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CHAPTER I 

INTRODUCTION 

 

To terms of magnitude, and of direction, must  

we refer all our conceptions of Form. 

D'Arcy Thompson (1917: 15) 

 

 There exists a causal relationship between ontogeny, the embryonic and postnatal 

life course of an individual, and phylogeny, the evolutionary history of a lineage. Just as 

adult morphology is largely the product of ontogenetic patterns, evolutionary history is 

mediated by changes to these developmental regimes (Garstang, 1922; de Beer, 1930; 

Gould, 1977). While adult specimens may demonstrate how morphology has changed 

over time, ontogenetic studies provide a means for determining how these differences are 

accomplished and can therefore provide insights into the processes responsible for 

observed changes (McNulty, 2012). For these reasons, an investigation of how ontogeny 

influences adult morphology, and how these ontogenetic patterns have changed over 

evolutionary time, is critical to our understanding of the evolution of humans and other 

catarrhines. The skull as the element of inquiry was chosen because it is an important 

evolutionary unit that provides many of the synapomorphies on which primate and 

catarrhine systematics are based. For these same reasons, fossil crania can often be 

assigned to a taxonomic group more reliably than postcranial remains. Additionally, 

crania, and importantly, juvenile crania, are often better represented in museum 

collections than postcranial material. Finally, the skull contains many repeatable and 

diagnosable landmarks ("Type 1" landmarks in the vocabulary of geometric 

morphometrics), which are valuable in landmark based morphometric methods 

(Bookstein, 1991). 

 While there have been numerous previous investigations into catarrhine cranial 

ontogeny, these studies have often led to conflicting results, possibly due to the use of 

different methodologies. Furthermore, comparing the ontogenetic trajectories of many 

taxa simultaneously can be cumbersome, as this is often accomplished by examining 

large matrices of pairwise angles among them. Additionally, because relatively complete 

ontogenetic sequences of fossil materials are scarce to non-existent, most analyses of 
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ontogenetic trajectories are limited to extant taxa, making it difficult to determine how 

trajectories have changed over time. Finally, there are several long-standing hypotheses 

about the role of size in the evolution of catarrhine cranial morphology that have yet to be 

tested using the sophisticated techniques of shape analysis that are currently available.  

 This dissertation addresses these issues by: 1) examining how the use of different 

methodologies influences the production of ontogenetic trajectories, 2) developing new 

methods for the analysis of extant and ancestral ontogenetic trajectories, and 3) using this 

information in conjunction with a comparative approach to more fully understand the role 

of size in the cranial evolution of catarrhines. 

 

1.1 Background 

1.1.1 Ontogeny and Evolution 

 Studies of ontogeny began in earnest with the early nineteenth century 

embryological investigations of Johann Meckel, Antoine Serres, and Karl Ernst von Baer 

(Lovtrup, 1978; Amundson, 2005). In what would later be referred to as the Meckel-

Serres law, Meckel and Serres independently argued that the earliest stages of vertebrate 

embryos tend to resemble each other, and therefore during their development embryos 

pass through the adult stages of organisms situated lower on the scala naturae. This was 

soon thoroughly refuted by von Baer, who formulated his four laws of embryological 

development, which state that 1) the most general characters of a group arise earlier in the 

embryo than the special, 2) from general forms, less general forms arise until special 

forms are developed, 3) embryos, rather than passing through other forms during 

development, becomes separated from them, and 4) the embryos of 'higher forms' never 

resemble those of other forms, only their embryos (Hall, 1998; Amundson, 2005). Both 

the Meckel-Serres and von Baerian laws were temporally and philosophically pre-

Darwinian; neither was discussing evolutionary relationships or how embryos might fit in 

to an evolutionary framework.  

 After the publication of the Origin of Species (in which Darwin argues for the 

importance of embryology to the understanding of evolutionary relationships), the 

German embryologist Ernst Haeckel, who was a staunch proponent of descent with 

modification, reanimated the Meckel-Serres law with the formulation of his 'biogenetic 
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law' (better known by the more mellifluous dictum 'ontogeny recapitulates phylogeny,' 

Haeckel coined both the words ontogeny and phylogeny perhaps for this very purpose...), 

substituting evolutionary stages for rungs in the scala naturae (Gould, 1977; Richtsmeier, 

2018). Haeckel argued that embryos literally passed through the evolutionarily stages of 

adult ancestors, and therefore an organism's evolutionary history could be traced through 

its ontogenetic stages of development (Gould, 1977). Importantly, because the biogenetic 

law stated that embryos display the adult stages of ancestors over the course of 

development, recapitulation only allowed for the terminal addition of traits, with earlier 

stages having to be deleted to make room for them. This raised the hackles of many of 

Haeckel's contemporary embryologists, as it required nonsensical ancestral adult stages to 

explain observed embryonic stages (e.g., if all ontogenetic stages represent an adult stage 

of an ancestor, then there would need to be an adult mammal going through its adult life-

stage attached to a placenta, to match the prenatal stage of placental mammals) 

(Amundson, 2005). While these and other observations eventually led to the downfall of 

the biogenetic law (Gould, 1977), Haeckel's response to these critiques was to develop 

numerous ad hoc caveats, which he placed under the aegis of heterochrony (another term 

coined by Haeckel). Heterochrony is defined as a change in the timing of developmental 

events in a descendant relative to an ancestor, which for Haeckel, allowed embryos to not 

adhere to the strict evolutionary stages of adult ancestors, as in some cases organisms 

would change the timing (onset/offset) or pace (rate) of their development (Gould, 1977). 

However, as heterochrony was seen as an aspect of the failing recapitulationist program, 

it fell out of favor with most researchers in the late 19th century (Gould, 1977). 

Heterochrony was later revitalized by de Beer (1947) and further by Gould (1977), and 

has played a large role in ontogenetic investigations ever since (see reviews in McKinney 

and McNamara, 1991; Klingenberg, 1998; Minugh-Purvis and McNamara, 2002; 

Mitteroecker et al., 2004, 2005). 

 Despite several prominent investigations of the role of ontogeny in evolution in 

the early to mid 20
th
 century (e.g., Garstang 1922; Schultz, 1926; Huxley, 1932; 

Waddington, 1942), considerations of ontogeny were conspicuously absent from much of 

the Modern Synthesis (Amundson, 2005; Müller, 2007). However, a renaissance of 

developmental perspectives in evolution began in last quarter of the 20
th
 century (Hall, 
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1998), and ontogeny has increasingly been invoked to explain a multitude of patterns of 

primate and human evolution ever since (Gould, 1977; Shea, 1981, 1983, 1989; 

McKinney and McNamara, 1991; Ravosa, 1992; Ravosa et al., 1993; Ravosa and Ross, 

1994; Godfrey and Sutherland, 1996; Vrba, 1996; Lieberman et al., 2000; Leigh, 2001, 

2007; Ponce de León and Zollikofer 2001; Minugh-Purvis and McNamara, 2002; Penin 

et al., 2002; Antón and Leigh, 2003; Leigh et al., 2003; Thompson et al., 2003; Berge and 

Penin, 2004; O'Higgins and Pan 2004; Ackermann, 2005; Gonzalez et al., 2011; Baab et 

al., 2012; Gunz, 2012; McNulty, 2012; Terhune et al., 2013; Singleton, 2015; Carlson et 

al., 2016). 

 

1.1.2 Geometric morphometric studies of cranial ontogeny in Primates 

 Landmark-based geometric morphometrics is a type of statistical analysis that 

investigates the shape variation of landmark coordinates after factors of non-shape 

variation (i.e., scale, orientation, and position) have been held constant, while also 

preserving the geometry of these coordinates (Bookstein, 1991; Rohlf and Marcus, 1993; 

Dryden and Mardia, 1998; Mitteroecker and Gunz, 2009; Baab et al., 2012). By far, the 

most commonly employed method for nullifying the effects of non-shape variation is the 

Least-Squares based Procrustes method (Marcus and Corti, 1996; Rohlf, 1999; Adams et 

al., 2013). This method overlays the landmark configurations through an optimization 

criterion (i.e., it minimizes the sum of squared distances between equivalent landmarks) 

and allows for the analysis of anatomical landmarks after the effects of non-shape 

variation have been mathematically held constant. When applied to more than two 

specimens, this procedure is iterative and referred to as a generalized Procrustes analysis 

(GPA). After collecting landmark data from a specimen, this procedure first translates 

specimen configurations to a common location by superimposing their centroids 

(geometric mean of landmark data), it then scales each configuration to unit centroid size 

(which is calculated as the square root of the sum of squared distances of each landmark 

to the centroid), and finally it rotates all configurations until corresponding landmarks 

across all specimens are as close together as possible (Rohlf, 1999). Although the 

specimens are scaled to unit centroid size, this information is actually just sequestered, 

and the centroid size of each specimen is most commonly used to measure size. The 
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variation that remains after a GPA represents the variation in shape (Marcus and Corti, 

1996). Once a GPA has been executed, superimposed specimen configurations can be 

represented as a single point in a high-dimensional shape space (Baab et al., 2012). 

Because this variation concerns the relative displacement of landmarks to each other in 

multiple directions, it is important to use multivariate statistical methods to analyze these 

differences (Klingenburg, 2010). A major benefit of geometric morphometric analysis is 

the ability to visually represent statistical results as actual shapes, allowing for visual 

comparison of analytical results with actual specimens (Rohlf and Marcus, 1993; Baab et 

al., 2012; Adams et al., 2013). Additionally, it allows for a determination of the 

magnitude and pattern of shape differences between data sets. For these reasons, 

geometric morphometrics is especially suited to address questions regarding ontogeny 

(Collard and OôHiggins, 2001; Ponce de Le·n and Zollikofer 2001; Penin et al., 2002; 

McNulty et al., 2004; Mitteroecker et al., 2004; OôHiggins and Pan, 2004; Cobb and 

OôHiggins, 2007; Singleton 2012), and allometry (Klingenberg, 1998, 2016; Singleton, 

2002, 2012; Frost et al., 2003; Mitteroecker et al., 2004; Schaefer et al., 2004; 

Mitteroecker and Gunz, 2009; Gonzalez et al., 2011; Perez et al., 2011; Klingenberg and 

Maugan-Lobon, 2013; Mitteroecker et al., 2013). 

Comparisons of ontogenetic shape trajectories are a standard approach in 

geometric morphometrics (Cheverud and Richtsmeier 1986; Leigh and Cheverud, 1991; 

OôHiggins and Jones, 1998; OôHiggins, 2000; Collard and OôHiggins, 2001; OôHiggins 

and Collard, 2002; Ackermann and Krovitz, 2002; Leigh et al., 2003; Cobb and 

O'Higgins, 2004; Leigh, 2006, 2007; McNulty et al., 2006; Singleton et al., 2010; 

McNulty, 2012). While there are a variety of methods to study ontogenetic trajectories 

using geometric morphometrics, the most common strategies are to use either the first 

principal component axis of an ontogenetic sample (which often serves as a proxy for 

size), as performed by Collard and OôHiggins (2001), OôHiggins and Collard (2002), and 

Mitteroecker et al. (2004), or the beta coefficients from a multivariate regression of 

Procrustes aligned shape coordinates against the covariate of developmental stage, as in 

McNulty et al. (2006) and Singleton et al. (2010). Comparisons among the vectors (using 

either method) are then made through the calculation of the angle between them, 

computed as the arccosine of their inner dot product (Collard & OôHiggins, 2001). A 
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small angle between vectors indicates similar patterns of shape change, while a larger 

angle indicates more divergent patterns (Cobb & OôHiggins, 2004). 

 However, conclusions drawn from these investigations are often equivocal. An 

eminently likely cause of these conflicting conclusions is the use of different ontogenetic 

proxies (e.g., size vs. developmental stage) to construct ontogenetic trajectories. For 

example, Collard and OôHiggins (2001) and OôHiggins and Collard (2002), who used 

size as an ontogenetic proxy in their investigations of cranial ontogenetic trajectories in 

papinoins, argued that Papio and Mandrillus, and Cercocebus and Lophocebus all 

significantly differ in their ontogenetic trajectories. A different result was found by Leigh 

(2007), who argued that the ontogenetic trajectories of Cercocebus, Lophocebus, and 

Mandrillus are similar to each other, but differ from the ontogenetic trajectory of Papio. 

In contrast to these studies, Singleton et al. (2010), who used dental developmental stage 

to construct trajectories, concluded that papionins largely have a shared ontogenetic 

trajectory, or at least that differences between trajectories are not statistically significant 

given available sample sizes. 

There is also a lack of consensus regarding the similarity of cranial ontogenetic 

trajectories in extant African apes, with some authors arguing that shape change among 

species follows roughly parallel trajectories, with the majority of morphological 

differences between species arising early in ontogeny (Ackermann and Krovitz, 2002; 

Berge and Penin, 2004; Lieberman, et al., 2007), while others argue that ontogenetic 

trajectories of cranial shape change, at least between some African ape species, are 

divergent (Cobb and OôHiggins, 2004, 2007; Mitteroecker et al., 2005; McNulty et al., 

2006). 

Therefore, a more thorough understanding of how trajectories are constructed and 

how the choice of ontogenetic proxy might influence interpretations is sorely needed. 

This information can then be used to inform the choice of investigators when addressing 

the speciýc questions of future studies. 

 

1.1.3 Ontogenetic allometry and ontogenetic scaling 

 Body size is an immensely influential aspect of most components of an organism, 

including morphology (Thompson, 1917; Huxley, 1932; Gould, 1966, 1971; Schmidt-
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Nielsen, 1984). This association of size and shape is referred to as allometry, which can 

play a significant role in the evolution of morphological disparity and provide important 

insights into that morphological evolution. (Huxley, 1932; Jungers, 1985; Shea, 1985, 

1995; Cheverud, 1982; Klingenberg, 1998, 2010, 2016; Gerber et al., 2008; Cardini and 

Polly, 2013). Researchers have differentiated between three levels of allometric inquiry: 

static allometry, which compares size-shape covariation among individuals within a 

population at a particular ontogenetic stage (e.g., adults within a species); evolutionary 

allometry, which compares size-shape covariation among ancestors and descendants; and 

ontogenetic allometry, where size-shape covariation is examined over the course of 

growth and development (Cock, 1966; Cheverud, 1982; Klingenberg, 1998).  

In studies of ontogenetic allometry, ontogenetic scaling (sensu Gould, 1966; Shea, 

1985; 1995) has often been invoked to explain cranial morphological differences between 

smaller and larger forms of closely related taxa (Freedman, 1962; Pilbeam and Gould, 

1974; Jungers and Fleagle, 1980; Shea, 1981, 1983a, b, 1985, 1995; McKinney, 1986; 

Atchley and Hall, 1991; Ravosa et al., 1993). Ontogenetic scaling is the result of the 

extension/truncation of common growth allometries to new size ranges, i.e., ontogenies 

differ merely in the length of the compared trajectories while they maintain a similar 

relationship between size and shape, and these changes in shape occur in similar 

directions (see Figure 1.1; and Klingenberg, 1998). If the allometric trajectories differ in 

y-intercept transpositions (a parallel shift in the entire trajectory) and/or different slope 

coefficients (a change in the pattern of the trajectory) then ontogenetic scaling cannot 

explain shape differences among specimens (Figure 1.1). Strict ontogenetic scaling can 

produce scaled variants in shape, whereby a smaller organism is a proportionately scaled 

down version of a larger one (or vice versa). It is important to note that this does not 

necessarily mean that all proportions of the morphological element of interest are the 

same at both sizes. For example, due to the consequences of negative allometric scaling 

of neurocranial dimensions and positive allometric scaling of facial dimensions, smaller 

primates have relatively larger neurocrania and shorter faces than their larger 

counterparts (Gould, 1975; Singleton, 2013). Therefore, while it is not necessary for 

scaled variants to have identical shapes with one being large and the other small, the 
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commonality of the direction of the allometric trajectories is (with the only difference 

lying in trajectory magnitude). 

 

 

Figure 1.1: Redrawn from Klingenberg (1998). Visual representation of ontogenetic 

scaling. Ontogenetic scaling occurs when there is only a truncation or extension of a 

common allometric trajectory. A change in trajectory direction or a parallel shift in the 

entire trajectory cannot result in ontogenetic scaling. Solid line: ancestral trajectory; 

dashed lines: possible descendant trajectories. 

 

There are several prominent examples of hypothesized ontogenetic scaling in 

comparisons of primate cranial morphology. Giles (1956) suggested that chimpanzees 

and gorillas were scaled variants of each other, with gorillas extending the chimpanzee 

cranial morphotype into a new size range (see also Shea, 1983, 1985). Shea (1992) 

argued that Miopithecus talapoin is a scaled variant of other, larger guenons, with 

differences in cranial shape arising from having a shared allometric trajectory of differing 

lengths. Pilbeam and Gould (1974) argued that robust and gracile australopithecine 

cranial morphologies were the result of scaled variations on a single theme. Freedman 

(1963) and later Leigh (2006) argued the same for members of genus Papio. It has also 
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been suggested that cranial similarities between the diphyletic large (i.e., Papio and 

Mandrillus) and small (i.e., Lophocebus and Cercocebus) African papionins are the result 

of homoplasy via allometric scaling, with Papio being a scaled-up version of its sister 

taxon Lophocebus, and Mandrillus being a scaled-up version of Cercocebus (Harris, 

2000). There is however no consensus on the prevalence (or even existence of) 

ontogenetic scaling in catarrhine crania. Furthermore, several of these proposed examples 

of ontogenetic scaling are based on studies of bivariate generalizations of shape (e.g., 

Giles, 1956; Pilbeam and Gould, 1974; Shea, 1992). As shape (and indeed, an 

ontogenetic trajectory of shape change) is a multidimensional trait, it is important to 

evaluate if ontogenetic scaling is a common pattern in the evolution of catarrhine cranial 

shape using the advanced methods of multidimensional shape analysis. 

Another important aspect of ontogenetic scaling is that size is the determining 

factor of shape and perhaps under the influence of selection, while the observed shapes 

are the byproduct of these size changes and possibly not the result of direct selection 

themselves. The comparison of ontogenetic trajectories in this way (ontogenetic scaling 

or not) has been termed a 'criterion of subtraction,' and has been argued to be a fruitful 

way of elucidating possible selective forces operating over evolutionary time, in that one 

can evaluate whether observed shapes are the product of selection for those shapes, or if 

they are the product of differential end points on a shared ontogenetic trajectory (Gould, 

1966, 1975; Shea, 1985, 1995; Ravosa and Profant, 2000; Ravosa and Vinyard, 2002). 

