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6. Conclusions 

 
The research presented in this dissertation represents some of the first 

investigations of primate skull shape at a macroevolutionary scale, and was made 

possible by relatively recently developed methods that combine geometric 

morphometrics with phylogenetic comparative methods (Klingenberg & Marugán-

Lobón 2013). The breadth of taxa included in these studies was facilitated by the 

growing availability of online digital morphology data, which greatly reduces the cost 

and effort required to compile broad comparative morphology datasets (Copes et al., 

2016). By making all of my data and computer code publicly available online, this 

dissertation contributes to transparency and reproducibility in morphology research, 

which makes it easy for future researchers to learn from and build upon my work. In 

this chapter, I provide an overview of the findings from each of the previous chapters 

and highlight future directions for phylogenetic comparative research in evolutionary 

morphology.  

6.1 Overview of findings 

In Chapter 2, I detailed my compilation of digital scans of 122 primate skulls, 

both crania and mandibles, representing 63 primate genera. Underscoring the value of 

existing digital morphology databases, over 80% of these scans were obtained from 

publicly accessible morphology data repositories, including Morphosource (Boyer et al., 
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2014; http://morphosource.com), the Smithsonian National Museum of Natural History’s 

Human Origins Program 3D Collection (http://humanorigins.si.edu/evidence/3d-

collection/primate), and the Kyoto University Primate Research Institute’s Digital 

Morphology Museum (http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html). In 

addition to these existing data, I obtained de novo microCT scans for 12 specimens from 

the American Museum of Natural History, and these scans were contributed to 

Morphosource. The potential for broad comparative morphology studies will continue 

to grow as it becomes increasingly mainstream for morphologists and paleontologists to 

contribute new scans to public databases such as Morphosource. This is an exciting 

development for the field, since it means that researchers not only have more data at 

their disposal, but more time and resources to focus on understanding this data rather 

than tracking down and measuring museum specimens.  

 In Chapter 3, I presented a method for aligning digital primate crania and 

mandibles into centric occlusion, and demonstrated that my method produces similar 

results to physically aligning the cranium and mandible. I am aware of one past study 

that aligned digital mammalian crania and mandibles into centric occlusion (Smits & 

Evens 2012), but their method was presented vaguely and no validation study was 

performed. Although I demonstrated that my method performs sufficiently well in the 

context of studying coarse aspects of primate skull shape, it is important to keep in mind 

that my approach might be inadequate for other taxonomic groups or for studies 

http://humanorigins.si.edu/evidence/3d-collection/primate
http://humanorigins.si.edu/evidence/3d-collection/primate
http://dmm.pri.kyoto-u.ac.jp/dmm/WebGallery/index.html
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focused on more fine-grained aspects of skull morphology. As the jaw-closing problem 

illustrates, the use of digital data can pose unique challenges for morphologists, and 

these will require creative solutions and validation studies tailored to each situation.  

 In Chapter 4, I found strong phylogenetic signal in primate skull shape, 

confirming that it is important to account for phylogeny when analyzing this data. I 

used multivariate phylogenetic generalized least squares to test for correlations between 

skull shape and allometry, sexual size dimorphism, typical diet, tree-gouging behavior, 

and activity pattern. This revealed a significant effect of allometry, sexual dimorphism, 

and diet on skull shape, while the effects of tree-gouging and activity pattern were not 

significant. Wireframe plots revealed that increased sexual dimorphism is associated 

with a lengthened rostrum, which is expected as an adaptation to increase gape for 

aggressive displays involving large canines (Ravosa 1990), while folivory was associated 

with deeper mandibles, which may improve mechanical advantage and strain resistance 

when chewing tough foods (Smith & Savage 1959; Hylander 1979; Taylor 2002). The 

non-significant effect of nocturnality was unexpected, since nocturnality is thought to be 

associated with dramatic increases in the size of the orbits (Kay & Kirk 2000), however 

this result can be explained by low statistical power after accounting for phylogeny, 

because there are few shifts in activity pattern across the primate tree. Similarly, the non-

significance of tree-gouging may be driven by low statistical power since tree-gouging is 

a relatively rare trait among primates (Vinyard et al., 2003). This chapter highlights the 
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role of phylogeny in structuring diversity in primate skull shape, while also pointing 

towards the influence of variation in body size, sexual size dimorphism, and diet.  

