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CHAPTER |
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 aratgdostn
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 regiGastang, 1922je Beer, 198;

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 tegpinsi
observed changdbicNulty, 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 humahsther
catarrhines. The skull as teeementof inquiry was chosen becau$és an important
evolutionary unit that provides many thesynapomorphies on which primate and
catarrhine systematics are based. For these same reasons, fossil crania ¢en ofte
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
ontogenythese studies have often led to conflicting results, possibly due to the use of
different methodologies. Furthermore, comparingahigenetidrajectories of many
taxa simultaneously can be cumbersome, as this is often accomplished by examining
large mérices of pairwiseangles among thenAdditionally, because relatively complete

ontogenetic sequences of fossil materials are scarce {exigtent, most analyses of
1



ontogenetic trajectories are limited to extant taxa, making it difficult to determine how
trajectories have changed over time. Finally, there are severastanding 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 endycaxrailable.

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 ontogeneti¢dragecand 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
1.1.10ntogeny and Evolution

Studies of ontogeny began in earnest withethidy 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 argueththataliest stages of vertebrate
embryos tend to resemble each other, and therefore during their development embryos
pass through the adult stages of organisms situated lower scalhenaturae This was
soon thoroughly refuted by von Baer, who formulateddnis 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 thasipgghrough 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 MeckelSerres and von Baerian laws were tempoiag 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 thenderstanding of evolutionary relationships), the
German embryologist Ernst Haeckel, who was a staunch proponent of descent with

modification, reanimated the Meck8krres law with the formulation of his ‘biogenetic

2



law' (better known by the more mellilus dictum ‘ontogeny recapitulates phylogeny,’
Haeckel coined both the wordatogenyandphylogenyperhaps for this very purpose...),
substituting evolutionary stages for rungs inghala naturagGould, 1977; Richtsmeier,
2018). Haeckel argued that erpbs literally passed through the evolutionarily stages of
adultancestors, 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 ebryos display thadultstages 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 conteporary 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
numerousad hoccaveats, which he placed under the aegis of heterochrony (another term
coined by HaeckelXeterochrony is defined @schange in the timing of developmental
events in a descendant relative to an ancestor, which for Haeckel, allowed eminybs t
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 retiapigtlprogram,
it fell out of favor with most researchers in the late 19th century (Gould, 1977).
Heterochrony was later revitalized Og Beer(1947)and further by Gould (1977), and
has played a large role in ontogenetic investigations ever sinceeygeas inMcKinney
and McNamara, 199XKlingenberg, 1998Minugh-Purvis and McNamara, 2002
Mitteroecker et al., 2004, 20P5

Despite several prominent investigations of the role of ontogeny in evolution in
the early to mid 20 century (e.g., Garstan®22; Schultz, 1926; Huxley, 1932;
Waddington, 1942), considerations of ontogeny weerespicuously absent from much of
the Modern 8nthesis Amundson, 2005Witller, 2007. However, a renaissance of

developmental perspectives in evolution began in lastequairthe 28 century (Hall,
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1998), andbntogeny hagcreasinglybeen invoked to explaia multitude ofpatterns of
primate and human evoluti@ver sinc€Gould, 1977; Shea, 1981, 1983, 1989;
McKinney and McNamara, 1991; Ravosa, 1992; Ravosa et 8B; Favosa and Ross,
1994; Godfrey and Sutherland, 1996; Vrba, 1996berman et al., 200Qeigh, 2001,
2007;Ponce de Ledn and Zollikofer 20Mlinugh-Purvis and McNamara, 200Rgnin

et al., 2002Anton and Leigh, 2003; Leigh et al., 2003; Thompsoal.eR003;Berge and
Penin, 2004; O'Higgins and Pan 2004; Ackermann, 2005; Gonzalez et al.Ba@blet

al., 2012;,Gunz, 2012; McNulty, 2012; Terhune et al., 2013; Singleton, 2015; Carlson et
al., 2016).

1.1.2 Geometric morphometrstudies otranial ontogenyin Primates
Landmarkbasedyeometric morphometrics is a type of statistical analysis that

investigates the shape variation of landmark coordinates after factors-shajpa

variation(i.e., scaleprientation, and positiorf)ave been held constawhile also

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

Dryden and Mardia, 1998; Mitteroecker and Gunz, 2009; Baab et al., B3Afay, the

most commonly employed method faullifying the effectsof nonshapevariationis the

LeastSquares based Procrustes method (Marcus and Corti, R68B, 1999 Adams et

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

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

and allows for the analysis of anatomical landmarks after the effects -chape

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

specimens, iB procedure is iterative amdferred to as a generalizBdocrustes 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 configuratiart tentroid size

(whichis 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 possibik, (99). 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 vami@ti shape (Marcus and Corti,
1996). Once a GPA has been executed, superimposed specimen configurations can be
represented as a single point in a higmensional shape space (Baab et al., 2012).
Because this variation concerns the relative displacenfi¢ant@marks to each other in
multiple directions, it is important to use multivariate statistical methods to analyze these
differences (Klingenburg, 2010)\. major benefit of geometric morphometric analysis is
the ability to visually represent statisticabults 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 differenbetween data sef@r these reasons,
geometric morphometrics is especially suited to address questions regarding ontogeny
(Coll ard and O6HIiggins, 2001; Ponce de Le-n
McNulty et al., 2004; Mitteroecker etalQ 4 ; O6Hi ggins and Pan, 20
O6Hi ggi ns, 2007; Singleton 2012), and all ome
2002, 2012; Frost et al., 2003; Mitteroecker et al., 2004; Schaefer et al., 2004;
Mitteroecker and Gunz, 2009; Gonzalez et al., 2@ktez et al., 2011; Klingenberg and
MauganLobon, 2013; Mitteroecker et al., 2013).

Comparisons of ontogenetic shape trajectories are a standard approach in
geometric morphometrics (Cheverud and Richtsmeier 1986; Leigh andrGthel891;
OO0 Hi ggionnse sa,ndl 9998; OO6HiIi ggins, 2000; Coll ard
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 g a variety of methods to study ontogenetic trajectories
using geometric morphometrics, the most common strategies are to uséheitiist
principal component axisf an ontogenetic sample (which often serves as a proxy for
size), as performed yollar d and O6 Hi ggins (2001), OO6HIiggi
Mitteroecker et al. (2004pr the beta coefficients from a multivariate regression of
Procrustes aligned shape coordinates against the covariate of developmental stage, as in
McNulty et al. (2008 and Singleton et al. (201@omparisons among the vectors (using
either method) are then made through the calculation of the angle between them,

computed as the arccosine of their innerdotprodu€to | | ar d & OOHIi ggi ns, 2
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small angle between vexs indicates similgpatterns of shape changehile a larger

angle indicates more divergent patterns (Cob
However, conclusions drawn from these investigations are often equidocal.

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

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

example, Collard and OO6HiIiggins (2001) and O8O0

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

papinoins, argued th&apioandMandrillus, andCercocebusndLophocebusill

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

(2007), who argued that the ontogéa trajectories o€ercocebusLophocebusand

Mandrillus are similar to each other, but differ from the ontogenetic trajectdPapiio.

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

to construct trajectoriesoncluded that papionins largely have a shared ontogenetic

trajectory, or at least that déifences between trajectories are not statistisalyificant

given available sample sizes.

There is also a lack of consensus regarding the similarity of crari@jenetic
trajectories in extant African apes, with some authors arguing that shape change among
species follows roughly parallel trajectories, witle tajority of morphological
differences between species arising early in ontogeny (Ackeramatidrovitz, 2002;
BergeandPenin, 2004; Liebermast al., 200, while others argue that ontogenetic
trajectories of cranial shape change, at least between some African ape species, are
divergent (CoblandO 6 Hi g gi n s, Mitkedécker et &2.,2@HKIcNulty 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 informationcanthenbe used to inform the choice of investigatwten addressing

the speciyc 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, 1268]1; Schmidt
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Nielsen, 1984). This association of size and shape is referred to as allometrycavhich
play a significant role in the evolution of morphological dispaaitgprovide important
insights into that morphological evolutiotdxley, 1932; Jugers, 1985; Shea, 1985,
1995;Cheverud, 1982; Klingenberg, 1998, 2010, 2016; Gerber et al.; 2@d8ini and
Polly, 2013. Researchers have differentiated between three levels of allometric inquiry:
static allometry, which compares sigeape covariatioamong individuals within a
population at a particular ontogenetic stage (e.g., adults within a species); evolutionary
allometry, which compares sighape covariation among ancestors and descendants; and
ontogenetic allometry, where stsbape covariatiors examined over the course of
growth and development (Cock, 1966; Cheverud, 1982; Klingenberg, 1998).

In studies of ontogenetic allometry, ontogenetic scakegguGould, 1966; Shea,
1985; 1995) has often been invoked to explain cranial morphologfitsaktices between
smaller and larger forms of closely related te@édman, 1962Pilbeamand Gould
1974; Jungers and Fleagle, 1980; Shea, 1981, 1983a, b, 1985, 1995; McKinney, 1986;
Atchley and Hall1991; Ravosa et al., 1993). Ontogenetic scalinigagesult 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 instapia similar
directions (see Figure 1.1; and Klingenberg, 198&he allometric tajectoriediffer in
y-intercept transpositior( parallel shift in the entire trajectorgmd/or different slope
coefficients(a change in the pattern of the traggg) then ontogenetic scaling cannot
explain shape differences among speciméigufe 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 vardais important to note that this does not
necessarily mean that all proportions of the morphologieashent of interest are the
same at both sizeBor example, due to the consequences of negative allometric scaling
of neurocranial dimensions and pgos 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 identicahples with one being large and the other small, the



commonality of the direction of the allometric trajectories is (with the only difference

lying in trajectory magnitude).