Extending this to an evolutionary timescale, some have suggested that size is possibly a 

'line of least evolutionary resistance' (Marroig and Cheverud, 2005, 2010; Ungar and 

Hlusko, 2016), and that size changes may be a first step in adaptation and diversification, 

with size responding more quickly than shape to environmental change (Elton et al., 

2010). The finding of differential end points on a shared ontogenetic trajectory (i.e. 

ontogenetic scaling) among closely related taxa would indicate that size was a strongly 

influential evolutionary pressure on cranial shape and would provide support for the 

hypothesis of size as a path of least evolutionary resistance. 

Supporting size as a line of least resistance, Marroig and Cheverud (2005, 2010) 

argued that body size evolution is the most significant factor in producing observed 

cranial morphologies in Platyrrhines, and that most taxa are scaled variants of each other. 
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Similarly, Cardini and Elton (2007) argued that size evolution has played a large role in 

the cranial morphological evolution of the Cercopithecini tribe. However, other 

researchers have questioned the influence of size on cranial morphological variation. For 

example, in their investigation of platyrrhine cranial evolution, Perez et al. (2011) found 

that size does not account for a large proportion of cranial shape variation once 

phylogenetic structure is taken into account. In their investigation of Chlorocebus, a 

geographically widespread genus of Cercopithecini, Elton et al. (2010) determined that 

forces other than size are instrumental in producing cranial morphological variation. 

Thus, it is currently uncertain if size can be considered as a line of least evolutionary 

resistance in the production of catarrhine cranial morphologies. 

 

1.2 Investigational Précis 

 To investigate the evolution of catarrhine cranial ontogeny, three studies were 

conducted. Each of these analyses examines different aspects of ontogenetic trajectories, 

with each successive investigation expanding in taxonomic scope. An ontogenetic 

trajectory is the path taken by an organism through multivariate trait space and describes 

changes in form over the course of ontogeny (Alberch et al., 1979; Magwene, 2001). 

Ontogenetic trajectories are most often calculated as vectors composed of a direction 

(pattern of shape changes over ontogeny) and magnitude (amount of shape changes over 

ontogeny), and variation in either or both components can influence adult morphology 

(Zelditch et al., 2012). For example, two species can share a similar amount of shape 

change over the course of ontogeny, but if the directions (patterns) of these shape 

changes differ between them, the resulting adults will be dissimilar in shape because of 

variation in the way shapes are changing. It is important to note that the specimens 

measured in the subsequent studies are at the tail-end of their ontogenetic trajectories, 

i.e., the majority of shape changes occur from a fertilized egg to birth, prior to when the 

specimens were able to be measured. Despite this, important shape transformations that 

contribute to adult morphology still occur in these later ontogenetic stages (Collard and 

O'Higgins, 2001; Singleton, 2012; Zelditch et al., 2012). 

While heterochrony has provided a conceptual framework for many ontogenetic 

studies (see reviews in Gould, 1977; McKinney and McNamara, 1991; Minugh-Purvis 
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and McNamara, 2002), and traditional heterochronic terminology could be used to 

describe differences among the developmental shape trajectories discussed herein (e.g., 

hypo-/hypermorphosis), these investigations will eschew the framework of heterochrony 

in the interpretation of results, due to the cogent concerns that have been raised regarding 

the application of traditionally bivariate analyses of heterochrony in a multivariate shape 

context (Mitteroecker et al., 2004; 2005; Gunz, 2012). Additionally, the ontogenetic 

hypotheses presented in these analyses are testable in a way that heterochronic 

hypotheses often are not (Klingenberg, 1998; Mitteroecker et al., 2004; 2005). 

The first two chapters of this dissertation have been published with the coauthors 

Dr. Stephen R. Frost (Chapter I and II) and Dr. Michelle Singleton (Chapter II). Dr. Frost 

substantially helped with the editing and conceptual development of Chapters I and II, 

and Dr. Singleton provided cranial landmark data and editorial expertise for Chapter II. I 

was the primary contributor to both of these investigations. I designed the studies, 

performed the statistical analyses, produced the figures, and wrote the manuscripts. 

 

1.2.1 Constructing cranial ontogenetic trajectories in Macaca mulatta  

 As noted above, recent morphometric research has generated opposing 

conclusions regarding the similarities of ontogenetic trajectories among catarrhine crania, 

possibly due to the different ontogenetic proxies that are used to calculate them (Collard 

and OôHiggins, 2001; OôHiggins and Collard, 2002; Cobb and O'Higgins, 2004, 2007; 

Mitteroecker et al., 2004; 2007; Leigh, 2007; Singleton et al., 2010). Additionally, some 

researchers have argued that the chronological age of the specimens is often necessary to 

adequately compare ontogenetic trajectories (Gould, 1977; Alberch et al., 1979). To 

address these issues, the investigation in Chapter II focuses on addressing two questions: 

first, of the three most common ontogenetic proxies that are used to investigate cranial 

growth and development (cranial size, molar eruption stage, and chronological age), 

which, if any, provide the most reliable linear approximations of cranial ontogenetic 

trajectories when using multivariate regression models?; second, of the parameters of 

initial specimen shape, the pattern of shape change, and the magnitude of shape change, 

which plays the largest role in the production of adult cranial morphologies? 
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 Employing geometric morphometric methods and an ontogenetic sample of 

Macaca mulatta crania with associated ages at death, vectors of coefficients describing 

shape changes correlated with each of the three ontogenetic proxies were produced, and 

direct comparisons among these vectors were performed by quantifying the angle (in 

degrees) between them, calculated as the arccosine of their inner dot product. These 

trajectories were also used in developmental simulations to further evaluate the relative 

reliability of each of the proxies. The verisimilitude of the simulated adults was tested 

using permutation procedures, which compared simulated adult cranial shapes with those 

of actual adults. This investigation focuses on a single species of Macaca mulatta from 

the Cayo Santiago skeletal collection from the Laboratory of Primate Morphology and 

Genetics in Puerto Rico as information on chronological age is often absent in wild 

specimens but is reliably known in this population of macaques, and because this 

collection has an uncommonly large collection of juveniles which allowed for a large 

sample with which subtle differences among trajectories could be detected. 

 This investigation demonstrates that using dental developmental stage as a proxy 

for ontogeny in multivariate regression analyses produces highly reliable approximations 

of ontogenetic trajectories of cranial shape change. There are also other qualities which 

make dental stage a preferable proxy. For example, dental stage estimates the amount of 

shape change associated with knowable and discrete stages of development that are 

approximately equivalent across taxa and sexes, rather than those associated with a 

continuum of sizes that may differ. Dental stage has also been shown to explain 

substantially more shape variance than linear regressions with size as the covariate (Gunz 

and Bulygina, 2012). This is therefore the ontogenetic proxy used in the analyses in 

Chapter III.  Additionally, of the parameters of initial specimen shape, the pattern of 

ontogenetic shape changes, and the magnitude of ontogenetic shape changes, the pattern 

of shape changes was found to have the strongest influence on the production of adult 

cranial morphology. This indicates that directly comparing patterns of development is a 

functional means of elucidating how adult shape differences are produced. 

 

1.2.2 Comparing a broad sample of ontogenetic trajectories simultaneously, and 

estimating ancestral trajectories of ontogenetic shape change in cercopithecines 



 

13 

 

 While the analysis of ontogenetic trajectories is common in geometric 

morphometrics, comparing the trajectories of many taxa simultaneously can be 

cumbersome and time-consuming as the number of pairwise comparisons increases as a 

factorial function (n-1!) relative to the number of trajectories being evaluated, and is, in 

some cases, unable to make use of one of the main advantages of geometric 

morphometrics, visualization. This often leads to researchers having to compare large 

tables of angles and associated p-values among trajectories (e.g., Collard and O'Higgins, 

2001; Cobb and O'Higgins, 2004; Singleton et al., 2010). Furthermore, due to the paucity 

of the paleontological record, analyses of trajectories are often limited to extant taxa. 

Finally, perhaps because of the recognition that phylogenetic patterns are largely the 

result of changes in ontogeny, some researchers have argued that ontogenetic trajectories 

of shape change, or sequences of ontogenetic events, can be used to reconstruct 

phylogenetic relationships (Nelson, 1978; Kluge, 1985; Yoder, 1992; Fink and Zelditch, 

1995; Zelditch et al., 1995; Meier, 1997). However, the reliability of using ontogenetic 

data for phylogenetic reconstruction has also been questioned (Adams and Rosenberg, 

1998; Rohlf, 1998; Mabee, 2000). 

 Chapter III  addresses these issues by developing a method for visualizing the 

similarities and differences of cranial ontogenetic trajectories among extant 

cercopithecines (via a developmental shape-change trajectory PCA, herein referred to as 

a ŭPCA), and a method for reconstructing ancestral ontogenetic trajectories (herein 

referred to as an ontophylomorphospace) so that these differences can be investigated in a 

phylogenetic context. The ontogenetic trajectories themselves were also tested for the 

presence of a phylogenetic signal to determine if they might be reliably used to 

reconstruct phylogenies. 

 Results from this investigation demonstrate that the ŭPCA can reliably illustrate 

patterns of variation in developmental trajectories in a visually intuitive manner that 

allows for easier comparisons among taxa. The ontophylomorphospaces revealed that 

African papionins exhibit extensive homoplasy in the evolution of cranial ontogenetic 

trajectories, and that Asian species of Macaca show highly derived ontogenetic 

trajectories relative to other cercopithecines. Finally, the null hypothesis of no 

phylogenetic signal in the ontogenetic trajectories was unable to be rejected, indicating 
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that using ontogenetic shape trajectories as a character in phylogenetic analyses should be 

approached with caution, if attempted at all. 

 

1.2.3 Testing for the presence of ontogenetic scaling 

  Given that the current research regarding ontogenetic scaling and size as a line of 

least resistance in primate cranial evolution is equivocal, and that many of the proposed 

examples of ontogenetic scaling were based on univariate measures of shape, it is 

important to test for the presence of ontogenetic scaling using multivariate methods of 

shape analysis. Therefore, Chapter IV employs a large, comparative ontogenetic sample 

of catarrhine crania, geometric morphometric methods, and an array of multivariate 

statistical tests to examine ontogenetic allometry and evaluate if differences in cranial 

shape between closely related large and small catarrhines are mainly driven by size 

divergence (i.e., that they are merely the product of ontogenetic scaling), thereby also 

testing the hypothesis of size as a line of least evolutionary resistance in catarrhine cranial 

evolution. Specifically, species' allometric trajectories were compared to determine if 

differences were due to to trajectory magnitude, direction, or some combination of the 

two. Trajectories were then also compared using Phenotypic Trajectory Analysis (which 

uses dental developmental stage to construct the trajectories) to more fully understand 

differences among ontogenetic trajectories. While trajectories produced using size and 

developmental stage can track similar aspects of shape change associated with ontogeny 

(organisms often get larger as they develop), using dental eruption stage as a covariate to 

construct ontogenetic trajectories can in some cases provide more information about 

shape transformations than size alone, especially in samples with large amounts of size 

variation (Gunz and Bulygina, 2012), as is the case in this investigation. 

 This investigation found that allometric patterns vary among taxa, indicating that 

ontogenetic scaling sensu stricto does not often account for most morphological 

differences, i.e., many of the previously proposed hypotheses of scaled variants were 

falsified. These results also call into question the prevalence of size as a line of least 

evolutionary resistance, as selection appears to be changing the patterns of ontogenetic 

shape change, not just the size of the organisms. 



 

15 

 

CHAPTER II 

CONSTRUCTING CRANIAL ONTOGENETIC TRAJECTORIES 

From E. A. Simons and S.R. Frost. 2016. Constructing cranial ontogenetic trajectories: a 

comparison of growth, development, and chronological age proxies using a known-age 

sample of Macaca mulatta. American Journal of Physical Anthropology, 161, 296-308. 

 

2.1 Introduction  

 The study of ontogeny and its relationship to the production of adult 

morphologies has a long history in biology and biological anthropology (e.g., Thompson, 

1917; Zuckerman, 1926; DeBeer, 1951; Freedman, 1962; Gould, 1977; Ravosa, 1991; 

Schilling and Thorogood, 2000; O'Higgins et al., 2001; Leigh, 2006). Ontogeny has often 

been partitioned into two related components: growth and development, with growth 

characterized as changes in size and development as changes in shape (Gould, 1977). The 

relationships between these factors, and their roles in ontogenetic shape change, are 

complex and can make estimates of ontogenetic shape change difficult to interpret, 

possibly yielding conflicting results depending on whether growth or development are 

being considered in particular analyses. Here, we explore the relationships between these 

factors and their impact on interpretations of cranial shape change during ontogeny in a 

known-age, ontogenetic sample of the papionin Macaca mulatta. 

There have been many investigations into papionin cranial ontogeny (Cochard, 

1985; Cheverud and Richtsmeier 1986; Leigh and Cheverud, 1991; Collard and 

OôHiggins, 2001; OôHiggins and Collard, 2002; Leigh et al., 2003; Leigh, 2006, 2007; 

Singleton et al., 2010; Singleton, 2012). In Papio, many studies have demonstrated that 

adults with large body size are also characterized as having relatively long faces (e.g., 

Freedman, 1962; Singleton, 2002; Frost et al., 2003). Leigh (2006) investigated the 

ontogenetic basis for this observation, and concluded that members of the genus Papio 

largely have a shared ontogenetic trajectory, but the terminus of this trajectory differs 

among the subspecies, and accounts for a majority of observed shape variation. That is, 

having a relatively large face is mostly a function of having a large body, and were 

smaller varieties of Papio to continue along their respective ontogenetic trajectories, they 

would more closely resemble larger forms (though he does caution that these ontogenetic 
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allometries are complex). In their investigation of multiple papionin taxa, Collard and 

OôHiggins (2001) and OôHiggins and Collard (2002) found that, while ontogenetic 

allometry accounts for a large proportion of shape variation within genera, larger taxa 

(Papio and Mandrillus) are not simply scaled-up variants of smaller ones (Lophocebus 

and Cercocebus). These authors thus concluded that among papionin genera, ontogenetic 

trajectories are not shared. A somewhat different result was found by Leigh (2007), who 

argued that, while the ontogenetic trajectories of Cercocebus, Lophocebus, and 

Mandrillus are similar to that of macaques (the outgroup in his analysis), the ontogenetic 

trajectory of Papio was strongly divergent from the others. These studies largely 

investigated shape changes correlated with cranial growth (i.e., ontogenetic allometry), 

rather than development. In contrast, Singleton et al. (2010), who were investigating 

shape changes relating to cranial development, specifically eruption of the molar teeth, 

concluded that papionins largely have a shared ontogenetic trajectory, or at least that 

differences between trajectories are not statistically significant given available sample 

sizes. Thus, there is no consensus if papionins share an ontogenetic trajectory, or the 

specific role these trajectories play in attaining adult cranial shapes. 

There is also a lack of consensus regarding the similarity of cranial ontogenetic 

trajectories in extant African apes, with some authors arguing that shape change among 

species follows roughly parallel trajectories, with the majority of morphological 

differences between species arising early in ontogeny (Ackermann and Krovitz, 2002; 

Berge and Penin, 2004; Lieberman et al., 2007; Singleton, 2012), while others argue that 

ontogenetic trajectories of cranial shape change, at least between some African ape 

species, are divergent (Cobb and O'Higgins, 2004, 2007; McNulty et al., 2006). These 

different conclusions have been attributed to various factors including: differences in 

morphometric methodology (e.g., the use of Euclidean Distance Matrix Analysis vs. 

Procrustes methods), different landmarks or regions of the cranium, using a limited 

number of PC axes rather than the entirety of shape space, or lack of adequate statistical 

testing (Cobb and O'Higgins, 2004; McNulty et al., 2006; Baab et al., 2012). 

Geometric morphometrics has proven to be a useful asset in studies of primate 

cranial ontogeny and evolution (Bookstein, 1991; O'Higgins, 2000; Ackermann and 

Krovitz, 2002; Frost et al., 2003; Cobb and O'Higgins, 2004, 2007; Mitteroecker et al., 
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2004, 2005; McNulty et al., 2006; Slice, 2007; Singleton et al., 2010; Singleton, 2012; 

Baab et al., 2012; Adams et al., 2013). Importantly, these methods allow for 

quantification and detailed assessment of the influences that initial shape configurations 

as well as the patterns and amounts of ontogenetic shape change have on the attainment 

of adult morphology. 

Therefore, this study seeks to evaluate these and other issues using landmark 

based three-dimensional data and geometric morphometric methods on a sample of 

Macaca mulatta crania from individuals with associated ages at death. Ontogenetic 

trajectories of cranial shape change were computed using three variables as surrogates for 

ontogeny: overall cranial size, dental developmental stage, and chronological age, in 

order to compare the effects of original shape, growth, and development on adult 

morphology. These computed trajectories are linear approximations of what are most 

likely curvilinear trajectories, and are vectors describing a pattern (direction) and 

magnitude (length) of ontogenetic shape change (see McNulty et al., 2006; Fig. 2). 

Differences among the ontogenetic trajectories, and adult morphologies calculated 

using different ontogenetic proxies, can be used to inform the choice of investigators 

when addressing the specific questions of future studies. These differences among 

ontogenetic proxies, trajectories, and simulated adults also have implications for analyses 

of heterochrony, and, while the proxies investigated here are tracking similar but distinct 

aspects of ontogeny, we suggest that dental developmental stage be used to produce the 

ontogenetic trajectories that can be used in heterochronic analyses, as this is aligned with 

Gould's (1977) original formalisms for studying heterochrony, and because using size or 

chronological age proxies may be problematic as they less directly compare homologous 

developmental phases. 

 

2.2 Materials and Methods 

2.2.1 Sample 

The study sample is composed of 160 adult and juvenile crania of Macaca 

mulatta from the Cayo Santiago skeletal collection, housed in the Laboratory of Primate 

Morphology and Genetics in Puerto Rico (Table 2.1). This population was chosen 

because of the large number of available specimens with documented sex and ages at 
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death. Specimens were chosen on the criteria of completeness of the cranium and lack of 

pathologies. 