 In Chapter 5, I performed exploratory clustering analysis on phylogenetically 

corrected inter-landmark covariance matrices, and found no evidence for phenotypic 

modularity in the primate skull at a macroevolutionary scale. This result contradicts the 

hypothesis that the skull is subdivided into evolutionary modules that evolve 

independently (Ackermann & Cheverud 2004), and is consistent with the view that the 

skull evolves as a highly integrated structure (Martínez-Abadías et al., 2012). Previously, 

Goswami (2006) found strong evidence for a conserved six-module pattern of 

phenotypic integration the skulls of diverse mammalian taxa, including primates. 

However, I argued that the patterns identified by Goswami were due to methodological 

flaws, particularly her decision not to scale landmark configurations to a common size 

during alignment, use of a definition of inter-landmark covariance that ignores 

covariation in perpendicular or opposite directions, and use of a circular approach to 

cluster validation that inflates statistical support for modularity. I obtained similar 

results to Goswami (2006) for my own data when I reproduce her methods, but the 

evidence for phenotypic modularity disappeared once the methodological flaws were 

corrected. There is enormous diversity in the methods used to study morphological 

integration, and it is common for studies to use methods that are loosely connected to 

theory and have not been validated with simulation studies (Mitteroecker & Bookstein 
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2007). The methodological issues raised in this chapter highlight the need for more 

theoretical work on methods for studying phenotypic integration and modularity.  

 This dissertation is accompanied by a well-annotated GitHub repository 

containing all the R code used to make the figures and run the analyses 

(https://github.com/rgriff23/Dissertation). All of my figures and results can be 

reproduced exactly using the code and the landmark configuration files provided in this 

repository. In addition, I wrote several blog posts that describe my solutions to various 

problems or challenges I encountered when performing the analyses in this dissertation. 

In my first post, I introduce an R function for reading Meshlab picked-points files into R 

in a format that is ready to analyze using ‘geomorph’ 

(https://rgriff23.github.io/2017/05/07/read-meshlab-pickedpoints.html). A second post 

demonstrates how to use R to estimate missing bilateral landmarks by reflecting a point 

placed on the opposite side of the skull across the mid-sagittal plane 

(https://rgriff23.github.io/2017/06/09/reflect-3d-points-across-plane.html). A third post 

shows how to flip the principal axes in the phylomorphospace plots generated using 

‘geomorph’ (https://rgriff23.github.io/2017/08/05/flipping-PC-axes-in-

phylomorphospace-plots.html). Finally, I wrote a post that demonstrates how to 

produce wireframe plots for either the mean shape of a set of landmark configurations, 

or the predicted shapes based on a multivariate regression analysis performed in 

‘geomorph’ (https://rgriff23.github.io/2017/11/10/plotting-shape-changes-

https://rgriff23.github.io/2017/05/07/read-meshlab-pickedpoints.html
https://rgriff23.github.io/2017/06/09/reflect-3d-points-across-plane.html
https://rgriff23.github.io/2017/08/05/flipping-PC-axes-in-phylomorphospace-plots.html
https://rgriff23.github.io/2017/08/05/flipping-PC-axes-in-phylomorphospace-plots.html
https://rgriff23.github.io/2017/11/10/plotting-shape-changes-geomorph.html
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geomorph.html). I hope that these posts serve as a useful resource for other researchers 

attempting to process or visualize their geometric morphometric and phylogenetic data 

using R.  

6.2 Future directions 

 In this final section, I highlight three broad directions for future work in 

comparative evolutionary morphology. The directions I focus on relate to the 

availability and accessibility of digital morphology data, the development of automated 

methods for processing and extracting shape data from scans, and the development of 

more sophisticated statistical methods for modeling the evolution of high dimensional 

traits. Advances in these areas promise to shed new light on morphological evolution in 

a wide range of study systems, including the primate skull. 

Although existing digital data repositories made my project possible, my 

experience also made it clear that much work remains to be done to compile, organize, 

annotate, and make 3D digital morphology data readily accessible to researchers. 