Change in
direction

Trait 2

,..-’
,,,/" Parallel shift

Trait 1

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: anceajeaitory;

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 variantseafch other, with gorillas extending the chimpanzee
cranial morphotype into a new size range (see also Shea, 1983, 1985). Shea (1992)
argued thaMiopithecus talapoins a scaled variant of other, larger guenons, with
differences in cranial shape arisingrfr 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) ared the same for members of geRapio. It has also
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been suggested that cranial similarities between the diphyletic larg@dipé,and
Mandrillus) and small (i.e.l.ophocebusndCercocebugsAfrican papionins are the result
of homoplasy via allometriscaling, withPapiobeing a scaledp version of its sister
taxonLophocebusandMandrillus being a scaledp version ofCercocebugHarris,
2000). There is however no consensus on the prevalence (or even existence of)
ontogenetic scaling in catarrhineania. 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 chahis 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 saals 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
themselvesThe comparison of ontogenetiajectories 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 evolutionaryitirti&at one
can evaluatevhether observeshapes are the product of selection for those shapes, or if
they are the product of differential end pointsaoshared ontogenetic trajectdGyould,
1966, 1975; Shea, 1985, 19%xvosa and Profant, 200Ravosa and Vinyard, 2002).
Extending this to anwlutionary timescale, some have suggestati 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 rsponding more quickly than shape to environmental change (Elton et al.,
2010). The finding of differential end points arshared ontogenetic trajectdne.
ontogenetic scaling) among closely related tawrald indicate that size wass&rongly
influential evolutionary pressuren cranialshape and wouldrovidesupportfor 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 leetmost 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 morphologicavolution 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 natccount for a large proportion of cranial shape variation once
phylogenetic structure is taken into account. In their investigati@hnlafrocebusa
geographically widespread genus of Cercopithecini, Elton et al. (2010) determined that
forces other thanze 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 Investigatioral 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 sdopmtogenetic
trajectoryis thepath taken by an organism through multivariate trait spadelescribes
changes in fornover the course of ontogef#lberch et al., 1979; Magwene, 2001).
Ontogenetic trajectories angostoften calculated agectos composed of a direction
(patten of shape changes over ontogeny) and magnitude (amount of shape changes over
ontogeny), and variation in either or both components can irdduadult morphology
(Zelditch et al., 2012)or example, two species can share a similar amount of shape
changeoverthe course obntogeny, but iflte directions (patterns) of these shape
changes diffebetween them, theesulting adults will be dissimilar in shape becanfse
variation intheway shaps are changindt is important to note thahe specimens
measued in the subsequestudies are at the ta#ind of th& ontogenetidrajectories,
i.e., the majority of shape changescurfrom a fertilized egg to birtgrior to when the
spedmens were able to be measurBéspite this, important shape transformasiohat
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 @Bould, 1977; McKinney and McNamara, 1991; Mintirvis
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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), #se investigatiors 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 (Mitteroeker 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 thidissertation have been published with the coauthors
Dr. Stephen R. Frost (Chapter | and Il) and Dr. Michelle Singleton (Chapter Il). Dr. Frost
substantially helped with the editing and conceptual development of Chapters | and II,
and Dr. Singleton provied cranial landmark data and editorial expertise for Chapter II. |
was the primary contributor to both of these investigations. | designed the studies,

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

1.2.1 Constructingranial ontogenetic trajectoriesm Macaca mulatta

As noted aboveagcentmorphometriaesearchasgenerate@pposing
conclusiongegardinghe similaritiesof ontogenetidrajectoriesamongcatarrhinecrania,
possiblydueto the differentontogenetigroxiesthatareusedto calculatethem(Collard
and OO6Higgins, 2001; OO6HiIiggins and Coll ard,
Mitteroecker et al., 2004; 2007; Leigh, 20@&ingleton et al., 20)0Additionally, some
researcherbBavearguedthatthe chronologicalageof the specimenss oftennecessaryo
adequatelyompareontogenetidrajectoriedGould,1977;Alberchetal.,1979).To
addresshesessuestheinvestigationn Chapter llfocuses on addressing two questions
first, of the three mosbbenmon ontogenetic proxies that are used to investigate cranial
growth and developmeftranialsize,molareruptionstage andchronologicakge),
which, if any, provide thenost reliabldinear approximations of cranial ontogenetic
trajectoriesvhen usingnultivariate regression modejsecond,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 morpmoetric methods ancheontogeneticample of
Macaca mulattacrania with associated ages at deaéittors of coefficients describing
shape changes correlated with each of the three ontogenetic proxies were produced, and
direct comparisons among these vextoere performed by quantifying the angle (in
degrees) between them, calculated as the arccosine of their inner dot prbdset.
trajectoriesverealsousedin developmentasimulationsto furtherevaluatetherelative
reliability of eachof the proxies.Theverisimilitudeof the simulatedadultswastested
usingpermutatiorprocedureswhich comparedsimulatedadultcranialshapeswith those
of actualadults.This investigationfocuseson a singlespecief Macacamulattafrom
the CayoSantiagaskeletalcollectionfrom the Laboratoryof PrimateMorphologyand
Geneticdn PuertoRico asinformationon chronologicakgeis oftenabsenin wild
specimendutis reliably knownin this populationof macaguesandbecauséhis
collectionhasanuncommonlylarge collectionof juvenileswhich allowedfor alarge
samplewith which subtledifferencesamongtrajectoriescouldbe detected

Thisinvestigationdemonstratethatusingdentaldevelopmentastageasa proxy
for ontogenyin multivariateregressioranalyse produceshighly reliableapproximations
of ontogenetidrajectoriesof cranialshapechangeTherearealsootherqualitieswhich
makedentalstagea preferablegproxy. For example dentalstageestimats the amount of
shape change associated with knowabid discrete stages of development that are
approximately equivalent across taxa and sexes, rather than those associated with a
continuum of sizes that may diffédental stage has also been showaxplain
substantiallymoreshape variance than lineagressions witkizeas the covariate (Gunz
and Bulygina, 2012)Thisis thereforethe ontogenetig@roxy usedin theanalysesn
Chapterll. Additionally, of the parameters of initial specimen shape, the pattern of
ontogenetic shape changes, and the madg 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 Waadult 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

12



While the analysis of ontogenetic trajectories is cammim geometric
morphometricscomparing the trajectories of many taxa simultaneously ean b
cumbersome and timeonsumingas the number gfairwisecomparisons increases as a
factorial function (R1!) relative to the number of trajectories being evaluaad is, in
some cases, unable to make use of one of the main advantages of geometric
morphometrics, visualizatioithis often leads to researchers having to compare large
tables of angles and associatedatues among trajectories (e.g., Collard and @ufis,
2001; Cobb and O'Higgins, 2004; Singleton et al., 20A@thermore, 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 paitertegely the
result of changes in ontogersgme researchers haaguedhat ontogenetic trajectories
of shape chang®r sequences of ontogenetic evea#sibe used toeconstruct
phylogenetic relationshig®elson, 1978; Kluge, 1985; Yoder, 1992nlkand Zelditch,
1995; Zelditch et al., 1995; Meier, 199However, the reliability of using ontogenetic
data for phylogenetic reconstruction has also been questiddathé and Rosenberg,
1998; Rohlf, 1998Mabee, 2000Q)

Chapterlll addresses these ies bydevelopinga method for visualizing the
similarities and differences of cranial ontogenetic trajectories amxtagt
cercopithecines (via developmentaihapechange trajectorf?CA, herein referred to as
au P C,Aand a method for reconstructingcastral onbgenetic trajectoriefherein
referred to as aantophylomorphospagso that these differences can be investigated in a
phylogenetic context. The ontogenetic trajectories themselves were also tested for the
presence o phylogenetic signab determine if they might be reliablyed to
reconstruct phylogenies.

Results from this investigatiatemonstrate thahel P Ccan reliablyillustrate
patterns of variation in developmental trajectories in a visually intuitive manner that
allows for easier comparisons among talX@e ontophylomorphospaseevealedhat
African papionins exhibit extensive homoplasy in the ettoh of cranial ontogenetic
trajectories, and that Asian speciedMzfcacashow highly derived ontogenetic
trajectories relative to other cercopithecirésally, the null hypothesis of no

phylogenetic signal in the ontogenetic trajectories was unable tejected, indicating
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thatusing ontogenetic shape trajectories as a character in phylogenetic aslatygdse

approached with caution, if attempted at all.

1.2.3Testing for the presence of ontogenetic scaling

Given that the current research neljag 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 presendeoatogenetic scaling using multivariate methods of
shape analysi.herefore Chapter IV employs a large, comparative ontogenetic sample
of catarrhine crania, geometric morphometric methods, and an array of multivariate
statistical tests to examine ontogéic 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 ontogesuetimg), thereby also
testing the hypothesis ofz& as a line of least evolutionary resistance in catarrhine cranial
evolution. Specifically, species' allometric trajectories were compared to determine if
differences were due to trajectory magnitude, direction, or some combination of the
two. Trajectoies were then also compared using Phenotypic Trajectory Analysis (which
uses dental developmental stage to construct the trajectories) to more fully understand
differences among ontogenetic trajectori&ile trajectories produced using size and
developnental 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 thalometric patterns vary among taxa, indicating that
ontogenett scalingsensu strictaoes 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
evolutiorary resistance, as selection appears to be changing the patterns of ontogenetic

shape change, not just the sifehe organisms.
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CHAPTER Il
CONSTRUCTING CRANIAL ONTOGENETIC TRAJECTORIES

From E. A. Simons and S.R. Frost. 2016. Constructing cranial orgbgémjectories: a
comparison of growth, development, and chronological age proxies using a-kgewn
sample oMacaca mulattaAmerican Journal of Physical Anthropolody61, 296308.

2.1Introduction

Thestudyof ontogenyandits relationshipto the productionof adult
morphologieasalong historyin biology andbiologicalanthropologye.g., Thompson,
1917;Zuckerman,1926;DeBeer,1951;Freedmanl1962;Gould,1977;Ravosa1991;
SchillingandThorogood 2000;0'Higginsetal., 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 ontogiehape 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 th@nslaitis between these
factors and their impact on interpretations of cranial shape change during ontogeny in a
knownage, ontogenetic sample of the papiadiacaca mulatta

There have been many investigations into papionin cranial ontogeny (Cochard,
1985;Cheverud and Richtsmeier 1986; Leigh and Cheverud, 1991; Collard and
O6bHiggins, 2001; OO6Higgins and Collard, 2002
Singleton et al., 2010; Singleton, 2012) Papio, many studies have demonstrated that
adults with lage body size are also characterized as having relatively long faces (e.qg.,
Freedman, 1962; Singleton, 2002; Frost et al., 2003). Leigh (2006) investigated the
ontogenetic basis for this observation, and concluded that members of th&gpiaus
largely hae 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
smdler varieties ofPapioto 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 taxéardand

O6bHi ggins (2001) and OO6HiIiggins and Coll ard (
allometry accounts for a large proportion of shape variation within genera, larger taxa
(PapioandMandrillus) are not simply scaledp variants of smaller onesdphocebus
andCercocebus 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 trajectorie€efcocebusLophocebusand

Mandrillus are similar to that of macaques (the outgroup in his analysis), the ontogenetic
trajectory ofPapiowas strongly divergent from the others. These studies largely
investigated shape changes correlated with crgnialth (i.e., ontogenetic metry),

rather thardevelopmentin 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 trajestatyeast 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 adultiatamapes.