 

Table 2.1. Study sample. Developmental stage defined as molar eruption stage, as 

described in the text. Age at death is given in years. 

 

Sex Developmental 

Stage 
N Age at Death Mean 

(Min./Max.) 
Natural log of centroid size Mean 

(Min./Max.) 

     

Male M0 16 1.17 (0.95/1.56) 2.94 (2.9/2.99) 

 M1 18 2.56 (1.07/3.75) 3.07 (2.98/3.16) 

 M2 25 4.19 (3.11/4.99) 3.22 (3.12/3.31) 

 M3 20 9.75 (6.07/17.13) 3.37 (3.13/3.42) 

     

Female M0 14 1.02 (0.85/1.2) 2.89 (2.86/2.94) 

 M1 29 2.21 (1.41/3.43) 3.02 (2.95/3.14) 

 M2 19 3.82 (3.01/6.53) 3.13 (3.04/3.22) 

 M3 19 11.07 (5.67/17.67) 3.25 (3.19/3.31) 

 

Each of the specimens was also assigned to a developmental stage (ADE) based 

on their observed dental eruption state: M0: complete deciduous dentition with M1 not 

yet in occlusion; M1: first molar is erupted to full occlusion and the second is not; M2 

second molar is erupted to full occlusion and the third is not; M3 third molar erupted to 

full occlusion. Individuals younger than M0 could not be measured due to the lack of 

sutural fusion and/or missing cranial elements. Where possible, a balanced representation 

of the sexes was obtained for each developmental stage. 

Three dimensional landmark data were collected using a Microscribe 3DX 

digitizer (Immersion Corp., San Jose, CA), following the 45 landmark protocol of Frost 

et al. (2003). However, two landmarks (the left and right alveolar margin at distal M3, 

landmarks 36 and 42 of the protocol) were dropped after the measurements were taken 
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due to a lack of correspondence between specimens of different developmental stages 

(see Figure 2.1). 

 

Figure 2.1. Macaca mulatta adult male skull with landmarks collected. Definitions of 

landmarks provided in Frost et al. (2003). 

 

2.2.2 Analytical methods 

2.2.2.1 Generalized Procrustes analysis. Landmark coordinates were subjected to a 

generalized Procrustes analysis (GPA) in Morpheus et al. (Slice, 1998). Size was 

measured as the natural logarithm of centroid size, the square root of the sum of squared 

distances of each landmark to the configuration centroid (Bookstein, 1991). 

 

2.2.2.2 Procrustes Distance. Shape differences were quantified using Procrustes distance, 

the square root of the sum of squared distances between corresponding landmarks in 

optimally superimposed configurations (Bookstein, 1991). Procrustes distance is 

considered a standard measure of difference, with larger distances implying greater 

differences in shape (Rohlf, 1996; Dryden and Mardia, 1998). Procrustes distance was 

used to quantify the differences between mean shapes for each developmental stage, both 

within and among sexes, between simulated adults produced with each of the ontogenetic 

trajectories and the actual adults, and thus the verisimilitude of the vectors. Procrustes 

distances were also used to measure the magnitudes of the calculated trajectories.  
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2.2.2.3 Computing ontogenetic trajectories. Ontogenetic trajectories were computed 

using multivariate regression of GPA aligned coordinates onto the covariates of the 

natural logarithm of cranial centroid size (LnCS), dental developmental stage (ADE), and 

age at death (AAD). LnCS was used due to the size ranges involved in an ontogenetic 

investigation, as shape changes may be concentrated in the smaller specimens 

(Bookstein, 1991). These regressions produce vectors of coefficients that describe the 

shape change correlated with each independent variable, and are linear approximations of 

ontogenetic shape change of the cranium (Frost et al., 2003; McNulty et al., 2006). These 

vectors are composed of a direction (pattern of shape change) and magnitude (amount of 

shape change). In order to fully assess the differences between the three ontogenetic 

proxies, and their implications for analyses of ontogeny, both direction and magnitude of 

the trajectories were examined. It should be kept in mind that the actual ontogenetic 

trajectories are likely not linear (see Neubauer et al., 2009; 2010), but are sufficiently 

accurate approximations (in some cases more than others, see Results) of the actual 

trajectories for many purposes (e.g., Richtsmeier et al., 1993; Ponce de León and 

Zollikofer, 2001; Ackerman and Krovitz, 2002; McNulty et al., 2006; Lieberman et al., 

2007; Singleton et al., 2010; Gunz and Bulygina, 2012; Tallman, 2016), though not 

necessarily always (e.g., Turley and Frost, 2014). 

 

2.2.2.4 Simulating adult morphologies. The three ontogenetic shape trajectories for each 

sex were used to produce simulated adults based on each of the M0-stage juvenile 

specimens using the methodology of McNulty et al. (2006). Each of the three ontogenetic 

vectors (specific to the sex of the juvenile specimen) was added to the coordinates of 

each of the M0-stage specimens to produce simulated adult morphology as predicted 

from each of the vectors. The ADE vector was first multiplied by a factor of three, the 

number of developmental stage changes (McNulty et al., 2006; Singleton et al., 2010). 

The size vector was scaled by the difference in mean LnCS between M0 and M3 

individuals for each sex. The age vector was scaled by the difference in mean age 

between M0 and M3 individuals for each sex. These length adjusted vectors were then 

added to the coordinates of the juveniles in order to simulate adult morphology. 
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2.2.2.5 Assessment of simulated adult morphologies. The morphologies of simulated 

adult crania produced by the different developmental vectors were evaluated in two ways. 

First, the Procrustes distances from the means of each group of simulated adults produced 

by each augmented vector to the adult means of both sexes were calculated. Permutation 

tests (1,000 replicates) were used to assess the significance of differences in mean shape 

between different groups, using SAS routines in the IML module (McNulty, 2005), with 

Ŭ=0.05. Second, we determined if the Procrustes distances from individual simulated 

adults to the actual adult means fell within 95% of the range of Procrustes distances 

between actual adults of each sex and that sex's mean (McNulty et al., 2006). 

 

2.2.2.6 Comparison of trajectories. Angles between each of the sex-specific trajectories 

for ADE, LnCS, and AAD were computed as the arccosine of their inner dot product, 

quantifying the magnitude of differences in pattern of shape change among trajectories 

(Collard and OôHiggins, 2001). A small angle between vectors indicates they are tracking 

similar changes in shape, while a larger angle indicates more divergent patterns of shape 

change (Cobb and OôHiggins, 2004). 

In order to assess the relative contributions of 1) the initial juvenile shape, 2) the 

pattern and 3) the magnitude of shape change to adult morphology, these components of 

the six ontogenetic trajectories were interchanged into all possible combinations: i.e., all 

M0 males and females were each 'grown up' using 1) male pattern/male magnitude, 2) 

male pattern/female magnitude, 3) female pattern/ male magnitude, and 4) female 

pattern/female magnitude for each of the three covariates (ADE, LnCS, and AAD). This 

procedure thus produced a total of twelve sets of simulated adult configurations for each 

sex. These twelve simulations were then compared to each other and with actual adult 

males and females using the Procrustes distance metric and permutation test described 

above. This procedure allowed us to determine if the initial shape, pattern, magnitude, or 

some combination thereof is most influential in producing adult phenotypes in this 

species. If the initial shape of juveniles is driving adult morphology, and adult males and 

females are sexually dimorphic, then we expect male and female juveniles to be 

significantly different in shape. Additionally, we would expect that, e.g., when a male 

pattern/magnitude is applied to a juvenile female, the result would resemble actual adult 
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females more than actual adult males (indicating that initial shape is a highly influential 

factor). Alternatively, if the pattern of shape change is the most influential aspect of the 

trajectory, we expect that a male pattern applied to a juvenile female would produce a 

simulated adult that resembles actual adult males more so than actual adult females. 

Finally, if the magnitude is the most influential aspect of the trajectory, we expect that, 

e.g., when a female pattern but a male magnitude is applied to a juvenile female, the 

resulting simulation would resemble actual adult males more so than actual adult females. 

This result would indicate that males and females are scaled variants of each other. 

 

2.2.2.7 Principal components analysis. Principal components analyses were performed 

on the actual specimens, and simulated adults, in order to visualize the multidimensional 

shape-space of cranial ontogeny in a reduced dimensional shape-space. Plots of the first 

two PCs were used to understand where in shape-space the simulated adults are situated 

in relation to actual adult specimens. It is important to note that the PCA was strictly for 

visualization purposes. Actual analyses were performed using the trajectories computed 

from multivariate regression, not on specific principal components. 

 

2.2.2.8 Visualization. Visualizations of simulated adults were produced in Landmark 

Editor (Wiley, 2006), where mean configurations of simulated adults were computed and 

then used to warp an exemplar (i.e., a juvenile cranium) surface. 

 

2.3 Results 

  Adult males and females of Macaca mulatta are different in both size and shape. 

Student's t-tests of LnCS demonstrate that males and females are significantly different in 

size at all developmental stages (Stage M0: p<0.001; Stage M1: p=0.013; Stage M2: 

p<0.001; Stage M3: p<0.001). Permutation tests indicate that differences in shape 

between the sexes are not found until the M2 stage (Stage M0: Ŭ=0.052; Stage M1: 

Ŭ=0.089; Stage M2: Ŭ=0; Stage M3: Ŭ=0). Similar results have also been found in 

previous investigations of other papionins (O'Higgins and Jones, 1998; O'Higgins and 

Collard, 2002).  
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2.3.1 Comparison of trajectories. The angles computed from pair-wise comparisons of 

the trajectories for each of the three independent variables by sex are presented in Table 

2.2. All of these angles are acute, indicating that all of the proxies are tracking similar 

aspects of ontogenetic cranial shape change. For both sexes, however, the vectors 

computed from AAD are more divergent from those computed from ADE and LnCS. 

 

Table 2.2. Angular differences (in degrees) of trajectories produced from the three 

ontogenetic proxies. Males below diagonal, females above diagonal. 

 

 LnCS ADE AAD 

LnCS - 3.95 7.99 

ADE 2.74 - 8.59 

AAD 5.85 6.84 - 

 

2.3.2 Comparison of simulated adults. Procrustes distances between each of the simulated 

and actual adult mean configurations, and the alpha values from the permutation tests for 

differences in mean shape, are presented in Table 2.3. For both males and females, the 

smallest Procrustes distance between simulated and actual adults was produced using the 

ADE vector, followed by LnCS, and AAD was the most distant. A significant difference 

in shape between simulated and actual adults was only found for the AAD vector. This 

result is reflected in the scores for PC1-2 as well (Fig. 2 (A)). Both male and female 

simulated adults produced using the ADE and the LnCS vectors are closer to actual adult 

configurations than are those produced using the AAD vector. Additionally, for both 

sexes, the AAD vector produced simulated adults that were more juvenile in shape, most 

closely resembling M2 individuals. While neither the ADE nor LnCS vector showed a 

significant difference in shape between simulated and actual adults, the smaller 

Procrustes distance of the ADE vector for both males and females suggests that this 

vector may produce more accurate estimations of adult morphology. 
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Table 2.3. Procrustes distances between mean configurations of simulated and actual adults using 

the ontogenetic proxies by sex. Alpha values from permutation tests in parentheses. 

 

 Males Females 

ADE 0.00508 (1) 0.01234 (1) 

LnCS 0.01194 (.998) 0.01481 (.99) 

AAD 0.05035 (0) 0.04888 (0) 

 

 When simulated adults computed from different ontogenetic trajectories were 

compared, those produced with the ADE and LnCS vectors were most similar, and were 

not significantly different in shape. All comparisons based on simulated adults from the 

AAD vector had larger Procrustes distances, and also differed significantly in shape 

(Table 2.4). 

 

Table 2.4. Procrustes distances from comparison of ontogenetic proxies for simulated adults. 

Alpha values from permutation tests in parentheses. Males below diagonal, females above 

diagonal. 

 

  ADE LnCS AAD 

ADE - 0.01059 (0.985) 0.04492 (0) 

LnCS 0.00977 (0.991) - 0.04106 (0) 

AAD 0.05006 (0) 0.04388 (0) - 

 

This result was corroborated when the simulated adults were compared with the 95% 

range of Procrustes distances between actual adults of each sex and their respective 

means (Table 2.5). All male and female simulated adults fell within the 95% range of 

actual adults to each sex's mean for both ADE and LnCS. Few of the simulated adults for 

AAD fell withi n this 95% range. 

 

Table 2.5. Number of simulated adults that fell within 95% range of actual adult scatter around 

mean configurations by sex. M = Male; F = Female; Number of juveniles used in parentheses. 

 

Sex LnCS ADE AAD 

Juvenile M (16) 16 16 1 

Juvenile F (14) 14 14 6 
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2.3.3 Comparison of interchanged trajectories. To disentangle the effects of sex specific 

patterns and magnitudes of shape change during cranial ontogeny, simulated adults were 

also produced by applying each of the vectors to juveniles of the opposite sex from which 

the vectors were produced, and by applying trajectories where the pattern and magnitude 

of shape change were interchanged between the sexes. The results of this analysis are 

presented in Table 2.6. For males and females, no accurate estimations of adult 

morphology were produced from any combination of male and female 

vectors/magnitudes for the AAD vector. The only accurate approximation of adult 

morphology using the LnCS vector was found using the correct sex's pattern and 

magnitude (as reported in Table 2.3, above). On the other hand, when the ADE vector 

from one sex was applied to the other, accurate approximations of sex-specific actual 

adult morphologies were produced. For example, when a female ADE vector was applied 

to a male juvenile (M0 Stage) specimen, the resulting simulated adult resembled an adult 

female more so than an adult male, and vice versa. Although the other proxies did not 

produce accurate estimations of actual adult morphologies as quantified by Procrustes 

distance, for both males and females, the simulated adults from all three proxies 

resembled actual adults from the sex of the vector, more so than the sex of the juvenile 

specimen (Fig. 2(B)). 

 

 

Table 2.6. Procrustes distances between mean configurations of simulated and actual 

adults for juvenile males (A) and juvenile females (B), using both sex's vectors (v) and 

magnitudes (m) for each of the ontogenetic proxies. Top row: Procrustes distance (alpha 

values) from actual male adults; bottom row: Procrustes distance (alpha values) from 

actual female adults. Note that developmental stage magnitude is the same for both males 

and females. 

 

 (A) 

Males Mv  Mm Mv  Fm Fv  Mm Fv  Fm 

ADE
a 0.00508 (1) 

0.05302 (0) 

-
 

- 

- 

- 

0.04795 (0) 

0.01931 (0.339) 

 

LnCS 0.01194 (.998) 

0.05235 (0) 

0.03854 (0) 

0.03719 (0) 

0.04029 (0) 

0.04662 (0) 

0.04829 (0) 

0.02299 (0.049) 

AAD 0.05035 (0) 

0.04249 (0) 

0.02861 (0.002) 

0.04749 (0) 

0.09432 (0) 

0.05514 (0) 

0.07863 (0) 

0.03998 (0) 
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Table 2.6. (continued). 

 

(B) 

Females Mv  Mm Mv  Fm Fv  Mm Fv  Fm 

ADE 0.0229 (0.102) 

0.04967 (0) 

- 

- 

- 

- 

0.05389 (0) 

0.01234 (1) 

LnCS 0.02537 (0.026) 

0.04898 (0) 

0.0525 (0) 

0.04264 (0) 

0.03482 (0) 

0.03049 (0.003) 

0.05338 (0) 

0.01481 (.99) 

AAD 0.0636 (0) 

0.04985 (0) 

0.04156 (0) 

0.04823 (0) 

0.10482 (0) 

0.06574 (0) 

0.08825 (0) 

0.04888 (0) 

 

2.4 Discussion 

2.4.1 Properties of cranial shape trajectories 

2.4.1.1 Ontogenetic proxies. The three different ontogenetic proxies examined in this 

study estimated relatively similar patterns of shape change associated with ontogeny after 

the time of eruption of the complete deciduous dentition, although the amount of shape 

change estimated by chronological age was significantly less than that for the others 

(Table 2.2). Furthermore, for both males and females, the chronological age vector 

produced simulated adults that were significantly different in shape from actual adults, 

and from those of the dental stage and cranial size vectors. This is because of the shorter 

vector produced by the chronological age proxy, and thus simulated adults that resemble 

more juvenile crania, being closest in shape to M2 stage individuals. This resemblance to 

more juvenile crania is illustrated in Figure 3, which is especially apparent in the shorter 

rostrum and more globular neurocranium of the simulated adults of both sexes for the 

chronological age vector. The shorter vector is likely due to the large variation in age for 

the M3 stage (females range from ~5.7 to ~17.7 years, males from ~6.1 to ~17.1 years, 

see Table 1). In fact, as was noted by McNulty et al. (2006), there is significant variation 

among individuals in terms of the absolute rate of growth and timing of developmental 

stages (Table 2.1). In other words, an M3 stage monkey that is older in absolute age may 

not necessarily be larger than a younger M3 stage individual. Similarly, it is possible for 

different individuals of the same age at death to be of different developmental stages and 

cranial shapes. Thus, our results suggest against using chronological age (or other 

variables that serve as proxies for ages, such as dental wear) in the construction of cranial 

ontogenetic trajectories in most cases. One exception to this might be in investigations of 



 

27 

 

shape changes post eruption of M3, where few developmental markers are available, and 

size change is relatively minor if present at all. 

Vectors made using dental stage and cranial size, on the other hand, produced 

simulated adults that were neither significantly different in shape from each other (Table 

2.4; Fig. 3), nor from actual adults (Table 2.3). In this sample at least, amount of growth 

and timing of developmental stages are tightly correlated and track similar aspects of 

ontogenetic shape change. That is, as individuals move through developmental stages 

they also get larger. The cranial size proxy is specifically tracking the size related shape 

changes of the individuals as they get larger. Therefore, in some cases, overall size is an 

adequate proxy when producing ontogenetic trajectories, especially when organisms 

without large size disparities are being considered. Additionally, for investigations 

involving edentulous organisms, or of postcrania, size may be the only proxy available. 

Size will also be the most appropriate covariate when allometry is the explicit subject of 

interest (Klingenberg, 1998; Frost et al., 2003; Mitteroecker and Gunz, 2009). 