Currently, morphologists do not have a community resource akin to Genbank for 

geneticists, which is extensive, open access, well annotated, easy to query, and easy to 

use for both contributors and users. Neither the Smithsonian 3D collection nor the 

KUPRI databases are designed to be expanded by the morphology community: the 

Smithsonian specimens were scanned for a single project, and the KUPRI database is 

only for scans of primates that are housed at KUPRI facilities. Morphosource represents 

https://rgriff23.github.io/2017/11/10/plotting-shape-changes-geomorph.html
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an effort to provide a Genbank for morphologists, but currently, the major limitation to 

Morphosource is that it isn’t used ubiquitously by morphologists and its collection is 

sparse enough that it is unlikely to provide all of the data necessary for a comparative 

project at the macroevolutionary scale. I was able to find just under 30% of the 

specimens I needed for my genus-level primate dataset, and the rest had to be scanned 

de novo or scavenged from other resources. Morphology research will benefit greatly 

from a cultural shift that encourages researchers to make scans available as soon as 

possible in a user-friendly repository such as Morphosource, and that rewards efforts to 

manage and improve the accessibility of this data (Boyer et al., 2016; Copes et al., 2016). 

Another exciting area for methodological development is the automation of two 

major stages of post-scan processing: the preparation of surface files from 3D scans, and 

the selection of landmarks to characterize shape. As discussed in Chapter 2, the 

simplification and smoothing of 3D surfaces can result in information loss and 

unwanted distortions of the surface, and current approaches to optimizing 

simplification and smoothing algorithms are more art than science. A major 

advancement in this area would be the development of automated methods that 

optimize simplification and smoothing algorithms to minimize loss of information and 

distortion. Profico et al. (2016) recently developed the first R package for this purpose, 

however at present, it has not been widely tested and used. Automation has the 

potential to make 3D surface simplification and smoothing more principled and 
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repeatable, but more research is needed to evaluate and improve their performance 

before they become mainstream. A second step that can be automated is the selection 

and placement of landmarks for characterizing shape (Boyer et al., 2011, 2015; Gao et al., 

2016; Vitek et al., 2017). There is a degree of subjectivity in the selection and placement 

of landmarks for any given study, and landmark choice can have a major impact on 

results. Automatic alignment methods have the potential to provide more accurate 

characterizations of shape variation, and can also improve Procrustes alignments of 

specimens, which are sensitive to the placement of landmarks. The development and 

widespread use of computation tools for automatic post-scan processing and landmark 

identification will improve the objectivity and reliability of geometric characterizations 

of shape in the future.  

Finally, there is a need for development of more advanced phylogenetic 

comparative methods that can handle the high dimensionality of geometric 

morphometrics data. In the past decade, evolutionary biology has witnessed an 

explosion of increasingly complex statistical models and sophisticated computational 

approaches to analyzing phylogenetic comparative data (Nunn 2011; O’Meara 2012; 

Pennel & Harmon 2013; Garamszegi 2014). These methods have taken evolutionary 

biologists beyond the view that phylogenetic comparative methods are simply a set of 

tools that “control for” the nuisance of phylogenetic non-independence in statistical 

tests, and instead view the estimation and comparison of alternative evolutionary 
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models as a powerful approach that can yield insights into evolutionary processes 

(Pennel & Harmon 2013; Pennel 2015). However, these more advanced methods are 

designed to model univariate traits, and have rarely been extended to the analysis of 

multivariate traits such as shape. Although some efforts have been made to fit more 

flexible evolutionary models to multivariate data, the exponential growth of 

computational time as a function of trait dimensionality is a major challenge for these 

methods, and they can only handle a few dimensions and not the dozens of dimensions 

that are typical of geometric morphometrics datasets (Clavel et al., 2015). Until such 

methods are available, researchers interested in fitting more complex evolutionary 

models to geometric morphometrics data can use dimensionality reduction techniques 

such as principal components analysis to make their data more tractable, but this 

approach is prone to several biases (Polly et al., 2013; Uyeda et al., 2015) and erases 

many of the benefits associated with working with raw shape data (Zelditch et al., 2013). 

Thus, an important direction for future work is expanding the suite of phylogenetic 

comparative methods that can be used in a geometric morphometrics context.  
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