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 mogmioal
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 sorag Afre
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 Agatys
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, D05; 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
guantification and detailed assessment of the influences that initial shape configurations
as wellas 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 threelimensional data and geometric morphometric methods on a sample o
Macaca mulattacrania 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 chronologjdal age
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
whenaddressing 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 gt dist
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 beaasing 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 craMacica
mulattafrom the Cgo Santiago skeletal collection, housed in the Laboratory of Primate
Morphology and Genetics in Puerto Rico (TablE). 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 c®m on the criteria of completeness of the cranium andfack

pathologies.

Table 2.1 Study sampleDevelopmental stage defined as molar eruption stage, as
described in the texfge at death is given in years.

Sex Developmental N Age at Death Maa Natural log of centroid size Mea
Stage (Min./Max.) (Min./Max.)
Male MO 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 MO 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 obsered dental eruption state: MO: 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 MO 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 dawere 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) eielropped after the measurements were taken
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due to a lack of correspondence between specimens of different developmental stages

(seeFigure 2.1)
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Figure 2.1 Macaca mulattaadult male skull with landmarks collected. Definitions of
landmarks provided inrBst et al. (2003).

2.2.2 Analytical methods

2.2.2.1Generalized Procrustes analysissndmark coordinates were subjected to a
generalized Procrustes analysis (GPAMiorpheus et al(Slice, 1998). Size was
measured as the natural logarithm of centrad,ghe square root of the sum of squared
distances of each landmark to the configuration centroid (Bookstein, 1991).

2.2.2.2Procrustes Distanceshape differences were quantified using Procrustes distance,
the square root of the sum of squared distauibedween 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 Mard#@8). 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 theirelitude of the vectors. Procrustes

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

using multivariate regression of GPA aligned ctioates 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 contedtimthe 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,&093; 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 analysgntogeny, 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 sorweses more than others, see Results) of the actual
trajectories for many purposes (e.g., Richtsmeier et al., Fa98;e de Lebn and

Zollikofer, 2001;Ackerman and Krovitz, 2002; McNulty et al., 2006; Lieberman et al.,
2007; Singleton et al., 2010; GunzdaBulygina, 2012; Tallman, 2016), though not

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

2.2.2.4Simulating adult morphologie$he three ontogenetic shape trajectories for each
sex were used to produce simulated adults based on each of-gtadfuvenile

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 M&tage specimens to produce simulated adult morphokgyealicted

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 betweemdWiGa

individuals for each sex. The age vector was scaled by the difference in mean age
between MO 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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2.2.2.5Assessment of simulated adult morphologiée 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 adulesdoroduc

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 (McNul85)20vith

U=0.05. Second, we determined if the Procrus
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 (Me@Nalty2006)

2.2.2.6Comparison of trajectoriefAngles between each of the sgpecific trajectories

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

guantifying the magnitude of differences in pattern of shape change among tiegecto

(Coll ard and O6Higgins, 2001). A small angl e
similar changes in shape, while a larger angle indicates more divergent patterns of shape
change (Cobb and OO6HiIi ggins, 2004).

In order to assess the relative camitions 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
MO males and females weraah '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 totatwelve 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 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 sexualtyimorphic, 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 tharctual 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 thmale,
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.

2.2.2.7Principal components analysiBrincipal components analyses wereqened

on the actual specimens, and simulated adults, in order to visualize the multidimensional
shapespace of cranial ontogeny in a reduced dimensional styzgee. Plots of the first

two PCs were used to understand where in seppee the simulated alts 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 principahponents.

2.2.2.8Visualization.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.

2.3ResUts

Adult males and females dfacaca mulattaare different in both size and shape.
Student's-tests of LnCS demonstrate that males and females are significantly different in
size at all developmental stages (Stage MO: p<0.001; Stage M1: p=0.013VI&tage
p<0.001; Stage M3: p<0.001). Permutation tests indicate that differences in shape
bet ween the sexes are not found wuntil the M2
U=0.089; Stage M2: U=0; Stage M3: U=0). Si mi
previousinvestigations of other papionins (O'Higgins and Jones, 1998; O'Higgins and
Collard, 2002).
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2.3.1Comparison of trajectoried.he angles computed from pavise comparisons of

the trajectories for each of the three independent variables byespreaeted 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 fronogle computed from ADE anahCS.

Table 2.2 Angular differences (in degrees) of trajectories produced from the three
ontogenetic proxies. Males belowagonal, females above diagonal.

LnCS ADE AAD
LnCS - 3.95 7.99
ADE 2.74 - 8.59
AAD 5.85 6.84 -

2.3.2Comparison of simulateadults Procrustes distances between each of the simulated
and actual adult mean configurations, and the alpha values from the permutation tests for
differences in meashape, are presented in Table Z8r both males and females, the
smallest Procrussedistance 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 refleted in the scores for P&.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 AB 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 distanad# the ADE vector for both males and females suggests that this

vector may produce more accuratéraations of adult morphology.
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Table 2.3 Procrustes distances between mean configurations of simulated and actual adults using
the ontogenetic proxidsy 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
compare, 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 diffegadisantly in shape
(Table2.4).

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 sbgianespective

means (Table 2)5All 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 within this 95% range.

Table 2.5 Number of simulated adults that fell within 95% range of acthalt acatter around
mean configurations by sex. M = Male; F = Female; Number of juveniles upadeintheses

Sex LnCS ADE AAD
Juvenile M (16) 16 16 1
Juvenile F (14) 14 14 6
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2.3.3Comparison of interchanged trajectoriéo disentangle the effect$ gex 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 wheggattern and magnitude

of shape change were interchanged between the sexes. The resultsnaflykis are

presented in Table 2.6or 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 2above). On the other hand, when the ADE vector

from one sex as applied to the other, accurate approximations e$gegific actual

adult morphologies were produced. For example, when a female ADE vector was applied
to a male juvenile (MO Stage) specimen, the resulting simulated adult resembled an adult
female moreso 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 aaial 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\) and juvenile femaled3|), using both sex'gectors () and
magnitudes,) 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 adultdNote that developmental stage magnituddessame for both males
and females.

(A)

Males M, M, My Fn F, Mm Fv Fm

ADE? 0.00508 (1) - - 0.04795 (0)
0.05302 (0) - - 0.01931 (0.339)

LnCS 0.01194 (.998)  0.03854 (0) 0.04029 (0) 0.04829 (0)
0.05235 (0) 0.03719 (0) 0.04662 (0)  0.02299 (0.049)

AAD 0.05035 (0)  0.02861 (0.002)  0.09432 (0) 0.07863 (0)
0.04249 (0) 0.04749 (0) 0.05514 (0) 0.03998 (0)
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Table 2.6 (continued).

(B)
Females M, M, My Fm Fv Mn Fv Fm

ADE 0.0229 (0.102) - - 0.05389 (0)
0.04967 (0) - - 0.01234 (1)

LnCS 0.02537 (0.026)  0.0525 (0) 0.03482 (0) 0.05338 (0)
0.04898 (0) 0.04264 (0)  0.03049 (0.003) 0.01481 (.99)

AAD 0.0636 (0) 0.04156 (0) 0.10482 (0) 0.08825 (0)
0.04985 (0) 0.04823 (0) 0.06574 (0) 0.04888 (0)

2.4 Discussion

2.4.1 Properties of cranial shape trajectories

2.4.11 Ontogenetic proxied he 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 amounpef sha
change estimated by chronological age was significantlyhessthat for the others

(Table 2.3. Furthermore, for both males and females, the chronological age vector
produced simulated adults that were significantly different in shape from actlta| adu

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 individdassté&semblance 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 vectorhe shorter vector is likely due 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 inerms of the absolutate of growth and timing of developmental

stages (Tablg.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 sagnage 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 trajecties in most casefne exception to this might be in investigations of
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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 crareal €in the other hand, produced
simulated adults that were neither significantly differardhape from each other (Table
2.4; Fig. 3),nor from actual adults (Table 2.3n this sample at least, amount of growth
and timing of developmental stages aghtiy 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 yhget 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 organisnor 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 plotAj, (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 sdaltsses: 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 A)z8injulated adults for both

males andemales 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 vectd) Patten 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 vic&&yavsmyrjtude is shuffled
between sexes, so that male and female dpueatal 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 skapes: mal
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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Male LnCS Male AAD

Female LnCS Female AAD

Female I-\\D‘E

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 vigaséibns 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'Hgy{#601) 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 mtdtton analyses ere taxa vary greatly in
size, or in a pooledex 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 craniaésiould lead to oveor 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, 20IR)us, 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 associatedhAknowable 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 allometricnsponent (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 beuiivag a single principal
component (Coll ard and OO0Higgins, 2001; Cobb
entirety of shape space (Singleton et al., 2010) to construct ontogenetic trajectories may
have led to the contrasting conclusions of these stuglesding the similarity of

papionin cranial ontogenetic trajectories.

2.4.1.2Trajectories 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
magnituek 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 bsexspecific 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 vetor 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 emales 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 sexuahtbrphism 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 evére 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 degeient, 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.

2.4.1.3Initial shape of specimenblost cranial shape has already been estadlifly 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 fenral@aare 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 sespecific adult morphology than thattern 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)) peglaying less of a role, the

simulated adults in the sesxvapped 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 &cefeven when studying sexes within a

single species. Obviously, the impact of the initial configuration would be greater in
studies where multiple species or higher t ax
2001; OO6HiI ggi ns andOHiggihs| 2804;2002; MitetoeckeC et bl.b a n
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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 &ajories

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 particulatigat®ns
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)aga 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 basedagoriori requirements, that evelopmental 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 constrtredj@ctories 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 onieeimumber of principal
components to represent allometric shape changes. Because these trajectories are
explicitly tracking size related shape changes, they can possibly determine ibiintra
interspecific morphological differences are mostly due tnadiric scaling, and are
therefore producethrough extending or truncating ontogenetic trajectoftes example,
using allometric trajectories, and growth simulations computed from these trajectories,
one could determine if the cranial morphology ofrilatively large papioniMandrillus
is a scaledup version of the relatively small@ercocebusas it has been suggested that
mandrill growth trajectories are similar to mangabey growth trajectories extended into a
new size range (Leigh, 2007). While,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 trajectoBeotocebus
would result in a cranium th& phenotypically similar to that dflandrillus.