 

 

Figure 2.2. (next page).  Principal components plot. (A), (B), and (C): Squares: mean configurations by sex 

and dental eruption stage for actual specimens; numbers show ADE (dental eruption stage); Red: Female; 

Blue: Male; Red polygons: female scatter; Blue polygons: male scatter; Plusses: mean configuration for 

simulated adults using AAD (age at death); Circles: mean configuration for simulated adults using ADE; 

Inverted triangles: mean configurations using the natural log of centroid size. (A) Simulated adults for both 

males and females using each of the three proxies. Orange: female simulations; Green: male simulations. 

The mean simulated adults using the ADE and LnCS vectors are closer to actual adult means for both sexes 

than simulations produced with the AAD vector. (B) Pattern is shuffled between sexes, so that female 

trajectories are used for developmental simulations of juvenile males, and vice versa. Orange: simulated 

adults generated from juvenile females with a male pattern; Green: simulated adults generated from 

juvenile males with a female pattern. Note that, for all proxies, when a male trajectory is applied to juvenile 

females, the simulated adults resemble males more than females, and vice versa. (C) Magnitude is shuffled 

between sexes, so that male and female developmental simulations have a sex specific pattern, but both 

male and female magnitudes. Pink shapes: simulated adults generated with a trajectory based on female 

pattern and female magnitude; Orange shapes: female pattern and male magnitude; Blue shapes: male 

pattern and male magnitude; Green shapes: male pattern and female magnitude; Orange lines: female 

trajectory; Green lines: male trajectory. A male magnitude extends the trajectory for the ADE and LnCS 

proxies, while the opposite is true for the AAD proxy. 
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Figure 2.3. Visualization of simulated adults. Center: Juvenile female cranium. Top: Male 

developmental simulations based on size (LnCS), developmental stage (ADE), and chronological 

age (AAD). Bottom: Female developmental simulations. All visualizations scaled to 

approximately the same size to facilitate shape comparisons. 

 

 These findings have implications for the lack of consensus of previous researchers 

regarding the similarity of cranial ontogenetic trajectories of primates. The observation 

that ontogenetic trajectories constructed using either size or molar eruption as proxies are 

similar  indicates that differences in methods of constructing ontogenetic trajectories are 

not likely to cause the differing results of, e.g., Collard and O'Higgins (2001) and 

Singleton et al. (2010). However, it should be kept in mind that this is a single species 

sample, and results regarding trajectories composed from centroid size could differ when 

multiple taxa are considered. That is, in multi-taxon analyses where taxa vary greatly in 

size, or in a pooled-sex analysis including taxa with high degrees of sexual dimorphism, 
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it is likely that dental stage and cranial size would not be as tightly correlated as they are 

here, and it is possible that using cranial size would lead to over- or underestimates of 

adult morphologies. In previous investigations, centroid size has also been found to 

explain substantially less shape variance than linear regressions with dental stage as the 

covariate (Gunz and Bulygina, 2012).Thus, it may be preferable to use a developmental 

marker to construct ontogenetic trajectories in analyses that are not explicitly concerned 

with tracking the correlation of size and shape, as these markers estimate the amount of 

shape change associated with knowable and discrete stages of development that are 

approximately equivalent across taxa and sexes, rather than those associated with a 

continuum of sizes that may differ radically among analytical groups. Other methods, 

such as the common allometric component (and other group mean centered approaches) 

may mitigate this effect as well (Mitteroecker et al., 2004). 

 Since ontogenetic proxy choice does not appear to result in significantly different 

trajectories of ontogenetic shape change, it may be that using a single principal 

component (Collard and OôHiggins, 2001; Cobb and OôHiggins, 2004), rather than the 

entirety of shape space (Singleton et al., 2010) to construct ontogenetic trajectories may 

have led to the contrasting conclusions of these studies regarding the similarity of 

papionin cranial ontogenetic trajectories. 

 

2.4.1.2 Trajectories. For each of the three proxies, we evaluated the relative contribution 

of: 1) the shape of the juvenile specimen, 2) the pattern of development and 3) the 

magnitude of development in the attainment of adult morphologies. The results were 

similar for both sexes and for each method: the pattern of development, more so than the 

shape of the juvenile specimen or trajectory magnitude, strongly influenced the 

attainment of sex-specific adult morphologies. However, the magnitude of development 

is also important, in that males have larger magnitudes (longer trajectories), which 

contribute to observed adult morphologies. For example, as can be seen in Figure 2 (C), 

when a vector representing the female pattern of shape change but extended to male 

magnitude was applied to juvenile female specimens, the resulting simulated adults 

"overshot" actual adult females, but still remain closer to the mean configuration of actual 

adult females than to the mean of actual adult males, and vice versa for males grown with 
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a female magnitude. Similarly, when the male chronological age pattern but female 

magnitude was applied to juvenile males it extends the trajectory and actually results in 

simulated adults closer to the real adult males. In the opposite case, a female 

chronological age pattern with male magnitude applied to juvenile females, "undershot" 

female adult morphology to an even greater degree. 

 This has implications for how sexual dimorphism is achieved in this species. 

Although males do have a longer trajectory, males and females are not simply scaled 

variants of each other, which has been argued in previous investigations (Cochard, 1985; 

Cheverud and Richtsmeier, 1986). If this were the case, we would expect that when a 

female pattern of development with a male magnitude was applied to juveniles, the 

simulated adults would resemble actual adult males. The fact that this was not observed 

indicates that a sex specific pattern of development, along with differences in amount of 

shape change, is driving sexual dimorphism in this species, rather than only a difference 

of magnitude along a shared trajectory. 

 

2.4.1.3 Initial shape of specimens. Most cranial shape has already been established by the 

time of the eruption of the complete deciduous dentition (the earliest point examined in 

this sample), and even more so by the emergence of M1 (as used in other studies, e.g. 

McNulty et al., 2006). Additionally, we observed that male and female crania are not 

significantly different in shape at the earliest developmental stage in this sample. Thus, 

the initial shape of an individual in this investigation played less of an important role in 

the attainment of sex-specific adult morphology than the pattern and magnitude of shape 

change. For example, when a male vector of shape change was applied to juvenile 

females, the resulting simulation (for all three proxies) was closer to actual adult males 

than to adult females, and vice versa (Fig. 2 (B)). Despite playing less of a role, the 

simulated adults in the sex-swapped analysis were nonetheless different from simulated 

adults where the correct sex vector was used (cf. Fig. 2 (A) and (B)), indicating that the 

initial shape of the specimen does have an effect, even when studying sexes within a 

single species. Obviously, the impact of the initial configuration would be greater in 

studies where multiple species or higher taxa are compared (e.g., Collard and OôHiggins 

2001; OôHiggins and Collard 2002; Cobb and O'Higgins, 2004; 2007; Mitteroecker et al., 
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2004; 2005; Singleton et al., 2010; Singleton, 2012), or, where the earliest dental eruption 

stage used is more mature (e.g., McNulty et al., 2006) than in this investigation. 

 

2.4.2 The use of ontogenetic trajectories 

 Ontogenetic trajectories, and the developmental simulations computed from them, 

have been used to assess the taxonomic affinities of juvenile specimens (McNulty et al., 

2006; Singleton et al., 2010; Gunz and Bulygina, 2012). These particular investigations 

used dental developmental stage, rather than overall cranial size as the covariate to 

construct their trajectories, as expected adult cranial size was unknown. Additionally, as 

noted by McNulty et al. (2006), the sex of their specimen (Taung) was also unknown, and 

using a size variable for species that exhibit sexual dimorphism could conflate older 

females with younger males. The results of our investigation confirms the choices of 

these studies, which were based on a priori requirements, that  developmental stage is 

likely the preferred covariate to use when predicting the phenotype of a juvenile 

specimen. 

 For studies of ontogenetic allometry, on the other hand, size (rather than 

developmental stage) is the preferred covariate when constructing trajectories using 

multivariate regression (Bookstein, 1996; Klingenberg, 1998; Frost et al., 2003; 

Mitteroecker and Gunz, 2009). A major benefit of this method is that all of shape space is 

being used to investigate allometry, rather than relying on a limited number of principal 

components to represent allometric shape changes. Because these trajectories are 

explicitly tracking size related shape changes, they can possibly determine if intra- or 

interspecific morphological differences are mostly due to allometric scaling, and are 

therefore produced through extending or truncating ontogenetic trajectories. For example, 

using allometric trajectories, and growth simulations computed from these trajectories, 

one could determine if the cranial morphology of the relatively large papionin Mandrillus 

is a scaled-up version of the relatively smaller Cercocebus, as it has been suggested that 

mandrill growth trajectories are similar to mangabey growth trajectories extended into a 

new size range (Leigh, 2007). While, as stated above, there is debate as to whether the 

crania of these taxa are scaled variants of each other, the use of these methods could aid 
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in determining if increasing the magnitude of the allometric trajectory of Cercocebus 

would result in a cranium that is phenotypically similar to that of Mandrillus. 

 Ontogenetic trajectories can also be used to address other long standing issues in 

physical anthropology, though in some cases it may be preferable to use both a 

developmental stage proxy and a size proxy to calculate the trajectories. For example, as 

hypothesized by Giles (1956), and later argued by Shea (1983, 1985, 1988), the cranial 

morphology of gorillas can be considered as similar to that of chimpanzee, were it to 

continue along its ontogenetic trajectory. While other studies have demonstrated that 

these primates do not strictly share an ontogenetic trajectory (e.g., Cobb and O'Higgins, 

2004; Mitteroecker et al., 2004; 2007), and are thus not simply scaled variants of each 

other, an actual test of this hypothesis using the methods of developmental simulation has 

yet to be attempted. One way to approach this is to quantify the cranial ontogenetic 

trajectory of chimps using multivariate regression, and, using developmental simulation, 

extend the trajectory of the mean configuration adult chimps. These results could then be 

compared with the mean configuration of adult gorillas using the metric of Procrustes 

distance, and permutation procedures can be used to statistically assess similarities and 

differences (see Singleton (2012) for a similar analysis performed on a Mandrillus 

cranium). In this case, two trajectories, calculated using size and dental stage 

respectively, may be preferable as this would facilitate a comparison of the 

morphological consequences of allometry with those of differences in ontogenetic shape 

change (see also Mitteroecker et al., 2004). Thus, a chimp trajectory computed from 

centroid size could be extended to the mean gorilla centroid size, and a chimp trajectory 

computed from developmental stage would be extended beyond its actual terminus by 

augmenting the coefficient vector by additional developmental stages (Singleton, 2012). 

Stated another way, one could compare the results of a chimp cranium continuing along a 

developmental trajectory (dental stage as a covariate) with those of a trajectory computed 

from extended ontogenetic scaling (size as a covariate), with both approaches 

incorporating the entirety of shape space to construct the trajectories. If the simulated 

'super-chimp' cranium resembles an adult gorilla's, then this would lend support to Giles' 

(1956) and Shea's (1983, 1985, 1988) hypotheses.  
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2.4.3 Implications of proxies for heterochrony 

 There has been seemingly endless debate regarding the proper way to study 

heterochrony (e.g., Gould, 1977; 1988; 2000; Alberch et al., 1979; Shea, 1983; 1989; 

Hall, 1984; McNamara, 1986; McKinney, 1988; Raff and Wray, 1989; McKinney and 

McNamara, 1991; Godfrey and Sutherland, 1995; 1996; Reilly et al., 1997; Rice, 1997; 

Klingenberg, 1998; Smith, 2001; Minugh-Purvis and McNamara, 2002). More recently, 

this debate has focused on the proper ways to apply geometric morphometrics to 

heterochronic investigations (Penin et al., 2002; Berge and Penin, 2004; Mitteroecker et 

al., 2004; 2005; Lieberman et al., 2007; Baab et al., 2012; McNulty 2012). The consensus 

view is that geometric morphometrics is especially suited for conducting heterochronic 

investigations, as a possible outcome of heterochrony is the separation of size and shape 

(Berge and Penin, 2004; Mitteroecker et al., 2005; Mitteroecker and Gunz, 2009). 

However, some investigators (e.g., Mitteroecker et al., 2004; 2005) have suggested that 

the original formulation of heterochrony cannot be directly translated to multivariate 

methodology. Mitteroecker et al. (2005) argue that biological interpretations should not 

be predicated on an analysis of a limited number of PC axes (as has been done in several 

investigations, e.g., Penin et al., 2002; Berge and Penin, 2004; Lieberman et al., 2007), as 

this does not incorporate the entirety of shape space. Mitteroecker et al. (2004; 2005) 

have concluded that unless the taxa being compared overlap entirely in shape space (i.e., 

when all PCs are considered), traditional definitions and interpretations of heterochrony 

are inapplicable. 

 As noted by Baab et al. (2012), an alternative to the problems encountered when 

conducting heterochronic analyses using ordination methods such as PCA is to avoid 

them altogether, and instead make direct comparisons of ontogenetic trajectories (e.g., by 

measuring the angle between them) that have been constructed from the entirety of shape 

space, using multivariate regression of shape coordinates onto centroid size or dental 

developmental stage, as was done here. From our results, dental stage, rather than size or 

chronological age should be the preferred covariate to use when constructing cranial 

ontogenetic trajectories for heterochronic analyses, as they better approximate 

homologous stages of ontogeny, whereas size and chronological age do not. 
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 Although the ontogenetic trajectories created in our investigation using size and 

dental development stage were similar, we advocate for the use of dental developmental 

stage rather than centroid size to produce trajectories for several reasons. First, our 

sample is from a single species, and the use of centroid size to construct trajectories from 

a multi-taxon sample with greater size disparity may lead to different results. 

Additionally, despite size and shape being intimately related, shape can be assessed 

independently of size (as it is in geometric morphometrics), and ontogenetic trajectories 

should be computed with this in mind. Second, as has been argued by Gould (1977) and 

Godfrey and Sutherland (1995), growth allometries are problematic for identifying 

heterochrony, as 1) the techniques of measuring allometry reinforce a prejudice against 

the possibility of dissociation between size and shape, and 2) similar growth allometries 

can be produced by different heterochronic processes. Lastly, Gould (1977) suggested 

that the best way to identify heterochrony was through the comparison of homologous 

developmental stages (which he did via a clock model). One drawback to this was that 

the model was static. Alberch et al. (1979) expanded the clock model to incorporate 

comparisons of ontogenetic trajectories, but did not retain the standardized 

developmental stages initially advocated by Gould (1977; see also Klingenberg, 1998; 

Alba, 2002). As Alba (2002) suggested, these two models should be combined so that 

there is a standardization of developmental stages at both the onset and offset of 

development. Actual onset of development, however, is extremely difficult to quantify, 

and, in many landmark based investigations, will begin around the eruption of M1 (see 

however Mitteroecker et al., 2004; Gunz and Bulygina, 2012). Additionally, dental 

developmental stages have been shown to be strongly correlated with life history 

variables (Harvey and Clutton-Brock, 1985; Smith, 1989), allowing for comparisons 

among salient life history events. 

 While chronological age is often considered a sine qua non of assessments of 

heterochronic processes (Gould, 1977; Shea, 1989; Zelditch et al., 2004; Leigh, 2006; 

Lieberman et al., 2007; though see Strauss, 1987), we recommend against using 

chronological age to construct ontogenetic trajectories for use in heterochronic 

investigations that incorporate geometric morphometrics. Although we are aware of the 

conceptual and etymological implications of not using chronological age in analyses of 
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heterochrony, the results of this investigation demonstrated that an ontogenetic trajectory 

computed from chronological age is more unreliable in developmental simulations than 

those from dental stage or size. Therefore, if one is constructing ontogenetic trajectories 

for heterochronic analyses using multivariate regression, chronological age should not be 

used as a covariate. In addition to this, there are several reasons why chronological age 

(as opposed to developmental or maturational age) may not be as valuable to 

heterochrony as once thought. First, chronological age is rarely available, and is 

especially problematic for investigations involving fossil taxa. Second, as captive vs. wild 

primates have been shown to differ in the chronological timing of tooth eruptions (e.g., 

Zihlman et al., 2004), chronological age has only an approximate relationship to 

biological age (Strauss, 1987). Finally, even when chronological ages are known, 

heterochronic processes (and even heterochronic results) may still be obscured. For 

example, the knowledge that humans reach dental eruption stages chronologically later 

than chimpanzees has done little to settle the debate about whether humans are neotenous 

relative to chimps (see and cf. Gould, 1977; Shea, 1989; McKinney and McNamara 1991; 

Godfrey and Sutherland, 1996; McNamara, 2002). Thus, while chronological age can be 

used to understand the relative rate at which developmental stages are reached, and 

therefore can be enlightening in certain respects, it is not particularly useful for 

multivariate analyses of heterochrony that incorporate geometric morphometrics.  

 

2.5 Conclusion 

 This investigation used geometric morphometrics to compare some of the 

ontogenetic surrogates that can be used to investigate cranial growth and development in 

a sample of Macaca mulatta crania with associated ages at death. Direct comparisons of 

trajectories produced using dental eruption stage, cranial size, and age at death found that 

these variables track similar aspects of ontogenetic shape change, with size and dental 

stage being most similar. The size and dental stage trajectories were also found to 

produce highly similar simulated adult configurations when applied to juvenile 

specimens, with dental stage producing the most accurate estimates of adult morphology. 

Chronological age, on the other hand, was distinct compared to the other proxies, and 

produced the least accurate estimates of adult morphology. Additionally, while the 
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pattern, magnitude, and initial shape of the specimen all play a role in the attainment of 

adult morphologies, the pattern of ontogenetic shape change appears to play the largest 

role. 

 Results from this investigation have important implications for the following 

chapters. First, while size and age proxies were similar, developmental simulations 

demonstrated that the most reliable is dental developmental stage, which is the covariate 

that will  be used in subsequent chapters. Secondly, of the parameters of initial specimen 

shape, the pattern of ontogenetic shape changes, and the magnitude of ontogenetic shape 

changes, the pattern of shape changes was found to have the strongest influence on the 

production of adult cranial morphology. This indicates that directly comparing patterns of 

development is a functional means of elucidating how adult shape differences are 

produced. The next chapter introduces two novel methodologies for these comparisons. 
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CHAPTER III 

ONTOGENY AND PHYLOGENY OF THE CERCOPITHECINE CRANIUM 

From E.A. Simons, S.R. Frost, and M. Singleton. 2018. Ontogeny and phylogeny of the 

cercopithecine cranium: a geometric morphometric approach to comparing shape change 

trajectories. Journal of Human Evolution, 124, 40-51.  