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 prioxgalculate 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 trefery. 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 thhypothesis 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 trajectg 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\vianarillus
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 consequees 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 devepmental 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 tjactory (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
'superchimp'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
heteraehrony (e.g., Gould, 1977; 1988; 20@0berch et al., 1979Shea, 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, 998; Smith, 2001Minugh-Purvis and McNamara, 20p2More recently,

this debate has focused on the proper ways to apply geometric morphometrics to
heterochronic investigationB¢nin et al., 200Berge and Penin, 2004; Mitteroecker et

al., 2004; 2005; Lieerman et al., 2007; Baab et al., 2012; McNulty 20TBe consensus

view is that gometric morphometrics is especially suited for conducting heterochronic
investigations, as a possible outcome of heterochrony is the separation of size and shape
(Berge andPenin, 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
methodolog. Mitteroecker et al. (20059rguethat biological interpretations should not

be predicated on an analysisa limited number of PC axes (as has been done in several
investigations, e.gRenin et al., 200Berge and Penin, 2004; Lieberman et al., 2083)

this does not incorporate the entirety of shape spditieroecker 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 interpretatidgneterochrony

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 comparisonst@fenetic 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. Fromesults, 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 sizelarmhological 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 trajectorieet@ral reasons. First, our
sample is from a single species, and the use of centroid size to construct trajectories from
a multitaxon sample with greater size disparity may lead to different results.
Additionally, despite size and shape being intimatelgted, 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 allometeagss 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 heterochroniacpsses. 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) exjead 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 modelddive 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 arthmeéruption 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 ClutteBrock, 1985; Smith, 1989), allowingrfcomparisons
among salient life history events.

While chronological age is often consideresiree qua nomf assessments of
heterochronic processes (Gould, 1977; Shea, 1989; Zelditch et al., 2004; Leigh, 2006;
Lieberman et al., 2007; though see Strali88y7), 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 usthgpnological 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. Thereforen# 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 developmentalnoaturational 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 difiethe chronological timing of tooth eruptions (e.qg.,
Zihiman 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 loeteonic 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. Goul977; 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 cemtagéspects, 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 usaduestigate cranial growth and development in
a sample oMacaca mulattarania 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 similaspects 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 puothg 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 initishape of the specimen all play a role in the attainment of
adult morphologies, the pattern of ontogenetic shape chppgais to play the largest
role.

Resultsfrom this investigationhaveimportantimplicationsfor thefollowing
chaptersFirst, while size andageproxiesweresimilar, developmentasimulations
demonstratethatthe mostreliableis dentaldevelopmentastagewhichis the covariate
thatwill beusedin subsequenthaptersSecondlyof the parameters of initial specimen
shape, the patte 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
develgment 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 Il
ONTOGENY AND PHYLOGENYOF THE CERCOPITHECINE CRANIUM

From E.A. Simons, S.R. Frostnd M. Singleton2018.0ntogeny and phylogeny of the
cercopithecine cranium: a geometric morphometric approach to comparing shape change
trajectoriesJournal of Human Evolutigri24, 4051.

3.1lIntroduction

Investigations of the morphological aspeatgrowth 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 tddahat(Gould, 1977; Hall, 2003;
Zelditch et al., 2004; McNulty, 2012). The availability of advanced methodologies for
data collection (e.g., 3D digitizers and sca
mor phometric revol utd3ddansetd& 2004)thavaaisd Mar cu s,
provided researchers with improved means to quantify and evaluate relationships
between ontogeny and biological formvéstigations of ontogeny incorporating these
methods have proven to be useful in a broad array ofseslincluding: 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 furthengliheir 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, @ad 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, 2013Y.hus,an ontogemtic perspective contributes to investigations of
morphology, especially when coupled with advanced methods of shape analysis, as in
geometric morphometrics

Landmarkbasedyeometric morphometrics is a type of statistical analysis that
investigates the sipe variation of landmark coordinates after factors ofstape
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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O6Hi ggi ns, 20 03)Slice 2003; Mitteraadker anld 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 actuatpecimens (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
especial suited to address hypotheses regarding shape changes that occur during
ontogeny (Collard and OO6HIi ggi ns, 2001; Ponce
200 2; Mc Nulty et al ., 2006; Mi tteroecker et
and OibsHA0Qy ;gSingleton 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 Chevefud, 19 O6 Hi ggi ns
and Jones, 1998; O6Higgins, 2000; Coll ard an
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; McNult¥22Simons
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 withnsd200lgl opment, as
OO0 Hi ggins and Oidteroecker dt al((2004pr2he beta@aeflcients
from a multivariate regression of Procrustes aligned shape coordinates against the
covariate of developmental stage, as in McNulty et al. (2006) and Singteab(2010).
However, comparing the trajectories of many taxa simultaneously can be cumbersome
and timeconsuming, as the number of pairwise comparisons increases as a factorial
function (n1!) 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 developnent 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
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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.

3.2Materials and Methods

3.2.1Materials

3.2.1.1SampleThe dataset is composed of 17 cercopithecine species partitioned by
dental eruption stage (Tal8el), and is further described in Singleton et al. (2010) and
Singleton (2012). The majority of spewns were wileshot, however, a small number of

Z00 specimens (16 of 522 specimens) were used for genera that were poorly represented
in collections (i.e.Allenopithecug2], Macaca sylvanuf9], Mandrillus [2] and
Theropithecu$3]).

Table 3.1 Study saple by dental stage, as defined by full eruption of nominal tooth. Both sexes
are included in the calculation of trajectories. C = Male withWF, but canine not erupted.

Abbreviation predP® dP* M' M? C M® 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 O 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 0O 2 5 0 12 21
Papio hamadryas anubis Pha 0 5 9 6 1 28 49
Theropithecus gelada Tge 0 0O 0 4 2 8 14

3.2.1.2Data collection Threedimensional landmark data were collected using a
Microscribe 3DX digitizer (Immersion @p., 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 f1landmarks 36 and 42 of the protocol) were not able to be
collected for the youngest specimens in gample, these landmarks were subsequently

dropped from all specimens, leaving a total of 4®ltaarks ¢eeFigure2.1).

3.2.2Analytical methods
3.2.21 Generalized Procrustes analysissndmark coordinates were subjected to a
generalized Procrustes aysib (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 specimenmderwent reflected averaging allowing reflections to
provide aligned mirror images, which were averaged. Then, a small number of missing
landmarks were reconstructed using tpiate spline (TPS) estimation (Gunz et al.,
2009), whereby a reference stagedific mean was calculated for each species (e'g. M
stageMacaca mulatty and each incomplete specimen was mapped to its group reference
using all landmarks present in that specin&napping and averaging were performed in
SAS Version 9.2 (SAS Institatinc., 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
isab nui s an c that mustrbé acdolrdedy. 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 performieel:GPA on the original shape

variables prior to any analyses.

3.2.22 Ontogenetic trajectorie®Ontogenetic trajectories were computed using
multivariate regression of GPA aligned tangent space coordinates onto the covariate of
dental eruption stage toqatuce 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 peeity of subadult specimens in museum collections, the uncertain

sex of a few subadults, and the need to obtain reasonable sample sizesaxixed
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samples were used to construct each species?o
sex samples to constitumntogenetic 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 indisinguishable (O'Higgins and Jones, 1998; Collard and O'Higgins, 2001,

O'Higgins and Collard, 2002; Leigh, 2006). Landmarks 36 and 413Higwere treated

as missing data in the calculation of trajectories féraif@l younger individuals, who

were missinghese datapoints.

3.2.23 Developmentashapechange trajectorf C A ( UHathek dhan 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 theespgdhe

ontogenetic cranial trajectories themselves (i.e., the vectors of coefficients from the

multivariate regression) were entered into a principal components analysis to produce the
UPCA. Principal components aimtheywrginad r educes
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 onoefiics, 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 specimensemesgre

(Mitteroecker and Gunz, 2009). PCs can be visualized as shape deformations (e.qg., 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 contipesition of the

sample and should not be interpreted astorane representations of biological factors
(Mitteroecker et al ., 2004, 2005). The UOUPCA
shape space for visual comparisons that are easier tagvéhan a large matrix of

pairwise angles (e.g., Singleton et al., 2010; T8g It should be noted that, as PCA is

an ordination method that is used more in data exploration than hypothesis testing, the

UPCA obviousl y doe s atistioally assésy dnyarelevant hiipetheses.e d t o
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A conceptually similar analysis to the UF
the distal femur of hominids, in which she produced an ontogenetic PCA. In her
investigation, Tallman (2016) computed ten equidisstiape 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. Whpeniiple 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 sineependent developental 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 nebogl, further supporting
their reliability as estimators of shape changes associated with ontogeny (Simons and
Frost, 2016). We therefore termed our anal ys

approaches.

3.2.24 Comparison of cranial trajectorie®airwise angles between each of the taxa

were computed as the arccosine of their inner dot product, quantifying the magnitude of

di fferences in pattern of shape change among
Permutation tests were used to test forificant 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 comparis@rsequential HolrrBonferroni

correction, which is less conservative than a standard Bonferroni correction, was used to
account for multiple comparisons (Quinn and
was adequately representing these differencesjectoay patterns, we performed a

matrix correlation test{ray and Dufour, 2007) on the matrices of amgles for all

pairwise species comparisons and pairwise species comparisons of the Euclidean distance

amongall nonzerotd P C s
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3.2.25 Ontophylomorphspace In order to examine ontogenetic trajectories in a

phyl ogenetic context, we used the rotation n
determined phylogeny onto the major axes of this developmental morphospace to
produce an o6ontdé phhyd oanmotr pphtoysipcamer.phospace i s
the phylomorphospace approach, whieays principal components of shape oato
phylogenetic tree, draws branches between taxa and estimates internaprasiess
ancestral state reconstructions, and esid changes in shape along any branch of the
phylogeny Rohlf, 2002; Sidlauskas, 2008; Klingenberg and Gidaszewski, 2010;

Monteiro, 2013; Adams, 20)14Whereas the phylomorphospace approach has

traditionally been used to analyze changes among adult forensevolutionary timeye

use it here to analyze changes in ontogenetic trajectories over evolutionariiteme.
ontophylomorphospace process treats a shhpage trajectory as a single character,
though a complex, multidimensional one (Klingenberg aith§&zewski, 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 squatgtange parsimony, in which the sum gtiared

changes over all branches and all coordinates is minimiedf( 2002; Sidlauskas,
2008;Klingenberg and Gidaszewski, 2010). Ancestral node character reconstruction via
squareechange parsimony has maximum posterior probability under a Brownitonmo
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 edtatlidean
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 §Rala@008).