 

3.1 Introduction  

 Investigations of the morphological aspects of growth and development have 

increased in number and in sophistication in recent decades. In part, this increase is due 

to the appreciation that evolutionary changes in adult form are the consequence of 

changes to the ontogenetic routes that lead to that form (Gould, 1977; Hall, 2003; 

Zelditch et al., 2004; McNulty, 2012). The availability of advanced methodologies for 

data collection (e.g., 3D digitizers and scanners) and analysis (typified by the ógeometric 

morphometric revolutionô; Rohlf and Marcus, 1993; Adams et al., 2004) have also 

provided researchers with improved means to quantify and evaluate relationships 

between ontogeny and biological form. Investigations of ontogeny incorporating these 

methods have proven to be useful in a broad array of analyses, including: prediction of 

adult morphologies from juvenile specimens (Ackermann and Krovitz, 2002; McNulty et 

al., 2006; Singleton et al., 2010; Singleton et al., 2016), estimation of the morphology of 

adult specimens were they to continue further along their ontogenetic trajectory 

(Singleton, 2012), and investigations of the evolutionary changes along extinct lineages 

(Simons and Frost, 2014). Additionally, ontogenetic investigations further aid in 

identifying the influence of allometry on shape, and can reduce the inclination to produce 

adaptive scenarios to explain particular cranial shapes that are in fact the byproduct of 

selection for body size (Ravosa and Profant, 2000; Marroig and Cheverud, 2005; Gilbert, 

2011; Singleton, 2013). Thus, an ontogenetic perspective contributes to investigations of 

morphology, especially when coupled with advanced methods of shape analysis, as in 

geometric morphometrics. 

 Landmark-based geometric morphometrics is a type of statistical analysis that 

investigates the shape variation of landmark coordinates after factors of non-shape 

variation have been held constant, while also preserving the geometry of these 

coordinates (Bookstein, 1991; Rohlf and Marcus, 1993; Dryden and Mardia, 1998; 
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OôHiggins, 2000; Frost et al., 2003; Slice, 2007; Mitteroecker and Gunz, 2009; Baab et 

al., 2012). A major benefit of geometric morphometric analysis is the ability to visually 

represent statistical results as actual shapes, allowing for visual comparison of analytical 

results with actual specimens (Rohlf and Marcus, 1993; Baab et al., 2012; Adams et al., 

2013). Additionally, it allows for a determination of the magnitude and pattern of shape 

differences between data sets. For these reasons, the geometric morphometrics toolkit is 

especially suited to address hypotheses regarding shape changes that occur during 

ontogeny (Collard and OôHiggins, 2001; Ponce de Le·n and Zollikofer 2001; Penin et al., 

2002; McNulty et al., 2006; Mitteroecker et al., 2004; OôHiggins and Pan, 2004; Cobb 

and OôHiggins, 2007; Singleton 2012). 

 Comparisons of ontogenetic shape trajectories (i.e., the pattern and magnitude of 

shape changes associated with ontogeny) are a standard approach in geometric 

morphometrics (Cheverud and Richtsmeier 1986; Leigh and Cheverud, 1991; OôHiggins 

and Jones, 1998; OôHiggins, 2000; Collard and OôHiggins, 2001; OôHiggins and Collard, 

2002; Ackermann and Krovitz, 2002; Leigh et al., 2003; Cobb and O'Higgins, 2004; 

Leigh, 2006, 2007; McNulty et al., 2006; Singleton et al., 2010; McNulty, 2012; Simons 

and Frost, 2016). Previous investigations of primate cranial ontogenetic trajectories 

involving multiple taxa have compared either the first principal component axis of cranial 

shape change associated with development, as in Collard and OôHiggins (2001), 

OôHiggins and Collard (2002), and Mitteroecker et al. (2004), or the beta coefficients 

from a multivariate regression of Procrustes aligned shape coordinates against the 

covariate of developmental stage, as in McNulty et al. (2006) and Singleton et al. (2010). 

However, comparing the trajectories of many taxa simultaneously can be cumbersome 

and time-consuming, as the number of pairwise comparisons increases as a factorial 

function (n-1!) relative to the number of trajectories being evaluated.  

 This investigation presents two new approaches to compare the cranial 

developmental shape trajectories of cercopithecines, and visually assess the similarities 

and differences among them. Specifically, we wished to compare the relative magnitudes 

of development in various aspects of the cranium, and compare these magnitudes across 

taxa. We also investigated the importance of ontogenetic allometry in the production of 

adult phenotypes, and evaluated if any taxa exhibit aspects of their trajectories that are 



 

40 

 

not correlated with size. Finally, we investigated how developmental trajectories have 

changed over evolutionary time, in order to determine if there are identifiable 

evolutionary trends, such as parallel evolution or lineage diversification among clades. 

 

3.2 Materials and Methods 

3.2.1 Materials 

3.2.1.1 Sample. The dataset is composed of 17 cercopithecine species partitioned by 

dental eruption stage (Table 3.1), and is further described in Singleton et al. (2010) and 

Singleton (2012). The majority of specimens were wild-shot, however, a small number of 

zoo specimens (16 of 522 specimens) were used for genera that were poorly represented 

in collections (i.e., Allenopithecus [2], Macaca sylvanus [9], Mandrillus [2] and 

Theropithecus [3]). 

 

Table 3.1. Study sample by dental stage, as defined by full eruption of nominal tooth. Both sexes 

are included in the calculation of trajectories. C = Male with M
1
ïM

3
, but canine not erupted. 

 

 Abbreviation pre-dP
4
 dP

4
 M

1
 M

2
 C

 
 M

3
 Total 

Allenopithecus nigroviridis Ani 0 1 4 8 1 13 27 

Chlorocebus aethiops Cae 0 1 7 5 2 16 31 

Cercocebus agilis Cag 0 0 6 9 0 17 32 

Cercocebus atys Cat 0 1 6 6 0 20 33 

Cercocebus torquatus Cto 1 1 4 4 4 21 35 

Lophocebus albigena Lal 0 4 4 6 1 30 45 

Lophocebus aterrimus Lat 0 4 5 7 0 21 37 

Macaca assamensis Mas 0 2 2 0 4 11 19 

Macaca fascicularis Mfa 2 7 19 7 9 42 86 

Macaca leonina Mnl 0 1 3 3 1 5 13 

Macaca mulatta Mmu 0 4 5 5 0 8 22 

Macaca nemestrina Mne 0 1 2 1 0 8 12 

Macaca sylvanus Msy 0 3 2 3 0 25 33 

Mandrillus leucophaeus Mle 0 1 1 1 1 9 13 

Mandrillus sphinx Msp 2 0 2 5 0 12 21 

Papio hamadryas anubis Pha 0 5 9 6 1 28 49 

Theropithecus gelada Tge 0 0 0 4 2 8 14 

 

3.2.1.2 Data collection. Three-dimensional landmark data were collected using a 

Microscribe 3DX digitizer (Immersion Corp., San Jose, CA), using the 45 landmark 

protocol of Frost et al. (2003). However, because two landmarks (the left and right 
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alveolar margin at distal M
3
, landmarks 36 and 42 of the protocol) were not able to be 

collected for the youngest specimens in our sample, these landmarks were subsequently 

dropped from all specimens, leaving a total of 43 landmarks (see Figure 2.1). 

 

3.2.2 Analytical methods 

3.2.2.1 Generalized Procrustes analysis. Landmark coordinates were subjected to a 

generalized Procrustes analysis (GPA; (Bookstein, 1991; Marcus and Corti, 1996; Rohlf, 

1999). The GPA was performed in Morpheus (Slice, 1998), as this program allows for 

superimposition even when some specimens are missing landmarks (which was the case 

in our sample). All specimens underwent reflected averaging allowing reflections to 

provide aligned mirror images, which were averaged. Then, a small number of missing 

landmarks were reconstructed using thin-plate spline (TPS) estimation (Gunz et al., 

2009), whereby a reference stage specific mean was calculated for each species (e.g. M
1
 

stage Macaca mulatta), and each incomplete specimen was mapped to its group reference 

using all landmarks present in that specimen. Swapping and averaging were performed in 

SAS Version 9.2 (SAS Institute Inc., Cary, NC, USA), using code written by one of the 

authors (M.S.). For more information, see Singleton et al. (2011). 

 It is important to note that, when analyzing shapes, the orientation of those shapes 

is a ónuisance variableô that must be accounted for. However, when analyzing 

developmental trajectories, the orientation of the trajectories provides valuable 

information that will be lost if a second Procrustes superimposition is performed on the 

trajectories. Therefore, only one GPA was performed: the GPA on the original shape 

variables prior to any analyses. 

 

3.2.2.2 Ontogenetic trajectories. Ontogenetic trajectories were computed using 

multivariate regression of GPA aligned tangent space coordinates onto the covariate of 

dental eruption stage to produce vectors of coefficients that describe the shape changes 

correlated with development. These are linear approximations of ontogenetic shape 

change in the cranium (Frost et al., 2003; McNulty et al., 2006; Singleton et al., 2010). 

Due to the relative paucity of subadult specimens in museum collections, the uncertain 

sex of a few subadults, and the need to obtain reasonable sample sizes, mixed-sex 
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samples were used to construct each speciesô ontogenetic trajectory. The use of mixed-

sex samples to construct ontogenetic trajectories is justified by previous investigations, 

which found that male and female ontogenetic trajectories do not typically diverge until 

late in ontogeny, and that mean juvenile cranial shapes between sexes in cercopithecines 

are indistinguishable (O'Higgins and Jones, 1998; Collard and O'Higgins, 2001; 

O'Higgins and Collard, 2002; Leigh, 2006). Landmarks 36 and 41 (Fig. 3.1) were treated 

as missing data in the calculation of trajectories for dP
4
 and younger individuals, who 

were missing these datapoints. 

 

3.2.2.3 Developmental shape-change trajectory PCA (ŭPCA). Rather than the more 

common approach in geometric morphometrics of a relative warps analysis (i.e., a PCA 

on the tangent space of the superimposed coordinates of each of the specimens), the 

ontogenetic cranial trajectories themselves (i.e., the vectors of coefficients from the 

multivariate regression) were entered into a principal components analysis to produce the 

ŭPCA. Principal components analysis reduces the number of variables in the original 

dataset to produce a summary of the shape variance in the original data. Principal 

component (PC) axes are the projections of shapes onto the space spanned by the 

eigenvectors and are mutually orthogonal. In the context of geometric morphometrics, the 

mean centered landmark coordinates (after Procrustes superimposition) are used to 

produce an eigendecomposition of the sample covariance matrix. Because PCA is a rigid 

rotation of the data, the Procrustes distances among the specimens are preserved 

(Mitteroecker and Gunz, 2009). PCs can be visualized as shape deformations (e.g., thin-

plate spline deformation grids, sensu Bookstein, 1989), but, it is important to keep in 

mind that PCs are statistical artifacts that are largely dependent on the composition of the 

sample and should not be interpreted as one-to-one representations of biological factors 

(Mitteroecker et al., 2004, 2005). The ŭPCA provides an ordination of taxa in ontogenetic 

shape space for visual comparisons that are easier to evaluate than a large matrix of 

pairwise angles (e.g., Singleton et al., 2010; Table 3.2). It should be noted that, as PCA is 

an ordination method that is used more in data exploration than hypothesis testing, the 

ŭPCA obviously does not obviate the need to statistically assess any relevant hypotheses. 
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 A conceptually similar analysis to the ŭPCA was performed by Tallman (2016) on 

the distal femur of hominids, in which she produced an ontogenetic PCA. In her 

investigation, Tallman (2016) computed ten equidistant shape means from a multivariate 

regression of shape on centroid size, and performed a PCA on those, whereas in our PCA 

we focus on the analysis of trajectories themselves, computed from multivariate 

regression of shape on dental eruption stage. While in principle any covariate (such as 

centroid size) may be used, we chose dental eruption stage as this has been demonstrated 

to be very effective in describing cranial shape changes over ontogeny, and as it 

incorporates homologous and size-independent developmental events to construct the 

trajectories (Simons and Frost, 2016). Additionally, when used in developmental 

simulations, ontogenetic trajectories constructed using dental eruption stage as the 

covariate produce highly accurate estimations of adult morphology, further supporting 

their reliability as estimators of shape changes associated with ontogeny (Simons and 

Frost, 2016). We therefore termed our analysis a ŭPCA to reflect these different 

approaches. 

 

3.2.2.4 Comparison of cranial trajectories. Pairwise angles between each of the taxa 

were computed as the arccosine of their inner dot product, quantifying the magnitude of 

differences in pattern of shape change among trajectories (Collard and OôHiggins, 2001). 

Permutation tests were used to test for significant differences among trajectories, using 

the method of McNulty et al. (2006). This method performs pairwise tests from 

randomized groups of equal size and number of specimens in each dental stage, using 

individuals from both species in the comparison. A sequential Holm-Bonferroni 

correction, which is less conservative than a standard Bonferroni correction, was used to 

account for multiple comparisons (Quinn and Keough, 2002). To determine if the ŭPCA 

was adequately representing these differences in trajectory patterns, we performed a 

matrix correlation test (Dray and Dufour, 2007) on the matrices of the angles for all 

pairwise species comparisons and pairwise species comparisons of the Euclidean distance 

among all non-zero ŭPCs. 
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3.2.2.5 Ontophylomorphospace. In order to examine ontogenetic trajectories in a 

phylogenetic context, we used the rotation matrix from the ŭPCA to project a previously 

determined phylogeny onto the major axes of this developmental morphospace to 

produce an óontophylomorphospace.ô The ontophylomorphospace is an augmentation of 

the phylomorphospace approach, which maps principal components of shape onto a 

phylogenetic tree, draws branches between taxa and estimates internal nodes, produces 

ancestral state reconstructions, and estimates changes in shape along any branch of the 

phylogeny (Rohlf, 2002; Sidlauskas, 2008; Klingenberg and Gidaszewski, 2010; 

Monteiro, 2013; Adams, 2014). Whereas the phylomorphospace approach has 

traditionally been used to analyze changes among adult forms over evolutionary time, we 

use it here to analyze changes in ontogenetic trajectories over evolutionary time. The 

ontophylomorphospace process treats a shape-change trajectory as a single character, 

though a complex, multidimensional one (Klingenberg and Gidaszewski, 2010). 

Multivariate trajectory shape change variables are then fit to a phylogeny such that 

relative warp values at the internal nodes of a phylogeny are estimated from 

morphometric tip data using squared-change parsimony, in which the sum of squared 

changes over all branches and all coordinates is minimized (Rohlf, 2002; Sidlauskas, 

2008; Klingenberg and Gidaszewski, 2010). Ancestral node character reconstruction via 

squared-change parsimony has maximum posterior probability under a Brownian motion 

model of evolution, and has several statistical advantages, such as being invariant under 

rotation of the coordinate system (Maddison, 1991; Klingenberg and Gidaszewski, 2010). 

The trajectory changes estimated along each branch of a phylogeny equal the Euclidean 

distance between the nodes to the terminal taxa bracketing that branch, calculated along 

all morphospace axes using the Pythagorean theorem, and illustrates the direction and 

magnitude of morphological change estimated along each branch (Sidlauskas, 2008). 

 The patterns of morphology in this phylogenetic context can give insights into 

several aspects of morphological evolution, such as possible constraints on diversification 

(if there is a high lineage density in one or more groups), if there has been 

convergent/parallel evolution (if taxa come from widely separated parts of the 

morphospace and converge on another area), or if morphological evolution has occurred 

in a diversifying fashion (radiating from a central morphological point as exemplified by 
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ancestral reconstructions; Sidlauskas, 2008; Almécija et al., 2013; 2015; Sherratt et al., 

2014; Adams, 2014). One can also visually assess phylogenetic signal in the data, as 

more closely related taxa would be expected to occupy similar areas of morphospace, 

though hypotheses of phylogenetic signal still need to be tested statistically (Klingenberg 

and Gidaszewski, 2010). 

 To produce the plot of the ontophylomorphospace, a consensus molecular 

phylogenetic tree was projected onto the major axes of trajectory shape variation, with 

branches connecting tree tips and interior nodes, which were estimated using squared-

change parsimony (Rohlf, 2002; Sidlauskas, 2008; Strelin et al., 2018). The phylogenetic 

tree (Fig. 3.1) was downloaded from the open access website 10kTrees (Arnold et al., 

2010), which uses molecular data from the NIH genetic sequence database GenBank to 

produce the tree. Molecular-based trees were used due to the near universal acceptance of 

their accuracy in regards to cercopithecines (Cronin and Sarich, 1976; Disotell et al., 

1992; Perelman et al., 2011), and to avoid the petitio principii of drawing conclusions 

about morphological relationships in a phylogenetic context from morphologically based 

phylogenies. 

 

 

 

Figure 3.1. Molecular phylogenetic tree of the species in this investigation. Numbers 

show branching order. Scale bar shows branching dates in millions of years (Ma). 
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3.2.2.6 Phylogenetic signal. Phylogenetic signal refers to a situation in which there is a 

statistical non-independence between species' traits and phylogenetic relatedness 

(Klingenberg and Gidaszewski, 2010). When shape data are plotted onto a phylogeny, a 

strong phylogenetic signal is indicated when closely related species are closer to each 

other in morphometric space than more distantly related species (Adams, 2014). Thus, 

when a phylogenetic signal is present, the average amount of shape change (the sum of 

squared changes) along tree branches is relatively small for closely related species. To 

quantitatively test for phylogenetic signal in the high-dimensional, multivariate trait 

space of the ontogenetic trajectories used here, a multivariate extension of the Kappa 

statistic, Kmult, was calculated (Adams, 2014). Kmult is desirable in situations where 

trait dimensions exceed the number of species in the data set, as is the case in our 

investigation. Kmult provides an estimate of phylogenetic signal relative to what is 

expected under a Brownian motion model of evolution, and is numerically identical to 

standard K statistic estimates (Adams, 2014). Values of Kmult < 1.0 suggest the data 

have less phylogenetic signal than expected under Brownian motion, while values of 

Kmult > 1.0 suggest greater phylogenetic signal than expected. Significance values are 

obtained via permutation, whereby data at the tips of the phylogeny are randomized and 

the values of each randomization are then compared with observed tree values (Blomberg 

et al., 2003; Adams, 2014); 10,000 permutations were used, with Ŭ = 0.05. Our null 

hypothesis was that there is no phylogenetic signal in the cranial ontogenetic trajectories 

of our sample. 

 Analyses for the ontophylomorphospace and for phylogenetic signal were 

performed in R (R Development Core Team, 2014), using routines in the library 

ógeomorphô (Adams et al., 2017). 
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Table 3.2. Angular differences and Euclidean distances. Below diagonal: angular differences (in 

degrees) between species developmental trajectories; no angles were significant after sequential 

Holm-Bonferroni adjustment for multiple comparisons. Above diagonal: Euclidean distance 

among the principal component scores from the dPCA. 

 

 

 

3.3 Results 

3.3.1 ŭPCA. In a matrix correlation test, the angular differences among species 

trajectories are significantly positively correlated with the pairwise species comparisons 

of the Euclidean distances among principal component scores from the ŭPCA (Mantel:  r 

= 0.48, p = 0.001), indicating that the ŭPCA is a reliable way to visualize ontogenetic 

trajectories among many taxa simultaneously, while being less difficult than a 

comparison of many angles (Figure 3.2 and Table 3.2). None of the pairwise angular 

differences in ontogenetic vectors were statistically significant when the sequential 

Holm-Bonferroni correction for multiple comparisons was employed (Table 3.2). The 

first three principal components (63% total variance) of ontogenetic shape trajectories 

from the ŭPCA plot are presented in Figure 3.2. Presented in Figure 3.3 are visualizations 

illustrating relative magnitudes and directions of developmental shape changes in the 

cranium along each of the ŭPCA axes. For example, a visualization with a smaller 

nuerocranium and larger rostrum indicates a greater magnitude of developmental shape 

change in the rostrum relative to the neurocranium. Note that the visualizations presented 

in Figure 3.3 do not represent actual or theoretical shapes, merely relative magnitudes of 

shape change when compared with other regions of the cranium. 

 Keeping in mind that interpretations of shape (or, in this case, trajectory) 

transformations along PCs should be approached with caution, examinations of the 

respective PC axis loadings indicate that more positive values on ŭPC1 reflect increased 
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magnitudes of relative rostral development, and widening of the cranial base compared to 

the rest of the cranium. ŭPC1 separates Chlorocebus from other taxa, whose relative 

magnitudes of development in these cranial dimensions are lower. The positive end of 

ŭPC2 reflects increased magnitudes of anterior rostral development relative to the rest of 

the cranium, and slight dorsal elevation of the anterior rostrum, for which Mandrillus is 

separated. The negative end of ŭPC2 reflects an increased magnitude of neurocranial 

development relative to the rostrum. Of note on this axis are the relatively low scores of 

all species of Macaca. ŭPC3 reflects relatively lengthening of neurocranium, with 

positive values on this axis showing an increased magnitude of lengthening. More 

positive values on ŭPC3 are also related to increased dorsal elevation of the anterior 

rostrum. This ŭPC clearly distinguishes Theropithecus. ŭPC1 and ŭPC2 reveal a clear 

African cercopithecine trend, from which Asian Macaca deviates. Macaca sylvanus and 

Allenopithecus, both of which are considered morphologically primitive (Szalay and 

Delson, 1979; Strasser and Delson, 1987), group with the mangabeys (save Cercocebus 

torquatus), indicating these taxa may share an ancestral cranial ontogenetic pattern (but 

see Discussion). 

 Bivariate regression of each of the first three ŭPC eigenvectors on the logarithm 

of centroid size (the average adult lnCS for each species was used as the independent 

variable) showed that both ŭPC1 and ŭPC2, though not ŭPC3, were significantly 

correlated with size (ŭPC1: F1,15 = 7.33, r
2 
= 0.33, p = 0.0162; ŭPC2: F1,15 = 11.63, r

2 
= 

0.44, p = 0.004; ŭPC3: F1,15 = 1.03, r
2 
= 0.06, p = 0.33). This indicates that the ŭPC1 and 

ŭPC2 axes of trajectory shape variation have an allometric scaling component 

(Bookstein, 1991; Monteiro, 1999; Mitteroecker et al., 2004; Klingenberg, 2016). 
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Figure 3.2. ŭPCA plot showing ŭPC1 (37% total variance) and ŭPC2 (16% total 

variance), and ŭPC1 and ŭPC3 (10% total variance). Abbreviations correspond to those in 

Table 3.1. 
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Figure 3.3. Visualizations of shape change magnitudes associated with ŭPC axes 1-3 (lateral and 

ventral views). Center cranial visualizations based on M1 stage M. mulatta specimen, warped to 

average M1 individual for whole sample. Left and right column cranial visualizations are same 

surface warped to simulated adult configuration produced by adding scaled trajectory from 

positive and negative ends of ŭPCA axes, and depict relative magnitudes of development in 

aspects of the cranium relative to others. For example, a larger rostrum and smaller neurocranium 

indicates an increased magnitude of rostral development relative to neurocranial development, 

and vice versa. Right column: positive end of ŭPC axis. Left column: negative end of ŭPC axis. 

Note that these visualizations do not represent actual or theoretical shapes, merely relative 

magnitudes of shape change of aspects of the skull when compared with other aspects of the 

skull. Additionally, warping is limited to the locations of our landmarks. 

 

3.3.2 Ontophylomorphospace. A plot of the ontophylomorphospace (OPMS), 

representing the first two principal components axes of ontogenetic shape trajectory 

space, is presented in Figure 3.4. Branches connect the tips, which represent the positions 

of the observed trajectories of extant taxa, and internal nodes (numbered), which 

represent the positions of the reconstructions of ancestral trajectories using squared 

change parsimony.  

 The estimated ancestral cercopithecine cranial ontogenetic pattern (Fig. 3.4, Node 

1), as reconstructed here, had similar magnitudes of relative rostral and neurocranial 

development (the morphologically distinguishing factors reflected by these axes, see 

above). The estimated ancestral papionin ontogenetic pattern (Node 3) lies near the center 

of the OPMS plot, indicating that ancestral papionin crania also had similar relative 

magnitudes of both rostral and cranial base development. It is similar to the ancestral 
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cercopithecine pattern, and among extant species is most similar to Macaca mulatta. 

Relative to the rest of the cranium, the reconstructed ancestral macaque pattern (Node 12) 

shows an increased magnitude of rostral and cranial base development than both the 

ancestral cercopithecine and papionin pattern (more positive value on OPMS1). The 

estimated ancestral trajectory for both Mandrillus/Cercocebus (Node 5) and 

Papio/Lophocebus/Theropithecus (Node 9) clades are similar to each other, and differ 

from ancestral cercopithecines, papionins, and macaques, by having relatively increased 

magnitudes of rostral development coupled with decreased magnitudes of neurocranial 

development. 

 

 

Figure 3.4. Ontophylomorphospace of cranial ontogenetic trajectories. The molecular phylogeny 

(Fig. 3.1) is projected onto the first two principal axes of trajectory morphospace of extant taxa 

and internal nodes, which were estimated using squared-change parsimony. Abbreviations 

correspond to those in Table 3.1. Numbers correspond to nodes in Figure 3.1. Colors correspond 

to those in Figure 3.2. Note the crossing of the branches of the African papionins (indicating 

parallel evolution of trajectories), and the diversification of trajectories of Asian Macaca 

(indicating derived trajectories relative to other cercopithecines). 

 

 Of the non-papionin cercopithecines in this analysis, Allenopithecus, shows the 

least amount of change from the estimated last common ancestor (LCA) of these species 
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(Node 2). Chlorocebus is comparatively derived, and occupies a distinct trajectory space 

compared to the other taxa. 

  Branches for Macaca largely emanate outward from their common ancestor with 

little overlap, indicating a diversification of cranial ontogenetic trajectories, which are 

derived relative to other cercopithecines. However, when compared with other species of 

Macaca, the branch of M. sylvanus, considered plesiomorphic among extant macaques 

(Szalay and Delson, 1979), occupies an area of trajectory morphospace most similar to 

Lophocebus and Cercocebus agilis, indicating a convergence of trajectories, rather than 

each of these species retaining an ancestral ontogenetic trajectory. In fact, M. sylvanus, 

while possessing a primitive cranial morphology, and a cranial ontogenetic trajectory that 

is similar to Lophocebus and Cerocebus agilis, is rather derived in its ontogenetic 

trajectory, as indicated by the branch length emanating from Node 12. Within Macaca, 

M. mulatta has a cranial ontogenetic trajectory most similar to the reconstructed ancestral 

trajectory of all papionins (Node 3). Macaca fascicularis possesses a cranial ontogenetic 

trajectory similar to the reconstructed trajectory of Asian macaques (Node 13). This, 

coupled with a relatively short branch length, indicates that M. fascicularis retains a 

similar cranial ontogenetic trajectory as the common ancestor of Asian macaques. 

 The frequent crossing of the branches among African papionins indicates that 

there has been extensive parallel evolution of cranial ontogenetic trajectories in this 

clade, as species that are not closely related share relatively similar ontogenetic 

trajectories. The most derived cranial ontogenetic trajectories of the African papionins 

(i.e., those with the longest branch lengths and positioned further from the main grouping 

in the ontophylomorphospace) are: Mandrillus leucophaeus, Mandrillus sphinx, Papio 

anubis, and Cerocebus torquatus. The trajectories of these species radiate in the same 

direction, indicating that their trajectories are similar even though they are not ancestrally 

shared. Mandrillus leucophaeus has a less derived ontogenetic trajectory than Mandrillus 

sphinx compared to the Mandrillus LCA (Node 8). One notable deviation from these 

African papionins is the ontogenetically distinct Theropithecus gelada. It lies apart from 

all other cercopithecines in trajectory space and does not converge on any other 

cercopithecine trajectory, despite being only moderately derived relative to its estimated 

LCA (i.e., the branch is of moderate length, Node 10). 
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 Both species of Lophocebus have short branch lengths from their reconstructed 

common ancestor (Node 11), indicating a limited amount of evolutionary change in their 

ontogenetic trajectories. Lophocebus and Cercocebus (save Cercocebus torquatus) 

occupy similar areas of ontogenetic trajectory space, and Cercocebus has long 

overlapping branches, indicating parallel evolution of Cercocebus ontogenetic 

trajectories. In the phylogeny used in this investigation (Fig. 3.1), Cercocebus torquatus 

and Cercocebus atys are more closely related than either is to Cercocebus agilis, but 

Cercocebus atys and Cercocebus agilis trajectories have converged, and are most similar 

to the trajectory of Lophocebus. Cercocebus atys has a cranial ontogenetic trajectory that 

is highly similar to Allenopithecus. With Allenopithecus and M. mulatta, it lies near the 

reconstructed ancestral trajectory of all cercopithecines (Node 1). As noted above, 

Cercocebus torquatus has an ontogenetic trajectory most similar to that of Papio and 

Mandrillus. 

 

3.3.3 Phylogenetic signal. Tests failed to reject the null hypothesis of no phylogenetic 

signal (p-value = 0.1339) and yielded a Kmult of  <1.0 (Kmult = 0.21863) indicating that 

cranial ontogenetic trajectories lack strong phylogenetic signal in cercopithecines. 

 

3.4 Discussion 

3.4.1 Extant ontogenetic trajectories. The principal components axes from the ŭPCA are 

able to illustrate cranial shape changes associated with ontogeny in a visually intuitive 

manner. Additionally, aspects of developmental trajectories that would otherwise be 

difficult to interpret become apparent in a ŭPCA plot. For example, the distinctiveness of 

the Asian macaque trajectories, when contrasted with other cercopithecines, is clear for 

the first two ŭPCA axes (Fig. 3.2). Moreover, the ŭPCA allows for a visualization of 

ontogenetic shape trends in the cranium by warping an M
1
-stage individual to the adult 

shapes implied along major axes of trajectory shape variation (Fig. 3.3). The conjunction 

of these two forms of visualization allows for an evaluation of the similarities and 

differences of ontogenetic trajectories, and the influence of these trajectories on adult 

morphologies. 
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 Previous investigations of papionins have noted that generic, and even specific 

cranial morphologies are present in M
1
-stage juveniles (Collard and OôHiggins, 2001; 

Singleton, 2009; Gilbert et al., 2011; Singleton, 2012). Our results indicate that species-

typical post-M
1
 developmental patterns augment this initial distinctiveness through 

differential developmental magnitudes, and lead to the identifiable cranial features 

associated with adult taxa. For example, the ŭPCA illustrates relatively increased 

magnitudes of rostral development in Mandrillus, the adults of which are characterized, 

in part, by pronounced rostral development, in conjunction with the pronounced 

development of paranasal ridges (McGraw and Fleagle, 2006). This indicates that, for 

this aspect of its cranial morphology, Mandrillus at least partially achieves this 

phenotypic trait through an increased developmental magnitude in this feature relative to 

other aspects of the cranium. The more positive values on ŭPC3, which are related to 

increased dorsal elevation of the anterior rostrum, clearly distinguish T. gelada, whose 

adult anterior rostral morphology has been noted as relatively elevated when compared 

with other papionins (Delson and Dean, 1993). Thus, in addition to providing a visually 

intuitive representation of ontogenetic trajectories (in comparison to a matrix of pairwise 

angles), the ŭPCA also provides a means for determining the contributions of post-natal 

ontogeny in attaining adult morphologies. 

 As noted above, both ŭPC1 and ŭPC2 are significantly correlated with cranial 

size. In Figure 3.2, there is a clear African papionin size trend in the first two ŭPCs, with 

smaller species having relatively lower values for both ŭPC1 and ŭPC2. Interestingly, 

Asian macaques deviate from this trend, indicating that their trajectories are not as highly 

correlated with size as other cercopithecines. Compared to African papionins, their 

trajectories show an increased developmental magnitude of cranial base width relative to 

the rest of the cranium coupled with increased development of the neurocranium relative 

to the rostrum, leading to generally broader neurocrania, and less elongated faces. This 

corroborates previously identified divergences in cranial growth allometries between 

macaques and African papionins (Ravosa and Profant, 2000). 

 The lack of significant differences in pairwise vector angle comparisons is most 

likely related to the fact that there were 136 comparisons, so that with the sequential 

Holm-Bonferroni adjustment the threshold for significance is 0.0004. Nonetheless, the p-
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values are strongly related to sample size. For example, Macaca fascicularis has the most 

robust sample size, and the most p-values less than 0.05 (see Table 1). This suggests that 

larger samples across developmental stages in more taxa would likely lead to more 

significantly different pairwise angles. This relationship between significance and sample 

size was also encountered by Singleton et al. (2010). On the other hand, our total sample 

size of 522 specimens from 17 species is relatively robust, even if individual 

developmental stages within particular taxa are smaller than ideal. Therefore, while 

individual pairwise trajectory differences may not be significant, overall patterns of 

variation among trajectories can still be evaluated. 

 The significant positive correlation between pairwise vector angles and pairwise 

Euclidean distances among ŭPCs demonstrated that species with more obtuse vector 

angles are often further from each other in ŭPCA space, and thus the ŭPCA provides an 

accurate representation of vector similarities and differences (though some information is 

being lost in the ordination, see subsection 3.4.4 about limitations below). For example, 

the two most distinct taxa in terms of angular difference were Chlorocebus aethiops, who 

showed the largest angular differences with other taxa, and Theropithecus gelada, who 

showed the next largest (Table 3.2). While none of the angles among taxa were 

significantly different, these two species are in unique trajectory spaces relative to other 

taxa in the ŭPCA (Fig. 3.2). Therefore, this method is a useful way to explore overall 

patterns of trajectory variation in the dataset, even in cases where pairs of vector 

comparisons are statistically indistinguishable. Once these patterns of ontogenetic 

trajectory variation have been evaluated, targeted hypotheses can be developed to test 

specific aspects of the observed patterns. 

 

3.4.2. Estimated ancestral trajectories. The ontophylomorphospace is a useful method for 

comparing ontogenetic trajectories in a phylogenetic context. Some conclusions that 

could be drawn from the ŭPCA may in fact be misleading when phylogeny is not 

considered. For example, the close positions of M. sylvanus, Chlorocebus, and 

Allenopithecus in trajectory space shown by ŭPC1 and ŭPC2 (Fig. 3.2), suggests that they 

share an ancestral trajectory. The ontophylomorphospace (Fig. 3.4), however, indicates 
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that this is too simplistic, and that these species have likely converged on their similar 

ontogenetic trajectories. 

 Similarly, the branches of the African papionins cross each other to occupy 

similar areas of the ontophylomorphospace, indicating homoplasy in cranial ontogenetic 

trajectories. This result is not unexpected, as extensive homoplasy has also been noted in 

the adult cranial morphology of this clade (Disotell et al., 1992; Fleagle and McGraw, 

1999; Singleton, 2005; McGraw and Fleagle, 2006; Gilbert, 2007; Perelman et al., 2011; 

Gilbert, 2013). Thus, Papio and Mandrillus, as well as Lophocebus and Cercocebus, 

were observed to be more similar in their ontogenetic trajectories than expected given 

their actual phylogenetic relationships. One notable exception to this is Cercocebus 

torquatus, which has an ontogenetic trajectory more like those of Papio and Mandrillus 

than the other mangabeys. This result is concordant with previous ontogenetic and 

morphological studies of Cercocebus torquatus. For example, Singleton et al. (2010) 

found that developmental simulations using the developmental trajectory of Cercocebus 

torquatus resulted in relatively prognathic simulated adults that also had relatively 

shallow suborbital fossae and moderately inflated maxillary ridges. These findings 

indicate that the ontogenetic trajectory of Cercocebus torquatus would be expected to be 

more similar to the other papionins which also share these traits (as Papio and, especially 

Mandrillus, do). McGraw and Fleagle (2006) also noted several aspects of adult 

craniofacial morphology of Cercocebus torquatus that are similar to those of Mandrillus, 

and likely to be reflected in their developmental trajectories.  

 Due to the paucity of the paleontological record, it is extremely difficult to 

quantify the cranial ontogenetic trajectories of extinct species, as this requires an 

ontogenetic series of nearly complete crania with well-defined taxonomic attributions. 