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 theréden
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 exeeaphif
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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 areaspifospace,

though hypotheses of phylogenetic signal still need to be tested statistically (Klingenberg
and Gidaszewski, 2010).

To produceheplot of the ontophylomorphospace, a consensus molecular
phylogenetic tree was projected onto the major axesjettoay shape variation, with
branches connecting tree tips and interior nodes, which were estimated using-squared
change parsimonyrRphlf, 2002; Sidlauskas, 2008; Strelin et al., 20I8ephylogenetic
tree (Fig.3.1) was downloaded from the open acoesbsite 10kTrees (Arnold et al.,

2010), which uses molecular data frttme NIH genetic sequence datab@snBankio

produce the treéMolecularbased trees were used due to the near universal acceptance of
their accuracy in regards to cercopithecines (rand 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 fronpnaodegically based

phylogenies.

Ma Macaca sylvanus

15 125 10 75 5 25 0

Figure 3.1 Molecular phybgenetic 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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3.2.26 Phylogenetic signaPhylogenetic signal refers to a situation in which there is a
statistical norindepen@nce between species' traits and phylogenetic relatedness
(Klingenberg and Gidaszewski, 2018Vhen shape data are plotted onto a phylogeny, a
strong phylogenetic signal is indicated when closely related species are closer to each
other in morphometric spa 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
guantitatively testdr phylogenetic signal in the highmensional, 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 dimensios 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 stadiic 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 permtation, 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 permutat.
hypothesis wadat there is no phylogenetic signal in the cranial ontogenetic trajectories
of our sample.

Analyses for the ontophylomorphospace and for phylogenetic signal
performed in R (R Development Core Team, 2014), using routines in the library
6geomor mhebal.,(2@ld)a
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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 multiplcomparisons. Above diagonal: Euclidean distance

among the principal component scores from the dPCA

Ani Cae Cag Cat Cto Lal Lat Mas Mfa Mnl Mmu Mne Msy Mie Msp Pha Tge
Ani - 0014 0010 0.014 0020 0.011 0.013 0.014 0023 0023 0.025 0.019  0.016 0025 0.017 0.020 0019
Cae 23.01 - 0.015 0.015 0.027 0.016 0.014 0.024 0.029 0031 0.033 0.027 0.021 0033 0.017 0.029 0024
Cag 17.74 2482 - 0.014  0.02 0.011 0.012 0.017 0.024 0025 0,027 0.019  0.016 0026 0.017 0,022  0.02
Cat 1925 2101 1761 - 0.018 0016 0.011 0.019 0024 0023 0,026  0.022 0.015 0025 0.018 0.023 0024
Cto 21.33 3321 19.81 20.99 - 0.022 0.019 0018 0.024 0017 0.022 0.018 0.015 0018 0.025 0.015 0024
Lal 18.22 2583 17.59 14.69 17.75 - 0.014  0.017 0.028 0026 0.029 0019 0019 0028 0.018 0.023  0.023
Lat 2067 2176 18.31 13.73 21.49 16.81 - 0.018 0.024 0024 0.027 0.019 0.015 0025 0.016 0.022 0021
Mas 1973 3522 2351 26,22 21.19 2106 2597 - 0.017 0015 0.018 0.017 0.017 0021 0.021 0.016  0.022
Mifa 2481 3448 2585 2906 2841 2814 2769 18.25 - 0018 0.017 0.026 0.024 0026 0.026 0025 0028
Mnl 2911 4108 28.22 30.11 2013 2712 28.22 24.27 30.75 - 0.015 0.020  0.021 0019 0.027 0.017  0.028

Mmu 2346 3761 26.11 2876 2446 2338 28.85 15.33 18.21 27.14 - 0.025 0.023 0024 0.029 0020 0.030
Mne 1812 2571 1651 18.74 17.51 14.59 18.22 21.24 2858 2768 24,88 - 0.021 0017 0.021 0.016  0.022
Msy 2737 2711 26.48 24.47 3012 27.39 2459 3129 30584 3185 3251 29.29 - 0025 0.023 0.018  0.023

Mle 2315 3765 2549  27.14 2039 22.52 26.88 13.42 20.32 2167 1597 23.73 31.79 - 0.028 0.019 0024
Msp 2847 4105 2844  30.08 20.73 2861 28.28 2432 29.79 1639 27.02 28.98 32.85 2222 - 0,026 0.022
Pha 26.29 3542 2429 2818 22,69 24,52 25.92 2449 3222 2436 2871 22.28 32.87 26,69 209.85 - 0.023

Tee 28.82 3654 29.87 3351 2918 3549 3044 3154 3326 3207 3476  29.85 3269 3259 2839 3133 -

3.3 Results
3.3.10 P ClA a matrix correlation test, the angular differences among species

trajectories are significantly positively correlated vilile pairwise species comparisons

of the Euclidean distances among principal c

= 0.48,p = 0.001),indicating that thei P Cig\a reliable way to visualize ontogenetic
trajectories among many taxa simultaneously, evb@ing less difficult than a
comparison of many angles (FiglB2 and Table3.2). None of the pairwise angular
differences in ontogenetic vectors were statistically significant when the sequential
Holm-Bonferroni correction for multiple comparisons wasptoyed (Table8.2). The

first three principal components @3total variancedf ontogenetic shape trajectories

from the UPCA pl ot32aPresentgdind-igua®d arevisualizations i gur e

illustrating relative magnitudes and directions of developmental shape changes in the
cranium al ong each nopfe atvibualizatioR With a smallers . For
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 33 do not represent actual oethretical shapes, merely relative magnitudes of
shape change when compared with other regions of the cranium.

Keeping in mind thainterpretations of shape (or, in this case, trajectory)
transformations along PCs should be approached with caakamingions of the

respective PC axis loadings indictatnror e posi ti ve values on

a7

e X a
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magnitudes of relative rostral development, and widening of the cranial base compared to
the rest of t he Chioscebudromothér RBalwheserplaiveat e s
magnitudes of development in thesargal dimensions are lowerhe positive end of
U P Gdflects increased magnitudes of anterior rostral development relativeréstioé
the cranium, and slight dorsal elevation of the anterior rostrum, for Whacidrillus is
separated. The negativeemd UPC2 refl ects an increased ma:
development relative to the rostrum. Of note on this axis are the relatively low scores of
all speciesoMacaca UPC3 reflects relatively |l engthen
positive values on this axshowing an increased magnitude of lengthening. More
positive values on U0UPC3 are also related to
rostrum.This UPC clearly distinguisheBheropithecusti P C 1 a nreveaia El&aR
African cercopithecine trendom which AsianMacacadeviatesMacaca sylvanuand
Allenopithecusboth of which are considered morphologically primitive (Szalay and
Delson, 1979; Strasser and Delson, 1987), group with the mangabey€¢seveebus
torquatug, indicating these taxaawy share an ancestral cranial ontogenetic pattern (but
see Discussion).

Bivariate regression of each of the first tht® eigenvectors on the logarithm
of centroid size (the average adult INCS for each species was used as the independent
variable) showedth&tot h UPC1l and UPC2, though not UG0PC3
correl ated wistR33sFE@WBP0I PCH2; FFALEB = F
0.44p= 0. 00 4i:5=.63C*3 0.06/p = 0.33).This indicates thatthe PC1 and
U P GaRes of trajectory shape variation have an allometric scaling component
(Bookstein, 1991; Monteiro, 1999; Mitteroecker et 2004; Klingenberg, 2016).
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Figure 3.3 Visualizations of shape change magnid e s as s oc i at3dqlateravand h UPC a x
ventral views). Center cranial visualizations based on M1 $fageulattaspecimenwarped to
average M1 individual for whole sample. Left and right colwranial visualizations are same
surface warped tdraulated adult configuration proded by adding scaled trajectory from
positive and negati ve e alnsagndudes of Be@elopraertins, and def
aspects of the cranium relative to othétsr example, a larger rostruand smaller neurocrainin
indicates an increased magnitude of rostral developmenteetatneurocranial development,
and vice versa. Ri gRQGaxisLoelfumnc:o | puorsni:t inveeg aetni dv eo fe nid
Note that these visualizations do not represent actual aetivabshapes, merely relative
magnitudes of shapshange of aspects of the skwthen compared with other aspects of the
skull. Additionally, warping is limited to the locations of our landmarks.
3.32 Ontophylomorphospac@ plot of the ontophylomorphosge (OPMS),
representing the first two principal components axes of ontogenetic shape trajectory
space, is presented in Figlgd. Branches connect the tips, which represent the positions
of the observed trajectories of extant taxa, and internal nodewbénad), which
represent the positions of the reconstructions of ancestral trajectories using squared
change parsimony.
The estimated ancestral cercopithecine cranial ontogenetic patter8.4fFdode
1), as reconstructed here, had similar magnitutieslative 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 ancesfpabpionin 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 sinMacéza mulatta

Relative to the rest of the cranium, tleeonstructed 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 bMlandrillus/CercocebugNode 5) and
PapidLophocebud heropithecugNode 9) clades are similar to each other, and differ

from ancestral cercopithecines, papionins, and macaques, by having relatively increased
magnitudes of rostral development coupled withré@sed magnitudes of neurocranial

development.