The lack of these ancestral ontogenetic trajectories also preclude investigations of 

heterochrony in primates, as these investigations rely on the ability to determine if there 

have been changes in ontogenetic shape trajectories among ancestors and descendants. 

Because these data are inherently rare, most investigations of heterochrony in primates 

have focused on comparing the ontogenetic trajectories of extant taxa (Shea, 1981, 1983, 

1985; Leigh et al., 2003; Mitteroecker et al., 2004, 2005; Leigh, 2007; Lieberman et al., 

2007), rather than among ancestors and descendants, even if these could be reasonably 
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identified in the fossil record. Therefore, until more complete datasets are acquired, a 

method for estimating ancestral trajectories is required for investigations of heterochrony 

to be carried out. While a thorough discussion of heterochrony in the cercopithecine 

cranium is beyond the scope of this investigation, the ontophylomorphospace procedure 

allows for the estimation of ancestral ontogenetic trajectories, and is thus a step toward 

comparisons of ancestor/descendant ontogenetic relationships. Additionally, the 

reconstructed nodes of ancestral shape change trajectories could be used in 

developmental simulations of juvenile fossils to better predict adult shapes (as opposed to 

using trajectories computed from extant taxa; e.g., see McNulty et al., 2006). 

 

3.4.3 Phylogenetic signal. While the historically recognized putative parallelisms 

between ontogeny and phylogeny have rightly fallen into disrepute (in the strict sense of 

ontogeny recapitulating phylogeny, Gould (1977)), it has long been thought that 

ontogenetic information could be used to infer phylogenetic relationships, at least in 

terms of providing information about character polarity which could then be used to 

bolster phylogenies constructed using other methods (Nelson, 1978; Kluge, 1985; Yoder, 

1992; Meier, 1997; for counterarguments, see Mabee, 2000). The majority of these 

investigations focused on analyzing ontogenetic sequences, rather than phenotypic 

trajectories in shape space. However, some have argued that ontogenetic trajectories of 

shape change (i.e., not just the sequence of character ontogeny) may provide insights into 

phylogeny (Fink and Zelditch, 1995; Zelditch et al., 1995; but see Adams and Rosenberg, 

1998; Rohlf, 1998). 

 Our results indicate that cranial ontogenetic trajectories themselves do not have a 

strong phylogenetic signal. This is not to say that adult cranial shape does not have a 

phylogenetic signal, which was not tested here (see Lockwood et al., 2004; Cardini and 

Elton, 2008; Gilbert, 2011). Thus, using ontogenetic shape trajectories as a character in 

phylogenetic analyses is ill-advised. Additionally, the large amount of homoplasy 

observed in the cranial ontogenetic trajectories of the cercopithecines in our investigation, 

especially in the African papionins, severely complicates using ontogenetic trajectories to 

infer phylogenetic relationships among these primates. Still, it may be the case that 

ontogenetic trajectories contain phylogenetic information, but cercopithecines (especially 
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African papionins), due to their pervasive homoplasy, are not the best taxon with which 

to investigate this hypothesis. 

 The lack of a phylogenetic signal could be due to several factors. One possibility 

is that the lack of signal is due to only analyzing post-M1 ontogeny. Given that 

distinctive morphologies are present by M1 eruption (Collard and OôHiggins, 2001; 

Singleton, 2009, 2012; Gilbert et al., 2011), more phylogenetic signal may be found in 

pre-M1 individuals. As it has been argued that partitioning the cranium into modules 

provides more reliable phylogenetic information (Lockwood et al., 2004; Cardini and 

Elton, 2008; Gilbert, 2011), it is possible that analyzing the ontogenetic trajectories of the 

entire cranium will not capture a phylogenetic signal, but the trajectory of, e.g., the 

basicranium alone would. It may also be the case that ontogeny is not an independent 

ótraitô that can be used in phylogenetic analysis. Alternatively, ontogenetic trajectories 

may be too dynamic to provide a reliable estimate of phylogeny, as factors of phenotypic 

plasticity, such as biomechanical forces, can work to shape the cranium in ways not 

directly connected to a genetic lineage. Additionally, in this investigation, phylogenetic 

signal was tested against the expectations of Brownian motion, but there are multiple 

processes which may produce a pattern of phylogenetic signal (Revell et al., 2008; 

Adams, 2014), that were not tested here. Finally, as noted by Rohlf (1999, 2002), there is 

no reason to expect tangent space coordinates to correspond to taxonomically or 

biologically meaningful variables, as the coordinates are defined a priori. Thus, the 

difficulties encountered when attempting to infer the correct phylogenetic tree from 

morphometric data are also likely to be found in the trajectories of shape change derived 

from them. 

 

3.4.4 Limitations. While the ŭPCA method allows for a comparison of ontogenetic 

trajectories in a visually appealing manner, there are some limitations to this approach 

that are similar to those encountered when performing a standard PCA. For example, the 

reduction of an ontogenetic trajectory to a single point overlooks nuances that are likely 

present in the data, e.g., if the amount of shape variation associated with ontogenetic 

development differs among taxa. In such a case, a method which allows for a direct 

comparison of how well shape variation correlates with development would be useful 
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(Tallman, 2016). Additionally, the results of our matrix correlation test between pairwise 

trajectory angles and the Euclidean distances among principal component scores from the 

ŭPCA returned a moderate r-value. While statistically significant, this result indicates that 

there is variation present in the trajectories that is not explained by the Euclidean space of 

the ŭPCA, further illustrating that caution should be used when reducing a complex, 

multivariate trait (i.e. ontogenetic shape change trajectories) to a single point. Despite 

these limitations, we feel that the ŭPCA is still a useful way to compare ontogenetic 

trajectories of diverse taxa in a visually intuitive manner. 

 

3.5 Conclusion 

 Biological form is a complex, multivariate trait, whose complexity is only 

compounded when analyzed over ontogenetic and evolutionary time. The relatively 

recent advent of advanced geometric morphometric methodologies has allowed for 

innovative investigations into the relationship between ontogeny and morphology, and 

how these should be interpreted in an evolutionary framework. In this investigation, we 

used these geometric morphometric methods to estimate cranial ontogenetic trajectories 

and from these produced a developmental shape change trajectory PCA (ŭPCA), which 

provides an ordination and visual representation that reliably facilitates comparison of 

ontogenetic trajectories among taxa. We next used the rotation matrix from the ŭPCA to 

project a phylogeny onto the major axes of this developmental morphospace to produce 

an óontophylomorphospaceô in order to examine cranial ontogeny in a phylogenetic 

context. We found that, similar to results of previous investigations of adult craniofacial 

morphology, there has been extensive homoplasy in the evolution of cranial ontogenetic 

trajectories, especially in the African papionins. Additionally, our results indicate a 

diversification of cranial ontogenetic trajectories for Asian species of Macaca that are 

derived relative to other cercopithecines. Finally, we found that there is no phylogenetic 

signal in the cranial ontogenetic trajectories of cercopithecines. While there are several 

possible explanations, the extensive amount of homoplasy in these primates may be 

responsible for this result.  

 This chapter focused on developing methods for the comparison of the 

ontogenetic trajectories of extant taxa, and for estimating ancestral patterns of 
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ontogenetic development. One of the findings of this investigation was a clear allometric 

component in the the ontogenetic trajectories of African papionins. As size is an integral 

aspect of cranial shape production, the following chapter will more thoroughly explore 

the role of size and allometry in the evolution of primate cranial morphology. 

Specifically, the investigations will test several long-standing hypotheses regarding the 

presence of ontogenetic scaling among catarrhine taxa, and will evaluate the likelihood of 

size as a line of evolutionary least resistance in the evolution of primate cranial shape. 
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CHAPTER IV 

ONTOGENETIC ALLOMETRY AND SCALING IN CATARRHINE CRANIA 

 

4.1 Introduction  

 Size is highly influential in the physiological, physical, behavioral, and ecological 

aspects of organisms, and allometry, the relationship between size and shape, has been 

invoked to explain patterns of morphological evolution in a broad array of taxa 

(Thompson, 1917; Huxley, 1932; Gould, 1966, 1971; Schmidt-Nielsen, 1984; Jungers, 

1985; Shea, 1985, 1995; Klingenberg, 1998, 2010, 2016; Gerber et al., 2008; Cardini and 

Polly, 2013). Allometry has also been considered an evolutionary constraint, whereby 

evolutionary changes in shape are driven by the necessity to maintain functional roles 

despite variations in size (Frankino et al., 2005; Klingenberg, 2010). Researchers have 

differentiated between three levels of allometric inquiry: static allometry, which 

compares size-shape covariation among individuals within a population at a particular 

ontogenetic stage; evolutionary allometry, which compares size-shape covariation among 

ancestors and descendants; and ontogenetic allometry, where size-shape covariation is 

examined over the course of growth and development (Cock, 1966; Cheverud, 1982; 

Klingenberg, 1998). 

 Several previous investigations of ontogenetic allometry have posited that many 

aspects of shape evolution can be attributed to ontogenetic scaling (sensu Gould, 1966; 

Shea, 1985; 1995), which occurs when comparisons of allometric trajectories reveal that 

closely related taxa differ by either extension or truncation of a common ontogenetic 

allometry, i.e., there is a difference merely in the length, but not in the direction of their 

trajectories (see also Klingenberg, 1998). When this is the case, differences between 

juvenile and adult individuals within a species will resemble each other in a similar 

manner as smaller and larger adults (Shea, 1985). Many investigations have invoked 

ontogenetic scaling to explain some or all of observed shape differences between closely 

related species who vary in size (Freedman, 1962; Pilbeam and Gould, 1974; Jungers and 

Fleagle, 1980; Shea, 1981, 1983a,b, 1985, 1995; McKinney, 1986; Atchley and Hall, 

1991; Ravosa et al., 1993). However, many of these investigations were performed on 
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broad morphological patterns (e.g., cranial length vs. cranial width), and relied on 

bivariate comparisons of ontogenetic trajectories.  

 As vertebrate cranial shape, and its ontogenetic trajectories of shape change are 

multidimensional, it is important to evaluate if ontogenetic scaling is a common pattern in 

the evolution of catarrhine cranial shape using the advanced methods of multidimensional 

shape analysis such as geometric morphometrics, or, GM (Rohlf and Marcus, 1993; 

Adams et al., 2004). Several investigations have used GM to compare multidimensional 

ontogenetic trajectories, but these have led to discrepant conclusions regarding the 

presence of ontogenetic scaling in catarrhine crania. For example, some investigations 

have found that intertaxon adult cranial morphological variation results from sharing a 

common allometric trajectory, but that morphological differences arise from extensions 

or truncations of that trajectory (Marroig and Cheverud, 2001, 2005; Leigh et al., 2003; 

Leigh, 2006, 2007; Gonzalez et al., 2011). Other studies, often investigating the same 

taxa, have found that divergent ontogenetic trajectories are largely responsible for 

observed morphological differences among adults, and that bigger species aren't merely 

'scaled up' versions of smaller ones (Collard and O'Higgins, 2001; Cobb and O'Higgins, 

2004; Mitteroecker et al., 2004, 2005; Schaefer et al., 2004; Perez et al., 2011). These 

differences are in addition to cranial shape differences already observed in the youngest 

measured specimens. One possible cause of these discrepancies could be that some 

studies used limited dimensions of the shape space (e.g. the subspace defined by PC1 and 

PC2) to summarize trajectories rather than the whole of shape space (Cobb and 

O'Higgins, 2004; Mitteroecker et al., 2004a, 2005; Schaefer et al., 2004). PCs may be 

misleading in such comparisons because they do not indicate whether trajectories are 

similar in all of shape space, and may include shape differences unrelated to ontogeny 

(Mitteroecker et al., 2004; Baab et al., 2012). These discrepancies highlight the need to 

thoroughly evaluate the role of ontogenetic scaling in studies of catarrhine cranial 

evolution using GM methods that don't rely on data reduction techniques. 

 Evidence that adult morphological variation is produced via ontogenetic scaling 

would support the hypothesis that changes in shape are linked to selection for body size 

differences rather than differences in shape per se (Gould, 1966, 1975; Shea, 1985; 

Ravosa, 1991, 1992; Ravosa et al., 1993; Ravosa and Profant, 2000). Alternatively, if 
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taxa show divergent allometric patterns, i.e., if there are significant differences in the 

direction of allometric trajectories, then it is possible that there has been selection on 

shape itself rather than on size qua size (Ravosa and Profant, 2000). The comparison of 

ontogenetic trajectories in this way has been termed a 'criterion of subtraction,' and has 

been argued to be a fruitful way of elucidating possible selective forces operating over 

evolutionary time. That is, one can evaluate whether observed shapes are likely the 

product of selection for those shapes, or if they are the product of differential end points 

on a shared ontogenetic trajectory (Gould, 1966, 1975; Shea, 1985, 1995; Ravosa and 

Vinyard, 2002). It is important to note that the criterion of subtraction is one line of 

evidence for the presence of selection, but alternative evolutionary forces such as genetic 

drift, epigenesis, and phenotypic plasticity may also be possible explanations for 

evolutionary shape changes that are not merely the product of size changes. Extending 

this to an evolutionary timescale, some have suggested that size is possibly a 'line of least 

evolutionary resistance' (Marroig and Cheverud, 2005, 2010; Ungar and Hlusko, 2016), 

and that size changes may be a first step in adaptation and diversification, with size 

responding more quickly than shape to environmental change (Elton et al., 2010). Thus, 

finding that the morphologies of closely related taxa are the product of differential end 

points on a shared ontogenetic trajectory (i.e. ontogenetic scaling) among closely related 

taxa would indicate that size was a strongly influential evolutionary pressure on cranial 

shape, and would provide support for, or at least be consistent with, the hypothesis of size 

as a path of least evolutionary resistance.  

 To address these issues, this investigation uses a large, taxonomically diverse, 

ontogenetic sample and geometric morphometric methods to examine ontogenetic 

allometry among catarrhines. It therefore focuses on differences in cranial shape between 

closely related species of differing sizes to determine if they are consistent with the 

predictions of ontogenetic scaling, thereby also testing the hypothesis of size as a line of 

least evolutionary resistance in catarrhine cranial evolution. Analyses were performed on 

two aspects of cranial postnatal ontogeny: 1) trajectories of shape change associated with 

size (allometric trajectories), and 2) trajectories of shape change associated with dental 

eruption stage. While these trajectories frequently track similar aspects of shape change 

associated with ontogeny (organisms often get larger as they develop), using molar 
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eruption stage as a covariate to construct ontogenetic trajectories can in some cases 

provide more information about shape transformations than size alone, especially in 

samples with large amounts of size variation (Gunz and Bulygina, 2012). We therefore 

used both of these covariates in a multivariate, comparative approach to gain a more 

thorough understanding of how common ontogenetic scaling is in catarrhines, and if there 

are factors other than size that are driving cranial morphological evolution in this 

evolutionary radiation. 

  

4.2 Materials and Methods 

4.2.1.1 Sample. The dataset is composed of an ontogenetic series of 1,503 crania from 31 

catarrhine species partitioned by dental eruption stage: M0: deciduous dentition with first 

molar not in occlusion; M1: first molar erupted to full occlusion, second is not; M2: 

second molar erupted to full occlusion, third is not; M3: fully erupted adult dentition 

(Table 4.1). Due to the scarcity of subadult specimens available in museum collections 

for some species, and the need to obtain reasonable sample sizes, mixed-sex samples 

were used to construct each speciesô ontogenetic trajectory. The use of mixed-sex 

samples to construct ontogenetic trajectories is justified by previous investigations which 

found that male and female ontogenetic trajectories do not typically diverge until late in 

ontogeny, and that mean juvenile cranial shapes between sexes are indistinguishable 

(O'Higgins and Jones, 1998; Collard and O'Higgins, 2001; O'Higgins and Collard, 2002; 

Leigh, 2006; Singleton et al., 2010; Simons and Frost, 2016). 

 Each of the species in our sample was partitioned into four subclades: Colobinae 

(6 species), Cercopithecini (5 species), Papionini (13 species), and Hominoidea (7 

species) (see Table 18), and statistical analyses were performed separately for each 

subclade. This sample was selected so that multiple genera would be represented in each 

subclade, and to reflect the major phyletic transitions in catarrhine evolutionary history.  

This partitioning allowed us to compare closely related taxa and not, e.g., Miopithecus 

talapoin and Gorilla gorilla, which have never been posited to be scaled variants of each 

other. 
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4.2.1.2 Data collection. Forty-three three dimensional landmarks were collected using a 

Microscribe 3DX digitizer (Immersion Corp., San Jose, CA). These landmarks are based 

on the 45 landmark protocol of Frost et al. (2003), however, landmarks 36 and 42 of the 

original protocol were not collected in this sample, leaving a total of 43 landmarks (see 

Figure 2.1). 

 

Table 4.1. Study sample by dental stage, as defined by full eruption of nominal tooth. Both sexes 

are included in the calculation of trajectories. 

 

 dP
4
 M

1
 M

2
 M

3
 Total 

Allenopithecus nigroviridis 2 8 11 19 40 

Chlorocebus aethiops 12 11 14 13 50 

Cercocebus agilis 7 11 12 13 43 

Cercocebus atys 3 13 15 16 47 

Cercocebus torquatus 2 7 8 21 38 

Cercopithecus lhoesti 5 10 12 14 41 

Cercopithecus mitis 10 10 14 12 46 

Colobus guereza 13 15 12 20 60 

Gorilla gorilla 14 14 15 16 59 

Homo spaiens 15 21 28 42 106 

Hylobates lar 13 15 16 22 66 

Lophocebus albigena 5 13 16 20 54 

Lophocebus aterrimus 6 10 14 21 51 

Macaca fascicularis 13 12 12 14 51 

Macaca mulatta 11 11 12 15 49 

Macaca sylvanus 1 1 4 14 20 

Mandrillus sphinx 5 8 9 18 40 

Miopithecus talapoin 10 10 11 19 50 

Nasalis larvatus 8 10 13 20 51 

Pan paniscus 15 16 12 20 63 

Pan troglodytes 17 17 16 26 76 

Papio hamadryas anubis 14 14 16 16 60 

Papio hamadryas cynocephalus 3 18 19 14 54 

Papio hamadryas ursinus 3 5 7 15 30 

Piliocolobus badius 4 12 15 14 45 

Pongo pygmaeus 10 13 9 22 54 

Procolobus verus 1 7 13 16 37 

Pygathrix nemaeus 2 2 2 12 18 

Semnopithecus entellus 1 5 4 16 26 

Symphalangus syndactylus 7 6 10 22 45 

Theropithecus gelada 4 3 10 16 33 

     1,503 

 

4.2.2 Analytical Methods 
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 All statistical analyses were performed in the R (R Core Team, 2017) package 

geomorph (Adams et al., 2017). 

 A generalized Procrustes analysis was performed separately on each of the four 

subclades to remove the effects of scale, orientation, and location of the landmark 

coordinates (Bookstein, 1991; Marcus and Corti, 1996; Rohlf, 1999). All subsequent 

analyses were performed on these Procrustes aligned shape coordinates. 

 

4.2.2.1 Allometric trajectories. A Homogeneity of Slopes (HOS) test was performed to 

determine if allometric trajectories varied among species within each of the four clades in 

the sample. An HOS test determines if species share a common allometry by comparing 

shape covariation with size (the natural logarithm of centroid size was used in all 

analyses) and calculates if there is a significant interaction term between LnCS and 

species (Adams et al., 2017). If the interaction term is significant, the null hypothesis is 

rejected and and at least one of the species differs in its allometric trajectory relative to 

the others. If this is the case, it is then necessary to parse which species differed, and if 

this is due to allometric trajectory magnitude, direction, or both. As each of the four 

clades in our sample was found to have a significant interaction effect between LnCS and 

species (p<0.0001; see Appendix), we then used a Procrustes ANOVA/RRPP (Reduced 

Residual Permutation Procedure) to parse which species differed, and if this was due to 

allometric trajectory magnitude, direction, or some combination of the two. In an RRPP 

approach, estimates of phenotypic values are made using a linear model that does not 

contain the species x LnCS interaction effect. The residuals from this model are then 

randomly assigned to linear estimates (calculated from regression coefficients that 

describe species and size effects) to reconstruct "random" phenotypic values (Adams and 

Collyer, 2007; Collyer and Adams, 2007). These random values are then used to calculate 

species x size means, where the linear model contains the same effect plus the species x 

size interaction effect. A distribution of random values is then computed from many 

permutations (here, 10,000), from which the significance of observed values can be 

inferred (Adams and Collyer, 2007; Collyer and Adams, 2007). In these allometric 

trajectories, trajectory magnitude refers to the amount of shape change per unit LnCS 
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change, and trajectory direction refers to the pattern of allometric shape change. A 

sequential Holm-Bonferroni correction, which is less conservative than a standard 

Bonferroni correction, was used to account for multiple comparisons within clades 

(Quinn and Keough, 2002). As ontogenetic scaling requires a similar pattern of allometry 

to different endpoints, if species are found to differ in the pattern of allometric shape 

change, then by definition ontogenetic scaling alone cannot explain shape differences 

among specimens. Alternatively, the finding of no significant difference in allometric 

trajectory pattern provides support for hypotheses of ontogenetic scaling, though in itself 

would not conclusively demonstrate it, as the path distance of the ontogenetic trajectory 

would also need to vary among species. 

 

4.2.2.2 Phenotypic trajectory analysis. Comparisons among species' ontogenetic shape 

change trajectories (as opposed to allometric trajectories) were performed using a 

phenotypic trajectory analysis (PTA, Adams and Collyer, 2009; Collyer and Adams, 

2013). To evaluate shape change relative to unit developmental change, Procrustes 

aligned shape coordinates were used as the response variables and dental eruption stage 

(M0-M3) was used as the independent variable. When constructing ontogenetic 

trajectories, the use of dental eruption stage as the independent variable has been shown 

to produce trajectories that are a highly reliable approximation of ontogenetic shape 

changes in the cranium which are (conceptually) independent of size differences among 

species (McNulty et al., 2006; Singleton et al., 2010; Simons and Frost, 2016).  

 A PTA produces pair-wise comparisons of the magnitude, direction, and shape of 

phenotypic trajectories, which allows for an evaluation of how specific aspects of the 

trajectories vary. Trajectory magnitude is defined as the path-length distance along the 

trajectory, and is found from the set of Euclidean distances between sequential levels; 

trajectory direction is found from the first principal component of the covariance matrix 

estimated from the trajectory points, standardized by the starting (here, the M0 juvenile 

stage) point; trajectory shape is found as the Procrustes distances between pairs of 

phenotypic trajectories (Adams and Collyer 2009; Collyer and Adams, 2013). An 

important distinction between the PTA and the allometric analyses above is that in PTA, 

trajectory magnitude refers to the length of the entire trajectory from juvenile to adult 



 

68 

 

(rather than change in shape per unit size change). Statistical significance of differences 

in these trajectory parameters were also assessed using permutation procedures (10,000 

iterations). 

 We used the PTA to test the null hypothesis that differences in catarrhine cranial 

morphology are due solely to differences in trajectory path-length, i.e., to an extension or 

truncation of a common developmental shape change trajectory. If the null hypothesis is 

not falsified, then shape differences among taxa are consistent with an extension or 

truncation of a similar ontogenetic trajectory, and cranial size differences likely account 

for the morphological diversity observed among taxa. This finding would be consistent 

with an adaptive radiation along an evolutionary path of least resistance (size). If the null 

hypothesis is falsified, this can be due to y-intercept transpositions and/or different slope 

coefficients, or a combination of these as well as magnitude differences (see Figure 9 in 

Klingenberg, 1998). The finding of y-intercept transpositions may indicate the evolution 

of a shared covariance pattern while maintaining a similar shape at different sizes, or that 

differences may have occurred ontogenetically prior to the developmental stage where 

specimens are reasonably able to be measured (Klingenberg, 1998; Collard and 

O'Higgins, 2001; Singleton, 2012). In the case of this study, that would mean differences 

in shape had already appeared prior to the eruption of dp4. A difference in slope may 

indicate positive or negative allometry and selection for shape differences independent of 

size (Klingenberg, 1998; Ravosa and Vinyard, 2002). 

 A major benefit of both the Procrustes ANOVA and PTA methods is that the 

trajectories of shape change are compared directly using all dimensions of multivariate 

space, and therefore do not rely on data reduction techniques, such as PCA (Adams and 

Collyer, 2009; Collyer and Adams, 2013). This is important because the conclusions 

drawn from comparisons of ontogenetic trajectories using proxies derived from data 

reduction techniques can be misleading (Mitteroecker et al., 2005; Baab et al., 2012), and 

have possibly led to the discrepant conclusions of prior investigations (Cobb and 

O'Higgins, 2004). 

 The comparison of trajectories using these procedures allows for a determination 

of if there has merely been an extension/truncation of similar ontogenetic trajectories, or 
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if other aspects of the trajectories have changed, indicating a decoupling of size and 

shape. 

 

4.3 Results 

4.3.1 Allometric trajectories. Results from the Procrustes ANOVA (Tables 4.2 - 4.9) 

show that shape difference per unit LnCS is mostly conserved among catarrhines and 

variation among allometric trajectories is largely due to differences in trajectory 

direction, that is, they generally differed in pattern, not magnitude. For colobines, almost 

all comparisons of allometric trajectory pattern are significantly different (Table 4.2).The 

exceptions are Pygathrix nemaeus x Colobus guereza and Pygathrix nemaeus x 

Piliocolobus badius. However, the non-significant results for Pygathrix nemaeus are 

possibly due to the species' small sample size (n = 18), which can affect the detection of 

significant differences in ontogenetic trajectories (Singleton et al., 2010; Simons et al., 

2018). Few of the magnitude comparisons among colobines were different (Table 4.3). 

Cercopithecini shows no significant differences in the magnitude of allometric 

trajectories (Table 4.5), but does have significant differences in allometric pattern, 

particularly for Miopithecus talapoin, which differs from all other taxa (Table 4.4). 

 

Table 4.2. Angles among Colobinae allometric trajectories. Below diagonal: angular difference 

(in degrees) between allometric trajectories. Above diagonal: p-values from permutation tests of 

angular differences (10,000 iterations). Shading indicates a significant difference after Holm-

Bonferroni correction. 

 

  C. gue N. lar P. bad P.nem P. ver S. ent 

C. gue ð 0.0001 0.0013 0.2559 0.0001 0.0001 

N. lar 24.1662 ð 0.0001 0.0005 0.0001 0.0001 

P. bad 18.3362 29.5298 ð 0.0517 0.0004 0.0005 

P.nem 14.7317 25.4386 19.3302 ð 0.0002 0.0016 

P. ver 36.9665 38.8752 30.1635 37.5293 ð 0.0063 

S. ent 24.5715 24.4999 22.5749 24.8427 25.6404 ð 
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Table 4.3. Allometric magnitude comparison of Colobinae allometric trajectories.Allometric 

magnitude (amount of shape change per unit LnCS increase) p-values from permutation tests 

(10,000 iterations). Shading indicates a significant difference after Holm-Bonferroni correction. 

 

  C. gue N. lar P. bad P.nem P. ver S. ent 

C. gue ð 
     N. lar 0.3682 ð 

    P. bad 0.3214 0.0819 ð 
   P.nem 0.6935 0.3269 0.7041 ð 

  P. ver 0.1003 0.0309 0.3729 0.2558 ð 
 S. ent 0.0002 0.0001 0.0178 0.015 0.3662 ð 

 

 

Table 4.4. Angles among Cercopithecini allometric trajectories. Below diagonal: angular 

difference (in degrees) between allometric trajectories. Above diagonal: p-values from 

permutation tests of angular differences (10,000 iterations). Shading indicates a significant 

difference after Holm-Bonferroni correction. 

 

  A. nig C. aet C. lho C. mit M. tal 

A. nig ð 0.0017 0.0132 0.0002 0.0001 

C. aet 17.8898 ð 0.0257 0.0856 0.0001 

C. lho 16.4257 14.6443 ð 0.027 0.0001 

C. mit 19.5203 12.9512 14.659 ð 0.0001 

M. tal 30.554 24.3182 28.2028 26.5987 ð 
 

 

Table 4.5. Allometric magnitude comparison of Cercopithecini allometric trajectories. Allometric 

magnitude (amount of shape change per unit LnCS increase) p-values from permutation tests 

(10,000 iterations). Shading indicates a significant difference after Holm-Bonferroni correction. 

 

  A. nig C. aet C. lho C. mit M. tal 

A. nig ð 
    C. aet 0.7058 ð 

   C. lho 0.2314 0.3707 ð 
  C. mit 0.0209 0.0357 0.2622 ð 

 M. tal 0.3134 0.4762 0.9253 0.2604 ð 
 

 

For tribe Papionini, the majority of significant differences lie in the pattern of allometry, 

rather than in the magnitude (cf. Tables 4.6 and 4.7). Of note is that the larger bodied 

African papionins (i.e., Mandrillus, Papio, and Theropithecus) significantly differ from 
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each other as well as the smaller bodied African papionins (i.e., Cercocebus and 

Lophocebus). The smaller bodied African papionins however do not significantly differ 

from each other in either allometric magnitude or pattern (Tables 4.6 and 4.7). The 

majority of differences in allometric trajectory magnitude are found in Macaca mulatta 

(Table 4.7). All of the hominoids significantly differ in the pattern of their allometric 

trajectories (Table 4.8). There are also several differences in allometric magnitude, 

particularly for Pongo pygmaeus (Table 4.9). 

 

 

Table 4.6. Angles among Papionini allometric trajectories. Below diagonal: angular difference 

(in degrees) between allometric trajectories. Above diagonal: p-values from permutation tests of 

angular differences (10,000 iterations). Shading indicates a significant difference after Holm-

Bonferroni correction. 

 

  C. agi C. aty C. tor L. alb L. ate M. fas M. mul M. sph M. syl P. anu P. cyn P. urs T. gel 

C. agi ð 0.0945 0.0414 0.063 0.2623 0.0046 0.09 0.0002 0.0141 0.0001 0.0001 0.0001 0.0129 

C. aty 18.29394 ð 0.2729 0.234 0.0415 0.005 0.0831 0.0018 0.054 0.0003 0.0001 0.0002 0.0183 

C. tor 16.21879 14.43787 ð 0.1314 0.0209 0.0019 0.0027 0.0001 0.098 0.0001 0.0001 0.0001 0.013 

L. alb 16.24501 15.31156 13.08168 ð 0.4364 0.0028 0.0025 0.0001 0.0465 0.0001 0.0001 0.0001 0.0004 

L. ate 14.29184 19.32527 16.65897 12.03925 ð 0.0009 0.0051 0.0001 0.0203 0.0001 0.0001 0.0001 0.0007 

M. fas 18.67923 20.71435 16.79365 17.70978 19.75329 ð 0.0026 0.0001 0.0056 0.0003 0.0001 0.0001 0.007 

M. mul 14.71944 16.50114 16.62479 17.6531 17.97051 16.21379 ð 0.0001 0.0121 0.0001 0.0001 0.0001 0.0021 

M. sph 20.33571 21.12712 18.08375 20.88065 24.07997 18.81756 21.11405 ð 0.0001 0.0001 0.0001 0.0012 0.0001 

M. syl 22.48978 21.13399 16.85087 18.87761 21.30121 21.33796 20.38484 28.1523 ð 0.0001 0.0001 0.0001 0.0174 

P. anu 21.27583 24.05581 19.2218 22.27396 23.65006 16.23622 22.58029 13.17453 28.56169 ð 0.0149 0.0078 0.0001 

P. cyn 28.05218 28.11048 23.59328 27.41734 30.42082 22.30089 29.42768 17.48627 33.95011 12.23938 ð 0.1549 0.0001 

P. urs 28.18627 28.14987 24.37509 29.00141 32.27726 21.36872 28.73369 15.62377 33.67278 13.50644 11.57349 ð 0.0001 

T. gel 17.97783 19.47835 15.3522 20.16363 20.44335 15.46518 16.82789 20.0986 19.89386 19.05238 25.34367 23.89219 ð 

 

To visually compare allometric trajectories, Figure 4.1 (A-D) shows the first PC of 

predicted values of cranial shape versus LnCS (Adams and Nistri, 2010). These figures 

illustrate that within each clade, allometric trajectories are broadly oriented in a similar 

direction, but that some differences among species are apparent. Note that the PCs of 

predicted shape values are used for visualization purposes only and statistical tests were 

performed on the entirety of the data space. 
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Table 4.7. Allometric magnitude comparison of Papionini allometric trajectories. Allometric 

magnitude (amount of shape change per unit LnCS increase) p-values from permutation tests 

(10,000 iterations). Shading indicates a significant difference after Holm-Bonferroni correction. 

 

  C. agi C. aty C. tor L. alb L. ate M. fas M. mul M. sph M. syl P. anu P. cyn P. urs T. gel 

C. agi ð 
            

C. aty 0.6062 ð 
           

C. tor 0.4519 0.2183 ð 
          

L. alb 0.3555 0.7718 0.0595 ð 
         

L. ate 0.923 0.5418 0.5101 0.2916 ð 
        

M. fas 0.4028 0.868 0.0591 0.8623 0.3221 ð 
       

M. mul 0.0193 0.0077 0.0679 0.00009 0.0229 0.00009 ð 
      

M. sph 0.8606 0.6504 0.2135 0.3042 0.7587 0.3388 0.0007 ð 
     

M. syl 0.1596 0.0694 0.3866 0.0202 0.1738 0.0208 0.6533 0.0684 ð 
    

P. anu 0.5198 0.2423 0.8057 0.0469 0.5811 0.036 0.0141 0.1825 0.2684 ð 
   

P. cyn 0.0218 0.1587 0.0003 0.1606 0.0143 0.0805 0.00009 0.0026 0.0007 0.00009 ð 
  

P. urs 0.4911 0.963 0.0922 0.7571 0.4077 0.882 0.0003 0.4665 0.0317 0.0763 0.0647 ð 
 

T. gel 0.9011 0.6575 0.299 0.3531 0.7995 0.4025 0.0035 0.9658 0.0971 0.321 0.0107 0.508 ð 

 

 

 

 

Table 4.8. Angles among Hominoidea allometric trajectories. Below diagonal: angular difference 

(in degrees) between allometric trajectories. Above diagonal: p-values from permutation tests of 

angular differences (10,000 iterations). Shading indicates a significant difference; all angles were 

significant after sequential Holm-Bonferroni correction. 

 

  G. gor H. lar H. sap P. pan P. pyg P. tro S. syn 

G. gor ð 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 

H. lar 34.471 ð 0.0001 0.0001 0.0001 0.0001 0.0122 

H. sap 50.051 45.3291 ð 0.0001 0.0001 0.0001 0.0001 

P. pan 25.573 29.6278 37.0951 ð 0.0014 0.0081 0.0001 

P. pyg 22.7248 33.6796 40.1357 17.9162 ð 0.0001 0.0001 

P. tro 26.8547 24.1118 38.3067 15.6444 20.1351 ð 0.0001 

S. syn 41.7531 19.584 45.5668 31.7667 38.2642 27.1183 ð 
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Table 4.9. Allometric magnitude comparison of Hominoidea allometric trajectories. Allometric 

magnitude (amount of shape change per unit LnCS increase) p-values from permutation tests 

(10,000 iterations). Shading indicates a significant difference after Holm-Bonferroni correction. 

 

 
  G. gor H. lar H. sap P. pan P. pyg P. tro S. syn 

G. gor ð 
      H. lar 0.0013 ð 

     H. sap 0.0643 0.1898 ð 
    P. pan 0.012 0.2696 0.7412 ð 

   P. pyg 0.0001 0.2072 0.004 0.0057 ð 
  P. tro 0.0157 0.1846 0.8611 0.8441 0.0009 ð 

 S. syn 0.6901 0.001 0.0399 0.01 0.0001 0.0081 ð 
 

  

 

Figure 4.1 (A-D). Visual comparison of allometric trajectories for: A) Colobinae; B) 

Cercopithecini; C) Papionini; D) Hominoidea. Figures are linear regressions of the first PC of 

predicted values of cranial shape versus LnCS (Adams and Nistri, 2010). These illustrate that 

within each clade, allometric trajectories are broadly oriented in a similar direction, but that some 

differences among species are apparent. 

 