OPMS 2
-0.005 0.000 0.005 0.010
1 1 |

-0.010
1

T T T T T
-0.02 -0.01 0.00 0.01 0.02

B Altenapithecus Wl Gercocebus [l Ghiorocebus Ml Lophocebus Ml Macaca Bl Mandrittus Il Papio Bl Theropithecus Opr 1

Figure 3.4. Ontophylomorphospace of cranial ontogenetic trajectories. The molecular phylogeny
(Fig. 3.2) is projected onto the first two principalesxof trajectory morphospaceeftant taxa

and internahodes, which were estimated using squateahge paimony. Abbreviations
correspondo those in Tabl&.1. Numbers correspond to nodes in Figduie Colors correspond

to those in Figur8.2. Note the crossing of the branches of the African papidmdating

parallel evolutiorof trajectories), and the diversification of trajectoé#\sian Macaca

(indicating derived trajectories relative to other cercopithecines).

Of the nonpapionin cercopithecines in this analygiienopithecusshows the

leag amount of change from the estimated last common ancestor (LCA) of these species
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(Node 2).Chlorocebuss comparatively derived, and occupies a distinct trajectory space
compared to the other taxa.

Branches foMacacalargely emanate outward from themmmon 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 oM. sylvanusconsidered plesiomphic among extant macaques
(Szalay and Delson, 1979), occupies an area of trajectory morphospace most similar to
LophocebusndCercocebus agiligndicating a convergence of trajectories, rather than
each of these species retaining an ancestral ontogérmgéictory. In factM. sylvanus
while possessing a primitive cranial morphology, and a cranial ontogenetic trajectory that
is similar toLophocebusindCerocebusgilis, is rather derived in its ontogenetic
trajectory, as indicated by the branch lengtienating from Node 12. WithMacaca
M. mulattahas a cranial ontogenetic trajectory most similar to the reconstructed ancestral
trajectory of all papionins (Node 3Ylacaca fascicularipossesses a cranial ontogenetic
trajectory similar to the reconstited trajectory of Asian macaques (Node 13). This,
coupled with a relatively short branch length, indicateshhdascicularisretains a
similar cranial ontogenetic trajectory as the common ancestor of Asian macaques.

The frequent crossing of the bréwes 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 craniatagenetic trajectories of the African papionins
(i.e., those with the longest branch lengths and positioned further from the main grouping
in the ontophylomorphospace) amandrillus leucophaeus, Mandrillus sphirfapio
anubis andCerocebugorquatus The trajectories of these species radiate in the same
direction, indicating that their trajectories are similar even though they are not ancestrally
sharedMandrillus leucophaeubas a less derived ontogenetic trajectory tidandrillus
sphinxcompared tdahe Mandrillus LCA (Node 8). One notable deviation from these
African papionins is the ontogenetically distifi¢cteropithecus geladadt lies apart from
all other cercopithecines in trajectory space and does not converge on any other
cercopithecine trajeoty, 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 dfophocebusave short branch lengths from their reconstructed
common ancestor (Node 11), indicating a limited anhofievolutionary change in their
ontogenetic trajectoriekophocebusndCercocebugsaveCercocebus torquatiis
occupy similar areas of ontogenetic trajectory spaceCandocebusas long
overlapping branches, indicating parallel evolutiof©efcocebs ontogenetic
trajectories. In the phylogeny used in this investigation @ig, Cercocebus torquatus
andCercocebus atyare more closely related than either i€grcocebus agilisbut
Cercocebus atyandCercocebus agilisrajectories have convergeahd are most similar
to the trajectory oLophocebusCercocebus atylsas a cranial ontogenetic trajectory that
is highly similar toAllenopithecusWith AllenopithecusandM. mulattg it lies near the
reconstructed ancestral trajectory of all cercopitines (Node 1). As noted above,
Cercocebus torquatusas an ontogenetic trajectory most similar to th&agioand

Mandrillus.

3.33 Phylogenetic signalTests failed to reject the null hypothesis of no phylogenetic
signal p-value = 0.1339) and yieldedKmult of <1.0 (Kmult = 0.21863) indicating that

cranial ontogenetic trajectories lack strong phylogenetic signal in cercopithecines.

3.4 Discussion

3.4.1Extant ontogenetic trajectories he pri nci pal components axes
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 appae nt i n a UPCA pl ot . For exampl
the Asian macaque trajectories, when contrasted with other cercopithecines, is clear for

the first tw32uPMAraxeer( Fitdhe UGPCA all ows f
ontogenetic shape treniisthe cranium by warping an™tage individual to the adult

shapes implied along major axes of trajectory shape variation3(BjgThe conjunction

of these two forms of visualization allows for an evaluation of the similarities and

differences of ontgenetic 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 presentif-Bit age juveniles (Collard and
Singleton, 2009; Gilbert et al., 2011; Singleton, 2012). Our results indicate that species
typical postM® developmental patterns augment this initial distinctiveness through
differential developmental magnitudes, and lead to the identifiable cranial features
associated with adulttaxk.or exampl e, the UPCA il lustrates
magnitudes of rostral developmentMiandrillus, the adults of which are characterized,
in part, by pronounced rostral development, in conjunction with the pronounced
development of paranasal ridgesd®traw and Fleagle, 2006). This indicates that, for
this aspect of its cranial morpholodyandrillus at least partially achieves this
phenotypic trait through an increased developmental magnitude in this feature relative to
other aspects of the cranium.eTh mor e posi tive values on U0UPCS3,
increased dorsal elevation of the anterior rostrelegrly distinguishr. gelada whose
adult anterior rostral morphology has been noted as relatively elevated when compared
with other papionins (Delsaand Dean, 1993). Thus, in addition to providing a visually
intuitive representation of ontogenetic trajectories (in comparison to a matrix of pairwise
angles), the UPCA also provides a-nattans for
ontogeny in atti@ing adult morphologies.

As noted above,both PC1 and UPC2 are significantly
size. h Figure3.2, there is a clear African papionin size trend in the firstiRGs, with
smal |l er species having €Cdl anidva@lPL2l. oweat evalst
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 aimcreased developmental maguié 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 diverces 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 tlathgisequential

Holm-Bonferroni adjustment the threshold for significance is 0.0004. Nonetheleps, the
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values are strongly related to sample size. For exaigleaca fascicularisias the most
robust sample size, and the mpstalues less than 0.05 (s€able 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. (2@M}he 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 lgngicant, overall patterns of

variation among trajectories can still be evaluated.

The significant positive correlation between pairwise vector angles and pairwise
Euclideandistancesmong UPCs demonstrated that speci es
angles are often further from each other in
accurate representation of vector similarities and differences (though some information is
being lost in therdination, see subsecti@W.4about limitations below). For example,
the two most distinct taxa in terms of angular difference Wterocebus aethiopsvho
showed the largest angular differences with other taxal bapithecus geladavho
showed lhe next largest (Tabl&2). While none of the angles among taxa were
significantly different, these two species are in unique trajectory spaces redatinet
taxa i n t 88).Thekefom, this methlpd 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 génetic
trajectory variation have been evaluated, targeted hypotheses can be developed to test

specific aspects of the observed patterns.

3.4.2.Estimated ancestral trajectorieshe ontophylomorphospace is a useful method for
comparing ontogenetic trajecies in a phylogenetic context. Some dasmons that

could be drawn from the UPCA may in fact be
consideredFor example, the close positionshf sylvanusChlorocebusand

Allenopithecus n tr ajectory space s3R2pswgygesitsthatthdyCl and

share an ancestral trajectory. The ontophylomorphospace@#ighowever, 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 papionimess 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 cladgigotell et al., 1992; Fleagle and McGraw,

1999; Singleton, 200WIcGraw and Fleagle, 200&ilbert, 2007; Perelman et al., 2011;
Gilbert, 2013. Thus,PapioandMandrillus, as well as.ophocebusandCercocebus
were observed to be more similar in their ontogertedjectories than expected given
their actual phylogenetic relationships. One notable exception to tbesgecebus
torquatus which has an ontogenetic trajectory more like thodeapioandMandrillus
than the other mangabeys. This result is conedrgdéh previous ontogenetic and
morphological studies dfercocebus torquatugor example, Singleton et al. (2010)
found that developmental simulations using the developmental trajectGeradcebus
torquatusresulted in relatively prognathic simulatadults that also had relatively
shallow suborbital fossae and moderately inflated maxillary ridges. These findings
indicate that the ontogenetic trajectoryGsrcocebus torquatusould be expected to be
more similar to the other papionins which also shhese traits (dapioand, especially
Mandrillus, do). McGraw and Fleagle (2006) also noted several aspects of adult
craniofacial morphology dfercocebus torquatubat are similar to those dandrillus,
and likely to be reflected in their developmaritajectories.

Due to the paucity of the paleontological record, it is extremely difficult to
guantify the cranial ontogenetic trajectories of extinct species, as this requires an
ontogenetic series of nearly complete crania with-gefined taxonomiattributions.

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 amongemnaedtdescendants.
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, 20@tgh, 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 trajectoriesetpuired 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 ogénetic 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 tétéepredict adult shapes (as opposed to

using trajectories computed from extant taxa; e.g., see McNulty et al., 2006).

3.4.3Phylogenetic signaWhile the historically recognized putative parallelisms

between ontogeny and phylogeny have rightly faliga 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 p®avhich 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 se@senather 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 4B95; 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, whitwas 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-gldvised. Additionally, the large amount of homoplasy
observed in the crariantogenetic 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 dusdweral factors. One possibility
is that the lack of signal is due to only analyzing fd$tontogeny. Given that
di stinctive morphol ogies are present by M1 e
Singleton, 2009, 2012; Gilbert et al., 2011), more phyloges&gnal 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 analyzimgdntogenetic 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
6traitdé that <can b es. Alteanativelyj ontogpnetic trajegtaieset i ¢ an a
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 lineageditionally, 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 testedtdn 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 atteting to infer the correct phylogenetic tree from
morphometric data are also likely to be found in the trajectories of shape change derived

from them.

34.4Limitations Whilethe PCA met hod all ows for a compari
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 ontogenetiajectory to a single point overlooks nuances that are likely

present in the data, e.qg., 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 weBhape 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 antthe Euclidean distances among principal component scores from the

UPCA r et ur n evdlueaWhitecstdtisticadlyt significant, this result indicates that

there is variation present in the trajectories that is not explained by the Euclidean space of

the UPCA, further illustrating that caution ¢
multivariate trait (i.e. ontogenetic shape change trajectories) to a single point. Despite

these | imitations, we feel that tthe UPCA is

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 a@nced 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 npptnometric methods to estimate cranial ontogenetic trajectories
and from these produced a developmental shap
provides an ordination and visual representation that reliably facilitates comparison of
ontogenetic trajectore s among taxa. We next wused the rot
project a phylogeny onto the major axes of this developmental morphospace to produce
an 6ontophyl omorphospaced in order to examin
context. We found thasimilar 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 speciedaxfacathat are
derived relative to other cercopithecines. Finally, we found that there is no phylogenetic
signal in the cranial ontogenetic trajectories of cercopithecines. While there aré severa
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 ancedteaxhgaof
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ontogenetic development. One of the findings of this investigation was a clear allometric
component in théhe ontogenetic trajectories of African papioniAs size is an integral
aspect of cranial shape productidme following chapter will mae thoroughly explore

the role of sizand allometryn the evolution of primate cranial morphology

Specifically, the investigations will test several lestgnding hypothesesgarding the
presence of ontogenetic scaling among catarrhine taxa, and/alilbée the likelihood of

size as a line of evolutionary least resistance in the evolution of primate cranial shape

60



CHAPTER IV
ONTOGENETIC ALLOMETRY AND SCALING IN CATARRHINE CRANIA

4.1 Introduction

Size is highly influential in the physiological, plgal, 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; Sctinielsen, 1984; Jungers,
1985; Shea, 1985, 1995; Klingenberg, 198810, 2016; Gerber et al., 2Q@Bardini and
Polly, 2013). Allometry has also been considered an evolutionary constraint, whereby
evolutionary changes in shape are driven by the necéssitgintain 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 sizghape covariation among individuals witla population at a particular
ontogenetic stage; evolutionary allometry, which comparesséiape covariation among
ancestors and descendants; and ontogenetic allometry, whesbajzeecovariation is
examined over the course of growth and developntamtk, 1966; Cheverud, 1982;
Klingenberg, 1998).

Several previous investigations of ontogenetic allometry have posited that many
aspects of shape evolution can be attributechtogenetic scalingsénsuGould, 1966;
Shea, 1985; 1995)vhichoccurs when amparisons of allometric trajectories reviait
closely related taxa differ by eithextensioror truncation of a common ontogenetic
allometry, i.e.,there isa differencamerelyin the length, but not in the directiarf thar
trajectoriegsee also Khigenberg, 1998). When this is the cakferences between
juvenile and adult individuals withinspecieswill resemble each other in a similar
manner as smaller and larger adults (Shea, 1985). Many investigations have invoked
ontogenetic scaling to exgh some or all of observed shape differences between closely
related species who vary in sizaé€¢edman, 1962 ilbeam and Gould, 1974; Jungers and
Fleagle, 1980; Shea, 1981, 1983a,b, 1985, 1995; McKinney, 1986; Atchley and Hall,

1991; Ravosa et al., 19p3However, 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 craniahape and itsontogenetic trajectaes 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 analysisuch aggeometric morphometricsy, GM (Rohlf and Marcus, 1993;
Adams et al., 2004 Several investigations have used GM to compaukidimensional
ontogenetic trajectories, but these have led to discrepant conclusions regarding the
presence of ontogenetic scaling in catarrhine craniaeXample, sme investigations
havefoundthatintertaxonadultcranialmorphological variatiomesults from sharing a
commonallometrictrajectory, but that morphological differences arise fromemsions
or truncations of thatajectory(Marroig and Cheweid, 2001 2005 Leigh et al., 2003;
Leigh, 2006, 2007; Gonzalez et al., 2011). O#iadies, often investigating the same
taxa,have found thadivergent ontogeneticajectoriesare largely responsible for
observednorphological differenceamong adultsand that bigger species aren't merely
'scaled up' versions of smaller orf€sllard and O'Higgins, 200Cobb and O'Higgins,
2004; Mitteroecker et al2004, 2005Schaefer et al., 200®erez et al., 20)1These
differences ar@n addition to craniallsape differences already observed in the youngest
measured specimer@ne possible cause of these discrepancies could be that some
studies usetimited dimensions of the shape spaeey( thesubspace defined by PC1 and
PC2) to summarize trajectoriesthe than the wholef shape spacgobb and
O'Higgins, 2004; Mitteroecker et al., 2004a, 2086haefer et al., 2004°Cs may be
misleading in such comparisons because they do not indicate whether trajectories are
similar in all of shape space, and may udg shape differences unrelated to ontogeny
(Mitteroecker et al., 200Baab et al., 2012 hese discrepancigsghlight the need to
thoroughlyevaluate the role aintogenetic scalinop studies otatarrhine cranial
evolutionusing GM methods that domély on data reduction techniques

Evidence thaadult morphologicaVvariation is producedia ontogenetic scaling
would support the hypothesis tlditanges in shape are linked to selection for body size
differencegather than differences in shape pe(Gould, 1966, 1975; Shea, 1985;
Ravosa, 1991, 1992; Ravosa et al., 19®@vosa and Profant, 200@lternatively, if
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taxa show divergeratllometricpatternsj.e., if there are significant differences in the
direction of allometric trajectoriethen itis possible that there has been selection on
shapatself rather than on sizguasize(Ravosa and Profant, 2000)he comparison of
ontogenetic trajectories in this way has been termed a ‘criterion of subtraction,’ and has
been argued to be a fruitful waf elucidating possible selective forces operating over
evolutionary time Thatis, one can evaluatehether observed shapes Bkely the

product of selection for those shapes, or if they are the product of differential end points
ona shared ontogenetrajectory(Gould, 1966, 1975; Shea, 1985, 19B%avosa and
Vinyard, 2002)lIt 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 cliatigading

this to an evolutionary timescale, some have suggéstédize is possibly a 'line of least
evoluionary 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., ZQig)).
findingthat the morphologies of closely related taxa are the praduittferential end

points ona shared ontogenetic trajectdrye. ontogenetic scaling) among closely related
taxawould indicate that size wass&rongly influentialevolutionary presseron cranial

shape, and woulgrovidesupportfor, or at least be consistent withe hypothesis of size

as a path of least evolutionary resistance.

To address these issu#ss investigation uses a largaxonomically diverse,
ontogenetic sample amgtometric morphometric methods to examine ontogenetic
allometryamong catarrhines. It therefore focuseslferences in cranial shape between
closely relatedpecies of differing sizes to determine if they are consistent with the
predictions of ontogenietscaling 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 @llometric 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)nasing
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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 evolutibis in t

evolutionary radiation.

4.2 Materials and Methods
4.2.1.1SampleThedataset is composed of an ontogenetic sefi@b03crania from31
catarrhinespeciegartitioned by dental eruptistage: MO: deciduous dentition with first
molar not in occlusn; 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
(Table4.1). Due to thescarcityof subadult specimeravailablein museum collections
for some speeis andthe needo obtain reasonable sample sizes, miged samples
were used to construct each spa@edgogenetic trajectorylhe use of mixedex
samples to construct ontogenetic trajectories is justified by previous investigations which
found that nale 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., 2018imons 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 statgdtanalyses were performed separately for each
subcladeThis 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 allowedis to compare closely related taxa and not, Bligpithecus
talapoinandGorilla gorilla, which have never been posited to be scaled variants of each

other.
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4.2.1.2Data collection Forty-threethree dimensional landmariwvere collected using a
Microsciibe 3DX digitizer(Immersion Corp., San Jose, CA). These landmarks are based
onthe 45 landmarknotocol 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
Figure2.1).

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 M* M? M> 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 Ihoesti 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 téapoin 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 cynocephali 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

4.2.2Analytical 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 analysias performed separately on each of the four
subclades to remove the effects of scale, orientation, and locétioa landmark
coordinates (Bookstein, 1991; Marcus and Corti, 1996; Rohlf, 1999). All subsequent
analyses were performed on these Procrustes aligned shape coordinates.

4.2.2.1Allometric trajectories A Homogeneity of Slopes (HOS) test was performed to
determine if allometric trajectories varied among species within edtle fwfur cladesn

the sampleAn HOS testetermines if species share a common allometry by comparing
shape covariation with size (the natural logarithm of centroid size wasnuakd

analyses) and calculatéghere is a significaniteraction term between LnCS and
species (Adams et al., 2017). If the interaction term is signifit@tiull hypothesis is
rejected an@nd at least one of the species differs in its allometijieci@y relative to

the otherslf this is the case, it is then necessary to parse which species differed, and if
this is due to allometric trajectongagnitude direction, or bothAs each of the four

clades in our sample was found to have a significgaataction effect between LnCS and
speciegp<0.0001; see Appendix), we then usdérocrustes ANOVA/RRPP (Reduced
Residual Permutation Procedure) to parse which species differed, and if this was due to
allometric trajectory magnitudéjrection or some ombination of the two. In an RRPP
approachestimates 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 (calculatauh fegression coefficients that
describe species and size effects) to reconstruct "random" phenotypic(¥alaes and
Collyer, 2007 Collyer and Adams, 2007These random values are then used to calculate
species x size means, where the linear modehats the same effect plus the species x
size interaction effect. Aistribution of random valuas then computed from many
permutations (here, 10,00@om which the significance of observed values can be
inferred(Adams and Collyer, 200ollyer andAdams, 200Y. In these allometric
trajectoriestrajectory magnitude refers to the amount of shape change per unit LnCS
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change, and trajectodirectionrefers to theatternof allometric shape changa.

sequential HolrBonferroni correction, which is lexonservative than a standard
Bonferroni correction, was used to account for multiple comparisghs clades

(Quinn and Keough, 2002As ontogenetic scaling requires a similar pattern of allometry
to different endpoints, if species doeind to differin the patterrof allometric shape
change, then by definition ontogenetic scalihgnecannot explain shape differences
among specimens. Alternatively, the finding of no significant difference in allometric
trajectory pattern provides support for hypaite of ontogenetic scaling, though in itself
would not conclusively demonstrate it, as plagh distance of thentogenetic trajectory

would alsoneed to vary among species.

4.2.2.2Phenotypic trajectory analysi€omparisons among speciestogenetic sépe
changdrajectorieqas opposed to allometric trajectorieg@re performed using a

phenotypic trajectory analysifPTA, 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 varidleen 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 afifem@nces among
speciegfMcNulty et al., 2006; Singleton et al., 2Q1imons and Frost, 2016).

A PTA prodices pakwise 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 thelpatith 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 stalning, the MQuvenile
stage point; trajectory shape is found as the Procrustes distances between pairs of
phenotypic trajectories (Adams and Collyer 2009; Collyer and Adams, 2813).
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

67



(rather than change in shape per unit size chaBgg)stical significance of differences
in these trajectory parametersrealsoassessed using permutation proced(t800
iterations).

We used the PTA to test the null hypothéket differences in catarrhine cranial
morphology are due solely to differences in trajectathlength i.e., to an extension or
truncation of a commodevelopmental shape change trayegtIf the null hypothesis is
not falsified, then shape differences among taxa are consistent with an extension or
truncation of a similaontogenetidrajectory, and cranial size differences likely account
for the morphological igersity observe@mongtaxa. This findingvould be consistent
with an adaptive radiation along an evolutionary path of least resigsineg!f the null
hypothesiss falsified, this can be due teigtercept transpositions and/or different slope
coefficients, or a combinatiasf these as well as magnitude differences (see Figure 9 in
Klingenberg, 1998). The finding ofintercept transpositions may indicate the evolution
of a shared covariance pattern while maintaining a similar shape at different sizes, or that
differences mg 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 the case of this study, that would mean differences
in shape had alrelg appeared prior to the eruption of dpddifference in slope may
indicate positive or negative allometry and selection for stdfsxencesndependent of
size (Klingenberg, 1998; Ravosa and Vinyard, 2002).

A major benefit oboth the Procrustes ANOVAnd PTAmethod is that the
trajectories of shape change are compared directly using all dimension#tivriate
spaceand therefore do not rely on data reduction techniques, such agNdéws and
Collyer, 2009Collyer and Adams, 2013). This is inmpant becausthe conclusions
drawnfrom comparisons of ontogenetic trajectories using proxies derived from data
reduction techniques can be misleading (Mitteroecker et al., 2005; Baab et al, a2@l12)
have possibly led to the discrepant conclusiongiof nvestigations (Cobb and
O'Higgins, 2004)

The comparison of trajectoriesing these proceduraows 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 trajectesi have changethdicatinga decoupling of size and

shape

4.3Results

4.3.1Allometric trajectoriesResults from the Procrustes ANOVA (Tabie2 - 4.9)

show thashape difference per unit Ln@GSmostly conservedmong catarrhines and
variation amongllometric trajectories is largely due to differences in trajectory
direction that is, they generally differed in pattern, not magnitkae colobines, almost

all comparisons of allometric trajectory pattern are significantly different (Fab)d he
exceptions aré@ygathrix nemaeus Colobus guerezandPygathrix nemaeus

Piliocolobus badiusHowever, the nosignificant results foPygathrix nemaeuare
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 avfegent(Table 4.3).
Cercopithecini shows no significant differences in the magnitude of allometric
trajectores (Table 4.5), but does have significant differences in allometric pattern,

particularly forMiopithecus talapoinwhich differs from all other taxa (Table 4.4).

Table 4.2 Angles among Colobinae allometric trajectories. Below diagonal: angular diféeren
(in degrees) between allometric trajectories. Above diagonallyes from permutation tests of
angular differences (10,000 iterations). Shading indicates a significant differfieercklolm
Bonferroni correction

C.gue N.lar P.bad P.nem P.ver Sent

C. gue 0 0.0001 0.0013 0.2559 0.0001 0.0001
N.lar 241662 0 0.0001 0.0005 0.0001 0.0001
P.bad 18.3362 29.5298 ¢ 0.0517 0.0004 0.0005
P.nem 14.7317 25.4386 19.3302 o 0.0002 0.0016
P.ver 36.9665 38.8752 30.1635 37.5293 & 0.0063

S.ent 24,5715 24.4999 22.5749 24.8427 25.6404 0
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Table 4.3.Allometric magnitude comparison of Colobinae allometric trajectories.Allometric
magnitude (amount of shape change per unit LnCS increasd)igs from permutation tests
(10,000 iterations). Shading iiedtes a significant difference after HoBonferroni correction.

C.gue N.lar P.bad P.nem P.ver S.ent
C. gue o}
N. lar 0.3682 o
P.bad 0.3214 0.0819 o
P.nem 0.6935 0.3269 0.7041 &
P.ver 0.1003 0.0309 0.3729 0.2558 0
S.ent | 0.0002 0.0001 0.0178 0.015 0.3662 0o

Table 4.4 Angles among Cercopithecini allometric trajectories. Below diagonal: angular
difference (in degreeskbveen allometric trajectorieAbove diagonal: walues from
permutation tests of angular differences (00,@erations). Shading indicates a significant
differenceafter HolmBonferroni correction

A.nig C.aet C.lho C.mit M.tal

A. nig o} 0.0017 0.0132 0.0002 0.0001
C.aet 17.8898 0 0.0257 0.0856 ' 0.0001
C.lho 16.4257 14.6443 & 0.027 0.0001
C.mit 19.5203 12.9512 14659 & 0.0001

M. tal 30.554 24.3182 28.2028 26.5987 0

Table 4.5 Allometric magnitude comparison of Cercopithecini allometric trajectories. Allometric
magnitude (amount of shape change per unit LnCS increasdligs from permutatiotests
(10,000 iterations). Shading indicates a significant differeffiee HolmBonferroni correction

A.nig C.aet C.lho C.mit M.tal
A. nig o}
C.aet 0.7058 0
C.lho 0.2314 0.3707 o
C.mit  0.0209 0.0357 0.2622 &
M. tal 0.3134 0.4762 0.9253 0.2604 0o

For tribe Papionini, the majority of significant differences lie in the pattern of allometry,
rather than in the magnitude (cf. Tabde8 and4.7). Of note is that the larger bodied

African papionins (i.e.Mandrillus, Papio, andThergithecu$ significantly differ from
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each other as well as the smaller bodied African papioninsGeecpcebusnd
Lophocebuls The smaller bodied African papionins however do not significantly differ
from each other in either allometric magnitude otgyat(Table<t.6 and4.7). The
majority of differences in allometric trajectory magnitude are fourddanaca mulatta
(Table4.7). All of the hominoids significantly differ in the pattern of their allometric
trajectories (Tabld.8). There are also sevedifferences in allometric magnitude,

particularly forPongo pygmaeud able4.9).

Table 4.6.Angles among Papionini allometric trajectories. Below diagonal: angular difference
(in degrees) dtween allometric trajectorieAbove diagonal: walues from prmutation tests of
angular differences (10,000 iterations). Shading indicates a significant diffefterckiolm
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. agl <] 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 <] 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 a 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 <] 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 <] 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 <] 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 <] 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 <] 0.0001 0.0001 0.0001 0.0012 | 0.0001
M. Sy| 2248978  21.13399  16.85087  18.87761  21.30121  21.33796 20.38484 28.1523 <] 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 <] 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 <] 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 <] 0.0001
T. 99| 17.97783  19.47835 15.3522  20.16363  20.44335  15.46518 16.82789 20.0986  19.89386 19.05238  25.34367  23.89219 <]

To visually compare allometric trajectories, Figure 4.A00Ashows the first PC of

predicted values of cranial shape versus LnCS (Adams and Nistri, 2010). These figures
illustrate that within ach clade, allometric trajectories are broadly oriented in a similar
direction, but that some differences among species are appéoenthat the PCs of
predicted shape values are used for visualization purposes only and statistical tests were

performedon 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 increasd)igs from permutation tests
(10,000 iterations). Shading indicata significant difference after HolBonferroni 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 l¢]

C.aty  0.6062 3

C. tor 0.4519 0.2183 <}

L. alb 0.3555 0.7718  0.0595 o]

L. ate 0.923 0.5418 0.5101 0.2916 d

M. fas 0.4028 0.868  0.0591 0.8623 0.3221 5}

M. mul 0.0193 0.0077 0.0679 | 0.00009 0.0229 | 0.00009 l¢]

M.sph  0.8606 0.6504 0.2135 0.3042 0.7587 0.3388 0.0007 5}

M. syl 0.15% 0.0694  0.3866 0.0202 0.1738 0.0208 0.6533  0.0684 d

P.anu 05198 0.2423  0.8057 0.0469 0.5811 0.036 0.0141 0.1825 0.2684 s}

P. cyn 0.0218 0.1587 = 0.0003 0.1606  0.0143 0.0805 = 0.00009 0.0026 0.0007 ' 0.00009 [¢]
P.urs 0.4911 0.963  0.0922 0.7571  0.4077 0.882 0.0003 0.4665 0.0317 0.0763  0.0647 [}

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 3

Table 4.8 Angles among Hominoidea allometric trajectories. Below diagonal: angular difference
(in degrees) betwaeallometric trajectories. Above diagonatvalues from permutation tests of
angular differences (10,000 iterations). Shading indicates a significant difference; all angles were
significant after sequential HohBonferroni correction.

G.gor H.lar H.sap P.pan P.pyg P.tro S.syn

G. gor o} 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001
H. lar 34471 0 0.0001 0.0001 0.0001 0.0001 0.0122
H.sap 50.051 45.3291 o 0.0001 0.0001 0.0001 0.0001
P.pan  25.573 29.6278 37.0951 o 0.0014 0.0081 0.0001
P.pyg 227248 33.6796 40.1357 17.9162 o 0.0001 0.0001
P.tro  26.8547 24.1118 38.3067 15.6444 20.1351 o 0.0001
S.syn 41.7531 19.584 455668 31.7667 38.2642 27.1183 0
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Table 4.9.Allometric magnitude comparison of Hominoidea allometric trajectories. Allometric
magnitude (amount of shape change per unit LnCS increasd)igs from permutation tests
(10,000 iterations). Shading indicates a significant difference after-Bolmferroni correction.

G.gor H.lar H.sap P.pan P.pyg P.tro S.syn
. gor 0
.lar 0.0013 &
.sap 0.0643 0.1898 o
pan 0.012 0.2696 0.7412 0
pyg 0.0001 0.2072 0.004 0.0057 o
tro 0.0157 0.1846 0.8611 0.8441 0.0009 o
.syn 0.6901 0.001 0.0399 0.01 0.0001 0.0081 &

WTUVTUVIUIIO

Figure 4.1(A-D). Visual compason of allometric trajectories for: A) Colobinae; B)

Cercopithecini; C) Papionini; D) Hominoidea. Figures are linear regressions obthed of
predicted values of cranial shape versus LnCS (Adams and Nistri, 2010). These illustrate that
within each tade, allometric trajectories are broadly oriented in a similar direction, but that some
differences among species are apparent.
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